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PREFACE 

Understanding the atomic structure of materials, the behavior and reac- 
tions of atoms at surfaces, and the nature of electronic properties a t  the 
atomic scale have been the goals of fundamental and applied research for 
many decades. Until recently, our imagination and intuition for physics on 
the atomic scale was verified by only a few often unwieldy experimental 
probes that provided only an indirect or incomplete glimpse of atomic 
structure at surfaces. The development of scanning tunneling microscopy 
(STM) has revolutionized our approach to the investigation of many aspects 
of material properties at the atomic scale. The STM, and the techniques it has 
inspired, have provided methods to measure accurately the structure and 
electronic properties of single surface atoms. Extensions of the STM tech- 
nique, such as atomic force microscopy, have allowed various other properties 
to be measured on a nanometer scale. As STM methods have been refined, 
several experiments have demonstrated the ability to manipulate individual 
atoms accurately. These recent STM demonstrations are not only accom- 
plishments of modern science, but also fulfill the aspirations of those who first 
imagined the existence of atoms. 

Electron tunneling was first demonstrated by the elegant experiments of 
Giaver during the early 1960s. The following decade showed dynamic growth 
in electron tunneling, resulting in a powerful method for characterizing 
materials and structures. This work led to the achievement of vacuum 
tunneling by R. Young and co-workers in the early 1970s. Young addition- 
ally combined three-dimensional scanning and electron tunneling in the field 
emission regime to produce the “topographiner.” A decade passed until the 
development of the scanning tunneling microscope by Binnig and Rohrer in 
the early 1980s. Their STM produced beautiful, detailed images of surface 
atoms, which led to today’s renaissance in electron tunneling, as seen in this 
present book. 

This volume of Experimental Methods in Physics presents many landmark 
studies and techniques of STM by leading researchers in the field. The aim 
of the book is to bring together in one volume those “historical” pieces of 
work that have defined the STM field over roughly the past 10 years. STM 
is introduced, in this volume, with a chapter on the theoretical understanding 
of STM by Tersoff and Lang. These authors show exactly what the STM 
measures, with the concept of measuring an energy-dependent local state 
density at the surface. An experimental methods volume would not be 
complete without a detailed dicussion of design criteria and instrumentation. 

xi 



xii PREFACE 

Chapter 2 of this volume, by Park and Barett, discusses this topic in detail 
with attention to the important topics of servo loops, vibration isolation, and 
scanner designs. STM instrumentation has inspired an entire spectrum of 
nanometer-scale instrumentation that probe physical properties ranging 
from thermal coefficients to forces, While a complete description of these 
STM extensions would require an entire volume (or volumes), Wichrama- 
singhe reviews the more widely used STM extensions in Chapter 3. 

The ability to vary the tunneling bias over several volts was exploited early 
in STM development and led to the important application of scanning 
tunneling spectroscopy. Because there are a variety of variables under control 
in the STM, various spectroscopic methods have been developed, including 
voltage dependent imaging, fixed and variable tip-sample distance current- 
voltage spectroscopy, and current imaging spectroscopy. Chapter 4, by 
Stroscio and Feenstra, describes tunneling spectroscopy with the STM, with 
extensive examples taken from measurements on Si and GaAs surfaces. 

The remainder of this volume deals with applications of STM of specific 
materials or areas. The largest group of activity in the STM field has been the 
investigation of semiconductor surfaces. Chapter 5 describes those studies 
pertaining to silicon by Becker and Wolkow, followed by studies on 
germanium surfaces by Becker, and finally gallium arsenide studies are 
described by Feenstra, and Stroscio. The application of STM to metal 
surfaces are reviewed by Kuk in Chapter 6. Historically, metal surfaces have 
been less studied due to the small signals and the resulting increased demand 
on instrumentation, but Chapter 6 shows that there has been an increase in 
applications to metal surfaces as instrumentation has matured. Chapter 7 by 
Bell, Kaiser, Hecht, and Davis, describes the new method of ballistic electron 
emission microscopy to the study of buried interfaces. The application of 
STM to charge density wave phenomena is a very rich scientific area, and 
shows one of the best examples of the STM sensitivity to local state density 
and not merely atomic positions. Coleman, Dai, McNairy, and Slough 
describe in detail their pioneering work in this field in Chapter 8. The related 
low temperature application of the STM in the field of superconductivity is 
described by Hess in Chapter 9. As STM low temperature technology 
spreads, we expect the very rich combination of low temperature measure- 
ment and an atomic scale probe to lead to exciting future scientific studies. 

The restriction of the present volume to the aforementioned areas is simply 
imposed by space and time requirements, and we regret not being able to 
include all of the wonderful developments in other areas, such as biological, 
electrochemical, and various other extensions of the STM technique. I (JAS) 
would like to thank Bob Celotta for inviting me to edit this volume and 
Randall Feenstra for introducing me to the STM field, By wife, Frances, 
deserves the greatest acknowledgement for her unending support in my work. 
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I (WJK) would also like to thank Bob Celotta for his valuable support of our 
efforts. Also, I would like to thank R. C. Jaklevic, L. Douglas Bell, and 
Michael Hecht, for many years of collaboration on exciting STM research. 
In particular, I owe a large debt to my wife, Catherine, for her constant 
encouragement and enthusiasm. 

Joseph A. Stroscio 
Gaithersburg, Maryland Pasadena, California 

W. J.  Kaiser 
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1 .  THEORY OF SCANNING TUNNELING MICROSCOPY 

J. Tersoff and N. D. Lang 
IBM Research Division, T. J. Watson Research Center, 

Yorktown Heights, New York 

Scanning tunneling microscopy' (STM) has proven to be a powerful and 
unique tool for the determination of the structural and electronic properties 
of surfaces. While STM was originally introduced as a method for topo- 
graphic imaging of surfaces, many related techniques have since grown out 
of it. These include local spectro~copy,~.~ scanning potentiometry,4 and a host 
of other local probes. 

This chapter reviews the current understanding of STM and tunneling 
spectroscopy. 

1 .l. Basic Principles 

1.1.1 Vacuum Tunneling 

In vacuum tunneling, the potential in the vacuum region acts as a barrier 
to electrons between the two metal electrodes, in this case the surface and the 
tip. This barrier is shown schematically in Fig. 1 .  The transmission proba- 
bility for a wave incident on a barrier in one dimension is easily calculated. 
For STM we typically need consider only the limit of weak transmission, 
corresponding to the most common range of barrier heights and widths. This 
limit gwes a very simple behavior. 

The solutions of Schriidinger's equation inside a rectangular barrier in one 
dimension have the form 

II/ = e*.". (1) 

(2) 

Thus the crucial parameter is K, where 

K2 = 2m(VB - E ) b 2 .  

Here E is the energy of the state, and VB is the potential in the barrier. In 
general, as shown in Fig. 1, may not be constant across the gap; but for 
the moment in our discussion, it will be adequate to replace the potential in 
the barrier with its average value, so that we need only consider a rectangular 
barrier. In the simplest case V, is simply the vacuum level; so for states at the 
Fermi level, VB - E is just the work function. 

1 
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2 THEORY OF SCANNING TUNNELING MICROSCOPY 

FIG. 1. Schematic of potential barrier between electrodes for vacuum tunneling. (a) Two 
non-interacting metal electrodes, separated by vacuum. The Fermi levels EF of the two materials 
differ by an amount equal to the work function difference. (Ek and E: denote the Fermi levels 
of the left and right electrode respectively, in the cases (a) and (c) where the two are not in 
equilibrium.) (b) The two electrodes are allowed to come into electrical equilibrium, so that there 
is a unique common Fermi level. The difference in work functions is now manifested as an 
electric field in the vacuum region. (c) A voltage is applied. There is a voltage drop V across the 
gap, i.e., the Fermi levels differ by eV. The field in the barrier includes contributions from both 
the applied voltage and the work function difference. The arrows indicate the range of energy 
over which tunneling can occur. At higher energies, there are no electrons to tunnel, while at 
lower energies, there are no empty states to tunnel into. 

The transmission probability, or the tunneling current, thus decays expo- 
nentially with barrier width d as 

z K e-2Kd. (3) 

The generalization to a real three-dimensional surface is given below. 
For tunneling between two metals with a voltage difference V across the 

gap, only the states within V above or below the Fermi level can contribute 
to tunneling, with electrons in states within V below the Fermi level on the 
negative side tunneling into empty states within V above the Fermi level on 
the positive side. As shown in Fig. 1, other states cannot contribute either 
because there are no electrons to tunnel at higher energy, or because of the 
exclusion principle at lower energy. (Of course we should say “within energy 
eV above or below the Fermi level,” where e is the electron charge. But 
throughout the article, we will write V in such instances, to avoid confusion 
with the abbreviation for “electron volts.”) 

Since most work functions are around 4-5eV, from Eq. (2) we find that 



BASIC PRINCIPLES 3 

FIG. 2. Principle of operation of the scanning tunneling microscope (schematic, not to scale). 
The piezodrives p, and P, scan the metal tip over the surface. The control unit (CU) applies the 
necessary voltage V, to the piezodrive P, to maintain constant tunnel current JT at bias voltage 
V,. The broken line indicates the z displacement in a y scan at (A) a surface step, and (B) a spot 
C with lower work function. (From Ref. I.) 

typically 2~ N 2 k I .  Thus the tunneling current drops by nearly an order of 
magnitude for every 1 A of vacuum between the electrodes. Such tunneling 
can therefore only be observed in practice for very small separations. 
Achieving such small separations, and keeping the current even moderately 
stable, requires very precise control of the positions of the electrodes, limiting 
vibrations to much less than an angstrom. 

While such vacuum tunneling has long been understood in principle, the 
first reports5 of the direction observation of vacuum tunneling did not come 
until the 1970s, and in 1982 Binnig et a1.' demonstrated well-controlled 
vacuum tunneling in their first step towards STM. They used a piezoelectric 
driver to accurately control the height of a metal tip above a surface, and 
confirmed the expected exponential behavior. Tunneling experiments before 
these were largely restricted to tunneling through a static barrier, consisting 
of a layer of oxide sandwiched between metal electrodesq6 

1.1.2 Scanning Tunneling Microscopy 

The basic idea behind STM is quite simple,' as illustrated in Fig. 2. A sharp 
metal tip is brought close enough to the sample surface that electrons can 
tunnel quantum mechanically through the vacuum barrier separating tip and 
sample. As discussed earlier, this tunneling current is extremely sensitive to 
the gap, i.e., to the height of the tip above the surface. 
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The position of the tip in three dimensions is accurately controlled by 
piezoelectric drivers. The tip is scanned in the two lateral dimensions, while 
a feedback circuit constantly adjusts the tip height, to keep the current 
constant. A constant current yields roughly a constant tip height, so the 
shape of the surface is reproduced by the path of the tip, which can be 
inferred directly from the voltage supplied to the piezoelectric drivers. 

It is also possible to use a slower feedback for the tip height, so that the 
height remains constant above the average surface, and small features are 
reflected in fluctuations of the current, rather than in the tip height.’ 
However, this “constant height” mode of imaging is only practical in special 
cases where the surface is extremely flat, and is not fundamentally different 
from the usual “constant current” mode, so it is not discussed separately 
here. 

Yet another mode of imaging is occasionally used with interesting results.’ 
By modulating the tip height slightly (at a frequency above the response of 
the feedback), and measuring the resulting current modulation, one can 
obtain the local value of dln I/dz, and hence K (or equivalently what is 
sometimes called the apparent barrier height or “effective work function,” 
ii’~~/2rn) across the whole surface. This yields a picture in which the local 
variations of K presumably reflect differences in chemical composition or 
such, rather than topography. 

Of course, since the tip has a finite radius, the surface topography is 
determined only with a finite resolution. One can make a simple estimate of 
the resolution as follows.’ At a given lateral position x ,  relative to the center 
of the tip, the height of the corresponding point on the tip is d + x2/2R, 
assuming a parabolic tip with radius of curvature R,  and distance of closest 
approach d. The corresponding current in a one-dimensional model is 
I(x)  oc exp (- d / R ) .  Thus the current has a Gaussian profile, with root- 
mean-square width - 0 . 7 ( R / ~ ) ” ’ .  Since K is typically - 1 A-’, even a large tip 
radius such as l O O O A  gives a rather sharp (though not atomic) resolution of 
50 A. 

It is possible to make metal tips with a radius of curvature of a few hundred 
A, but not much less. However, because the tunneling current is so sensitive 
to distance, if the tip is a bit rough, most of the current will go to whatever 
atomic-scale asperity approaches closest to the surface. It is generally 
believed that the best STM images result from tunneling to a single atom, or 
at most a few atoms, on the tip. 
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1.2. Theory of STM Imaging 

1.2.1 Beyond Topography 

So long as the features resolved are on the nanometer scale or larger, 
interpretation of the STM image as a surface topograph (complicated by 
local variations in barrier height) is generally adequate. But soon after the 
invention of STM,' Binnig el al. reported the first atomic-resolution images.' 
On the atomic scale, it is not even clear what one would mean by a topograph. 

The most reasonable definition would be that a topograph is a contour of 
constant surface charge density. However, there is no reason why STM 
should yield precisely a contour of constant charge density, since only the 
electrons near the Fermi level contribute to tunneling, whereas all electrons 
below the Fermi level contribute to the charge density. Thus on some level, 
the interpretation of STM images as surface topographs must be inadequate. 
The following sections describe a more precise interpretation of STM images, 
applicable even in the case of atomic resolution. 

One can calculate directly the transmission coefficient for an electron 
incident on the vacuum barrier between a surface and tip." (We discuss such 
calculations later.) However, such a calculation is fairly complex for a 
realistic model of the surface. Fortunately, for typical tip-sample separations 
(of order 9 8, nucleus-to-nucleus" ) the coupling between tip and sample is 
weak, and the tunneling can be treated with first-order perturbation theory. 
Since the problem is otherwise rather intractable except for simple models of 
the surface,'o-'2 we restrict ourselves to this weak-coupling limit in the first 
part of our discussion. 

1.2.2 Tunneling Hamiltonian Approach 

In first-order perturbation theory, the current is 

I = Fx (f(E,," - f ( E v ) I  -f(E," - f ( ~ , , ) I l I ~ , v 1 2 ~ ( ~ v  + V -  E,,), 
P.V 

(4) 

wheref(E) is the Fermi function, V is again the applied voltage, MPv is the 
tunneling matrix element between states I), and $ v  of the respective 
electrodes, and E,, is the energy of I),, . For most purposes, the Fermi functions 
can be replaced by their zero-temperature values, i.e. unit step functions, in 
which case one of the two terms in braces becomes zero. In the limit of small 
voltage, this expression further simplifies to 

2 K  
( 5 )  I = - e2 V 1 IMflY ~ ' S ( E , ,  - E ~ ) ~ ( E ,  - EF). 

6 P.V 
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These equations are quite simple. The only real difficulty is in evaluating 
the tunneling matrix elements. Bardeen13 showed that, under certain assump- 
tions, these can be expressed as 

Mpv = - li2 J dS ($fV$, - $vv$3, (6) 

where the integral is over any surface lying entirely within the barrier region 
and separating the two half-spaces. If we choose a plane for the surface of 
integration, and neglect the variation of the potential in the region of inte- 
gration, then the surface wave function at this plane can be conveniently 
expanded in the generalized plane-wave form 

2m 

where z is height measured from a convenient origin at the surface, and 

u; = K2 + 1412. (8) 
A similar expansion applies for the other electrode, replacing a, with b,, z 

with z ,  - z, and x with x - x,. Here x, and z, are the lateral and vertical 
components of the position of the tip. Then, substituting these wave 
functions into Eq. (6) ,  one obtains 

Thus, given the wave functions of the surface and tip separately, i.e., a, and 
b,, one has a reasonably simple expression for the matrix element and 
tunneling current. 

1.2.3 Modeling the Tip 

In order to calculate the tunneling current, and hence the STM image or 
spectrum, it is first necessary to have explicitly the wave functions of the 
surface and tip, for example in the form of Eq. (7) for use in Eq. (9). 
Unfortunately, the actual atomic structure of the tip is generally not known.14 
Even if it were known, the very low symmetry makes accurate calculation of 
the tip wave functions difficult. 

One can therefore adopt a reasonable but somewhat arbitrary model for 
the tip. To motivate the simplest possible model for the tip, consider what 
would be the ideal STM.’’ First, one wants the maximum possible resolution, 
and therefore the smallest possible tip. Second, one wants to measure the 
properties of the bare surface, not of the more complex interacting system of 
surface and tip. Therefore, the ideal STM tip would consist of a mathematical 
point source of current, whose position we denote r, .  In that case, Eq. ( 5 )  for 
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the current at small voltage reduces toI5 

Ia 1 l + ~ ( ~ t ) l ~ ~ ( ~ ~  - dr(? &). (10) 
V 

Thus the ideal STM would simply measure p(r,, EF). This is a familiar 
quantity, the local density of states at EF (LDOS), i.e., the charge density 
from states at the Fermi level. Note that the LDOS is evaluated for the bare 
surface, i.e., in the absence of the tip, but at the position which the tip will 
occupy. Thus within this model, STM has quite a simple interpretation as 
measuring a property of the bare surface, without reference to the complex 
tip-sample system. 

It is important to see how far this interpretation can be applied for more 
realistic models of the tip. Reference 1 5 showed that Eq. (10) remains valid, 
regardless of tip size, so long as the tunneling matrix elements can be 
adequately approximated by those for an s-wave tip wave function. The tip 
position r,  must then be interpreted as the effective center of curvature of the 
tip, i.e., the origin of the s-wave which best approximates the tip wave 
functions. 

One can also to some extent go beyond the s-wave tip approximation, 
while still getting useful analytical results. A discussion of the contribution of 
wave function components of higher angular momentum was given by 
Tersoff and Hamann,'' who showed that these made little difference for the 
observable Fourier components of typical STM images. This issue was raised 
again by Chung et and by Chen,17 who extended the analysis of Ref. 15. 

the 
relevant Fourier components are high enough that higher angular 
momentum components of the tip wave function could indeed affect the 
image substantially. However, it is important to recognize that such devi- 
ations from the behavior expected for an s-wave tip would be large only on 
this special class of surfaces. If a tip were to have a purely d, wave function, 
then the corrugation of Al(11 l),  for example, would be drastically increased; 
but the effect on surfaces observable with typical STM resolution would be 
relatively modest. Whether such tips exist is in any case an open question. 

Sacks et aL2' have also introduced a model that includes all components of 
the wave functions of both tip and surface. The essential approximation there 
was to treat both electrodes as rather flat, so that any deviations from 
planarity could be treated in perturbation theory. 

Most recently, it was shown2' that for a free-electron-like tip, the s-wave 
tip model should accurately describe STM images except in the case of 
tunneling to band-edge states, e.g., to semiconducting surfaces a t  low voltage; 
and that even then, none but the lowest Fourier component of the image 

Chen noted that in more recent images of close-packed 
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should differ much from the s-wave result. This of course neglects the obvious 
effects of tip geometry, e.g., double tips.’* 

To model the tip more realistically, one must turn to numerical calcu- 
lations of wave functions for a specific tip. Several studies in this vein, which 
support the simple LDOS interpretation of Eq. (lo), are described in a later 
~ection.*~-*~ 

1.3. Metal Surfaces: STM as Surface Topography 

1.3.1 Calculation of the LDOS 

In order to interpret STM images quantitatively, just as with other 
experimental techniques, it is often necessary to calculate the image for a 
proposed structure or set of structures, and compare it with the actual image. 
Such calculations for STM are still rather rare. We will discuss some 
examples and general features of such calculations, as well as the qualitative 
interpretation of STM images without detailed calculations. 

For simple metals, there is typically no strong variation of the local density 
of states or wave functions with energy near the Fermi level. For purposes of 
STM, the same is presumably true for noble and even transition metals, since 
the d shell apparently does not contribute significantly to the tunneling 
current.” It is therefore convenient in the case of metals to ignore the voltage 
dependence, and consider the limit of small voltage of Eq. (10). (Effects of 
finite voltage are discussed in Sections 1.4 and 1.7.) 

This is particularly convenient, since we then require only the calculation 
of the LDOS p(r, EF), a property of the bare surface. Nevertheless, even this 
calculation is quite demanding numerically. One case however of the STM 
image being calculated for a real metal surface, and compared with experi- 
ment, is that of Au(l10) 2 x 1 and 3 x 1, treated in Ref. 15. The LDOS 
calculated for these Au surfaces is shown in Fig. 3. 

1.3.2 Atom-Superposition Modeling 

The real strength of STM is that, unlike diffraction, it is a local probe, and 
so can be readily applied to large, complex unit cells, or even to disordered 
surfaces or to isolated features such as defects. However, while the accurate 
calculation of p(r, EF) is difficult even for Au(l10) 3 x 1, it is out of the 
question for surfaces with very large unit cells, and a fortiori for disordered 
surfaces or defects. It is therefore highly desirable to have a method, however 
approximate, for calculating STM images in these important but intractable 
cases. 

Such a method has been suggested and tested in Ref. 15. It consists of 
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FIG. 3.  Calculated p(r, EF) for Au(ll0) 2 x 1 (left) and 3 x 1 (right) surfaces. This figure 
shows (170) plane through outermost atoms. Positions of nuclei are indicated by circles (in 
plane) and squares (out of plane). Contours of constant p are labeled in units of a.u.-’ eV-’. 
Note break in vertical distance scale. Assuming a 9 A tip radius in the s-wave tip model, the 
center of curvature of the tip is calculated to follow the dashed line. (From Ref. 15.) 

approximating the LDOS (10) by a superposition of spherical atomic-like 
densities, 

p(r ,  E F )  oc C e-2KJr-RI/(E,,iclr - RI). (1 1) 
R 

Here each term is an atomic-like density centered on the atom site. The choice 
of an s-wave Hankel function allows convenient analytical manipulations, 
and provides an accurate description even at large distances.” E,, is an energy 
which relates the charge to the density of states, and is typically of order 
0.5-1 .O eV.” 

This approach is expected to work very well for simple and noble metals, 
and was tested in detail for Au(1 lo).’’ The success of the method relies on the 
fact that the model density, by construction, has the same analytical proper- 
ties as the true density for a constant potential. Thus if the model is accurate 
near the surface, it will automatically describe accurately the decay with 
distance. 

As one example of where this approach can be useful, the image expected 
for Au(l10) 3 x 1 was calculated for two plausible models of the structure, 
differing only in the presence or absence of a missing row in the second 
layer.Is The similarity of the model images at distances of interest suggested 
that the structure in the second layer could not be reliably inferred from 
experimental images. Quantifying the limits of valid interpretation in this 
way is an essential part of the analysis of STM data. 

While this method is intended primarily for metals, Tromp et al.” applied 
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FIG. 4. Comparison between experimental STM images of Si(ll1) 7 x 7 (dotted line), and the 
images calculated with the atom-superposition model (Eq. 1 l), for six different proposed 
structures of this surface. Left panel shows line scan along long diagonal of 7 x 7 cell, right panel 
along short diagonal. Curve A is for the adatom model proposed by Binnig et a1.: Curve F is 
for the model of Takayanagi el a1.,2* other curves are discussed in Ref. 27. (From Ref. 27.) 

it to Si(ll1) 7 x 7 with remarkable success. They simulated the images 
expected for a number of different proposed models of this surface, and 
compared them with an experimental image. This comparison is shown in 
Fig. 4. The so-called “Dimer-Adatom-Stacking Fault” model of Takayanagi** 
gives an image which agrees almost perfectly with experiment, and a simple 
adatom modelg is also rather close. Other models, although intended to be 
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consistent with the STM measurements, lead to images with little similarity 
to experiment. Thus the usefulness of such image simulations must not be 
underestimated, although few such applications have been made to date. 

1.4. Semiconducting Surfaces: Role of Surface Electronic 
Structure 

1.4.1 Voltage Dependence of images 

At very small voltages, the s-wave approximation for the tip led to the very 
simple result in Eq. (10). At larger voltages, one might hope that this could 
be easily generalized to give a simple expression such as 

Z N 6’ ‘ p(r,, E )  dE. (12) 

This is not strictly correct for two reasons. First, the matrix elements and the 
tip density of states are somewhat energy dependent, and any such 
dependence is neglected in Eq. (12). Second, the finite voltage changes the 
potential, and hence the wave functions, outside the surface. A more careful 
discussion is given in Section 1.7. Nevertheless, Eq. (12) is a reasonable 
approximation for many so long as the voltage is much smaller 
than the work function. We shall therefore use Eq. (12) in discussing STM 
images of semiconductors at modest voltages. 

Unlike metals, semiconductors show a very strong variation of 
p(r, E;. + V )  with voltage. In particular, this quantity changes discon- 
tinuously at the band edges. With negative sample voltage, current tunnels 
out of the valence band, while for positive voltage, current tunnels into the 
conduction band. The corresponding images, reflecting the spatial distri- 
bution of valence and conduction-band wave functions respectively, may be 
qualitatively different. 

A particularly simple and illustrative example, which has been studied in 
great detail, is GaAs (1 10). There, it was propo~ed’~  that since the valence 
states are preferentially localized on the As atoms, and the conduction states 
on the Ga atoms, STM images of GaAs (1 10) a t  negative and positive sample 
bias should reveal the As and Ga atoms respectively. Such atom-selective 
imaging was confirmed” by direct calculation of Eq. (12), and was subse- 
quently observed e~perimentally.~~ (See Section 5.3 for further discussion.) 

In a single image of GaAs (1 lo), whether a t  positive or negative voltage, 
one simply sees a single “bump” per unit cell, as shown in Fig. 5 .  In fact, the 
images at opposite voltage look quite similar. It is therefore crucial to obtain 
both images simultaneously, so that the dependence of the absolute position 
of the “bump” on voltage can be determined. While neither image alone is 
very informative, by overlaying the two images the zig-zag rows of the (1 10) 
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FIG. 5.  Grey-scale STM images of GaAs(ll0) acquired at sample voltages of (a) + 1.9 and 
(b)- I .9 V. (c) Top view of GaAs surface structure. The As and Ga atoms are shown as open 
and filled circles respectively. The rectangle indicates a unit cell, whose position is the same in 
all three figures. (From Ref. 29.) 

surface can be clearly seen.” Thus in this case, as with many non-metallic 
surfaces, voltage-dependent imaging is essential for the meaningful interpre- 
tation of STM images on an atomic scale. 

Even in this simple case, however, the interpretation of the voltage- 
dependent images as revealing As or Ga atoms directly is a bit simplistic. 
Figure 6 shows a line-scan from a measured GaAs image, as well as theoreti- 
cal “images” (i.e., contours of constant LDOS) for two cases: the ideal 
surface formed by rigid truncation of the bulk; and the real surface, where the 
As atom buckles upward, and the Ga downward. In each case, two curves are 
shown, corresponding to positive and negative bias. 

For the ideal surface, at both biases the maxima in Fig. 6a are almost 
directly over the respective atoms, supporting the simple interpretation of the 
image. For the buckled surface, though, the apparent positions of the atoms 
in the images deviate significantly from the actual positions. The separation 
between the Ga and As atoms in the (001) direction after buckling is less than 
1.3 8, while the separation in this direction of the maxima in the image (Fig. 
6b) is 2.0A. Thus, the distance between maxima in the image differs 
from that between atoms by over 50%. Qualitatively, one might say that the 
maxima correspond to the positions of the respective dangling bonds; but 
such an interpretation is difficult to quantify. 

This deviation of the bumps from the atom positions could be viewed as 
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FIG. 6. Contour of constant LDOS in (170) cross-section, for occupied (dashed line) and 
unoccupied (solid line) states. Absolute vertical positions are arbitrary. A is the lateral distance 
between peak positions for occupied and unoccupied states. (a) Theoretical results for ideal 
(unbuckled) surface. (b) Theoretical results for surface with 27' buckling. Side view of atomic 
structure is also shown, with open and filled circles indicating As and Ga. (c) Experimental 
results. (From Ref. 29.) 

an undesirable complication, since it makes the image even less like a topo- 
graph. Alternatively, it is possible to take advantage of this deviation. The 
apparent positions of the atoms turn out to be rather sensitive to the degree 
of buckling associated with the (1 10) surface reconstruction. As a result, it is 
possible to infer the surface buckling quantitatively from the apparent atom 
positions.29 Thus the images are actually quite rich in information; but the 
quantitative interpretation requires a more detailed analysis than is often 
feasible. Even for a qualitative analysis, we cannot sufficiently emphasize the 
importance of voltage-dependent imaging, to help separate electronic from 
topographic features. 

In tunneling to semiconductors, there are additional effects not present in 
metals. There may be a large voltage drop associated with band-bending in 
the semiconductor, in addition to the voltage drop across the gap.3o This 
means that the tunneling voltage may be substantially less than the applied 
voltage, complicating the interpretation. More interestingly, local band- 
bending associated with defects or adsorbates on the surface can lead to 
striking non-topographic effects in the image,30 and localized states in the 
band gap lead to fascinating voltage-dependent  image^.^' While beyond the 
scope of this review, these effects are of great interest for anyone involved in 
STM of semiconductor surfaces. Chapter 5 gives a more detailed account of 
the rich field of STM on semiconductor surfaces. 
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1.4.2 Imaging Band-Edge States 

A particularly interesting situation can arise in tunneling to semicon- 
ducting surfaces at low voltages, and also to some semi-metals such as 
g ra~h i t e .~ ’ .~~  At the lowest possible voltages, only states at the band edge 
participate in tunneling. These band-edge states typically (though not neces- 
sarily) fall at a symmetry point at the edge of the surface Brillouin zone. In 
this case, the states which are imaged have the character of a standing wave 
on the surface. 

This standing-wave character leads to an image with striking and peculiar 
proper tie^.'^-^^ The corrugation is anomalously large; and unlike the normal 
case, it does not decrease rapidly with distance from the surface. This gives 
the effect of unusually sharp r e s ~ l u t i o n . ~ ~ - ~ ~  For example, in the case of 
graphite the unit cell is easily resolved despite the fact that it is only 2A 
across. This effect was also seen on Si( 1 1 1) 2 x 1 .32 

In most such cases the image can be adequately described by a universal 
form,33 consisting of an array of dips with the periodicity of the lattice. (The 
dips however are weakened by a variety of effects, and in any case may not 
be well resolved because of the limits of instrumental response.33) 

Such an image can be extremely misleading. When there is one “bump” per 
unit cell, it is tempting to infer that there is one topographic feature per unit 
cell. However, in the case of Si( 1 11) 2 x 1 ,  like GaAs(1 lo), it is necessary to 
combine images from both positive and negative voltage to get a reasonable 
picture of the surface. In extreme cases, such as certain images of charge- 
density-wave  material^,^^ the image may in fact carry no information 
whatever regarding the distribution of atoms within the unit ~ e 1 1 . ~ ~ , ~ ~  

1.5. Adsorbates on Metal Surfaces 

1.5.1 Topography 

There have been several studies of adsorbates on  metal^'^-^^ modeling the 
tip (and the sample) as an atom adsorbed on a model free-electron metal 
substrate (i.e., the so-called “jellium” model).36 Results of one such calcu- 
lation for the STM images of a sodium and a sulfur atom on jellium (with a 
sodium atom tip) are shown in Figs. 7 and 8. 

In the case of Na, where everything is highly metallic, the theoretical image 
in Fig. 7 is almost indistinguishable from the contour of constant local 
density of states, in striking confirmation of the s-wave tip model. In 
addition, both of these look like the contour of total charge density, which 
we used above as the definition of a surface topograph. For sulfur, Fig. 8, the 
image is again well reproduced by the LDOS, but these are distinctly different 
from the total charge density. So while the simple LDOS interpretation of Eq. 



ADSORBATES ON METAL SURFACES 15 

4 

3 

I 

i i 2  - 
2 

1 

0 

I I I 

Na - TIP DISPLACEMENT 

---- TOTAL DENSITY 
-.-.- FERMI-LEVEL LDOS 

-20 -10 0 10 20 

Y (BOHR) 

FIG. 7. Comparison of theoretical STM image for Na adatom sample and Na adatom tip, 
with contours of constant Fermi-level local density of states and constant total charge density. 
(From Ref. 23.) 

(10) remains valid, the image does not correspond as closely to a topograph 
in this case. 

It was found also in these studies that the local density of states at the 
Fermi level for certain adsorbed atoms like helium and oxygen adsorbed on 
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FIG. 8. Comparison of theoretical STM image for S adatom sample and Na adatom tip, with 
contours of constant Fermi-level local density of states and constant total charge density. (From 
Ref. 23.) 
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free-electron metals was lower than that for the bare metal; that is, the 
presence of the atom makes a negative contribution to the LDOS at this 
energy, This of course would cause these atoms to look like holes or de- 
pressions in the surface in a topographic image; there is evidence of this in 
the studies of Wintterlin et aL3’ for oxygen on Al(111). 

1.5.2 Voltage Dependence of Images: Apparent Size of an Adatom 

The tip displacement in constant-current mode is studied in Ref. 25 for an 
isolated adatom for different bias voltages. We call the maximum vertical tip 
displacement due to an adatom the apparent vertical size of the adatom, As; 
thus this reference studies As( V ) .  

Curves of As( V )  for Na and Mo sample adatoms atoms are shown in Figs. 
9 and 10 for V in the range - 2 to + 2 eV. Positive V again corresponds to 
the polarity in which electrons tunnel into empty states of the sample. At the 
top of each figure, the corresponding sample state-density curve for energies 
in the range - 2 to + 2 eV is given for comparison. 

Figure 9 shows the total additional state density (i.e., the total state density 
minus that of the bare metal) and the As(V) curve for the case of the Na 
sample atom. The 3s resonance peak in the density of states is mostly above 
the Fermi level; the As( V )  curve clearly reflects this resonance. The curva- 
ture of As( V )  up toward the left in the negative bias region is simply an effect 
of the exponential barrier penetration factor. It would be present even if the 
state density of the sample, and the tip as well, had no structure whatsoever. 

In the case of Mo shown in Fig. 10, the large state-density peak just below 
the Fermi level corresponds to the 4d state of the free atom, and the smaller 
peak about 1 eV above the Fermi level corresponds to the 5s state. The graph 
of As(V) is very similar to that of Nay with the large peak at positive bias 
associated with the 5s states of the adsorbed atom. It is striking how little 
evidence there is of the 4d state in this graph? The reason for this is that the 
valence d orbitals in the transition elements are in general quite localized 
relative to the valence s orbitals, and will thus have a much smaller amplitude 
at the tip. The relative unimportance of the contribution from d states in 
tunneling spectroscopy has been confirmed experimentally for Au and Fe by 
Kuk and Sil~erman.~’ 

1.6. Close Approach of the Tip: The Strong-Coupling Regime 

1.6.1 From Tunneling to Point Contact 

Let us now consider what happens when we start to reduce the tip-sample 
distance, and pass into the region of transition from tunneling to point- 
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FIG. 9. Top: Difference in eigenstate density between the metal-adatom system and the bare 
metal for adsorbed Na. Only them = 0 component is shown. The 3s resonance is clearly evident. 
Bottom: As( V )  for Na sample adatom. (From Ref. 25.) 
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FIG. 10. Top: Mo eigenstate density difference. The lower-energy Mo peak correspoi 
the upper smaller peak to 5s. Bottom: h(V) for Mo sample adatom. (From Ref. 25 
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contact. The initial contact takes place, in the experiment we discuss, between 
a single tip atom and the sample ~ u r f a c e . ’ ’ * ~ ~ , ~ ~  We study the current that flows 
between the two flat metallic electrodes inthe jellium model, one of which 
here has an adsorbed atom (the tip electrode), as a function of distance 
between them. For simplicity we consider the case of a small applied bias 
voltage. 

Now in contrast to the studies described earlier, it is not possible here to 
use a tunneling-Hamiltonian formalism, since the overlap of the wave 
functions of the two electrodes is no longer smaller. It is necessary therefore 
to treat the tip and sample together as a single system in computing the wave 
functions. 

We are interested in the additional current density due to the presence of 
the atom, Sj(r) = j(r) - jo, where j(r) is the current density in the presence of 
the atom and jo that in its absence, and in the total additional current 61which 
is obtained by integration of Sj  over an appropriate surface. We can define 
the additional conductance due to the presence of the atom as 6G = SZ/V, 
and it is convenient to define an associated resistance R = 1/6G. 

Consider as before the simple case of a Na tip atom. The tip-sample 
separation s is measured from the nucleus of the tip atom to the positive- 
background edge of the sample; the distance d between the center of the Na 
atom and the positive-background edge of the tip electrode is held at 3 bohrs, 
the equilibrium value for s + 00. 

In Fig. 11, the resistance R defined above is shown as a function of 
separation s. At large separations, R changes exponentially with s. As s is 
decreased toward d, the resistance levels out at a value of 32,0000. (For 
s = d, the atom is midway between the two metal surfaces, so this can in some 
sense be taken to define contact between the tip atom and the sample surface.) 
We can understand this leveling out, including the order of magnitude of the 
resistance, from discussions of Imry and Landauer.” These authors point out 
that there will be a “constriction” resistance h / e 2  = 12,9000 associated 
with an ideal conduction channel, sufficiently narrow to be regarded as 
1 -dimensional, which connects two large reservoirs. Our atom, in the instance 
in which it is midway between the two electrodes, contacting both, forms a 
rough approximation to this. 

Just such a plateau in the resistance was found in the experiments of 
Gimzewski and Mo11er39 using a Ag sample surface and an Ir tip (though the 
identity of the tip atom itself was not determined). These authors fix the 
voltage on the tip at some small value, and measure the current as a function 
of distance as the tip is moved toward the sample. They find a plateau in the 
current at about the same distance from the surface that it is found here, with 
the resistance at the plateau - 35 k0.  Analogous results were found by Kuk 
and Silverman” with a minimum resistance of 24 kR. 
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FIG. 1 1 .  Calculated resistance R = I/SG as a function of tip-sample separation s for a Na tip 
atom. (From Ref. 1 I.) 

1.6.2 Measuring the Tunneling Barrier 

Now consider the height of the tunneling barrier as it is commonly 
measured in the STM.4' For the simple case of a one-dimensional square 
barrier of height cp above the Fermi level, the tunneling current I at a small 
bias I/ is proportional to Vexp(-2s-j5), where s is the barrier 
thickness; thus for constant bias, cp = (h2/8rn)(dln l/ds)*. This relationship is 
often used to define an apparent barrier height (or local "effective work 
function") 

c p A ' & g ) .  hZ d l n l  

A number of authors, as noted previously, present "local barrier-height'' 
images of surfaces (that is, images of cpA) as an alternative to the more 
commonly shown "topographic" images.' 

Reference 41 studies apparent barrier height qA as a function of separation 
for a single-atom tip and a flat sample surface, using exactly the same model 
employed previously to discuss the resistance. An experimental study of the 
dependence of apparent barrier height on separation has been reported by 
Kuk and Sil~erman.~' Now it is clear that for tip-sample separation s -+ 00, 

cpA(s)+@, the sample surface work function. The question of interest is 
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FIG. 12. Apparent barrier height qA as a function of tip-sample separation s for two elec- 
trodes, one representing the sample, the other, with an adsorbed Na atom, representing the tip. 
See text for distinction between solid and dot-dash curves. The work function Q, for the sample 
electrode by itself is shown for comparison. (From Ref. 41.) 

whether or not ( ~ ~ ( 8 )  will be close to @ for the range of tip-sample separations 
commonly used in scanning tunneling microscopy. 

The apparent barrier height ( P ~ ( s )  obtained in Ref. 41 from 6Z(s) via Eq. 
(1 3) is shown in Fig. 12. Note that qA is well below the sample work function 
@ except at the largest distances shown in the graph, where in fact it goes 
slightly above (it reaches a maximum of 4.3eV at s - 19bohrs). That it is 
below Q, for intermediate distances results from the long range of both the 
exchange-correlation part of the surface potential (see the discussion in Ref. 
41), and the electrostatic potential due to the charge-transfer dipole that 
forms at the Na tip atom. That it is even further below at  the shortest 
distances results from the complete absence at these separations of a potential 
barrier to electron tunneling, as we will see. Near the point of nominal 
contact (s = 3 bohrs), the tunneling current reaches a plateau as we have seen 
and thus vA is zero. (It is strictly zero only when all tunneling to the substrate 
upon which the atom is adsorbed is neglected; including such tunneling in a 
physically reasonable manner gives the dashed curve in Fig. 12.) 

Figure 13 gives contour maps of the total potential seen by an electron, vcf, 
for several distances s. It shows the contour we&) = EF (the one closest to the 
atom), with EF the Fermi energy, as well as a number of other contours for 
values above cF; thus the contour-filled areas represent regions where a 
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FIG. 13. Contour maps of the potential ve8 for two-electrode case with an adsorbed Na atom 
(tip). The presence of the atom is represented by a shaded circle with a cross at the position of 
the nucleus; the positive background regions of both tip and sample electrodes are shaded also. 
Maps are shown for four values of s (given in bohrs; 1 bohr = 0.529p\), which is the distance 
between the nucleus of the tip atom and the positive background edge of the sample electrode. 
The nucleus is at the center of each box, so that the sample electrode in fact lies entirely outside 
of the box for all but the smallest of the s values shown (s = 5 bohrs). The contour closest to the 
atom in each case is that for ZJ,~ = EF; the other contours correspond to higher energy values. 
(From Ref. 41.) 

Fermi-level electron encounters a potential barrier. At s = 5 bohrs, for 
example, the electrons moving from the single-atom tip to the sample 
electrode encounter essentially no barrier whatsoever, while at s = 11 bohrs, 
there is a barrier for electrons tunneling along all directions. 

For s = 9 bohrs, there is a barrier for tunneling in most directions, but not 
for tunneling nearly normal to the surface. However, even for tunneling in the 
normal direction there will be an efective barrier. The reason for this is that 
although there is a small opening in the barrier, whose transverse size we 
denote by a, electrons moving through this opening will, by the uncertainty 
principle, have a minimum transverse momentum of O@/a). This in turn 
decreases the energy available for motion along the direction of the surface 
normal, and thus a Fermi-level electron will in fact have to tunnel through 
a barrier even in the region of this “opening.” 

1.7. Tunneling Spectroscopy 

1.7.1 Qualitative Theory 

Tunneling spectroscopy in planar junctions was studied long before STM.6 
However, the advent with STM of spatially-resolved spectroscopy has led to 
a resurgence of interest in this area. Because of the difficulty of calculating 
Z(rt, V )  in general, most detailed analyses have instead focused simply on 
I( V ) ,  without regard to its detailed tip-position dependence. 

Selloni et ~ 1 . 4 ~  suggested that the results of Tersoff and Hamand’ could be 
qualitatively generalized for modest voltages as 

I( V )  K j:+ p(E)T(E, V )  dE, (14) 
F 

where p ( E )  is the local density of states given by Eq. (10) at or very near the 
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surface, and assuming a constant density of states for the tip. This is similar 
to Eq. (12), except that the effect of the voltage on the surface wave functions 
is included through a barrier transmission coefficient T(E, V ) .  

Unfortunately, this simple model still does not lend itself to a straight- 
forward interpretation of the tunneling spectrum.26 In particular, the deriva- 
tive dZ/dV has no simple relationship to the density of states p(E, + Y ) ,  as 
might have been hoped. At best, one can say that a sharp feature in the 
density of states of the sample (or tip), at an energy EF + V, will lead to a 
feature in Z(V) or its derivatives at voltage V. 

Even this rather weak statement may prove unreliable in practice, where 
spectral features have considerable widths. The reason for this problem is 
that T(E, V )  is very strongly V-dependent when the voltage becomes an 
appreciable fraction of the work function. Thus the V-dependence of T(E, V )  
may distort features in the s p e c t r ~ m . ~ ~ * ~ ~  

proposed a simple but effective 
solution to this problem. They normalize’* dZ/dV by dividing it by Z/V. This 
yields dln I/dln V,  and so effectively cancels out the exponential dependence 
of T(E, V )  on V. At semiconductor band edges, where the current goes to 
zero, a slight smoothing of ZlV eliminates the singular behavior.“’ 

This normalization is, however, both unnecessary and undesirable at small 
voltages; in that case, I/ V is well behaved, whereas (dZ/dV)/(I/ V )  is identi- 
cally equal to unity for ohmic systems, and so carries no information. Thus 
the appropriate way of displaying spectroscopy results depends on the 
problem at hand, and a variety of approaches for collecting and displaying 
data have been c~nsidered.’~”~.~~ Chapter 4 gives a variety of examples of 
tunneling spectroscopy. 

Stroscio, Feenstra, and 

1.7.2 Quantitative Theory 

A rigorous treatment of the tunneling spectrum in STM requires calcu- 
lation of the wave functions of surface and tip at finite voltage. This is a 
difficult problem, which is not yet tractable except in simplified models. A 
natural approximationz6 is therefore to use the zero-voltage wave functions, 
but to shift all the surface wave functions in energy relative to the tip, by an 
amount corresponding to the applied voltage V. Unfortunately, the result 
then depends on the position of the surface of integration for Eq. (6). 

However, by positioning the surface of integration half-way between the 
two planar electrodes, the resulting error is second order in the voltage, and 
rather small as long as the voltage is much less than the work function.26 This 
result assumes that surface and tip have equal work functions, and is derived 
for a one-dimensional model only. Nevertheless, it seems safe to assume that 
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the conclusion is more generally valid. With this approximation, calculation 
of the tunneling spectrum becomes relatively straightforward. 

Such calculations26 confirm the qualitative applicability of simple models 
such as Eq. (14). As an example, the solid curve in Fig. 14 (bottom) gives 
(dZ/dV)/(Z/V) for the case of a Ca sample adatom and a Na tip atom. The 
positions of the two Ca peaks and one Na peak in the spectrum correspond 
reasonably well to the features of the state-density curve shown at the top. 
These calculations thus confirm that the spectrum (dZ/dV)/(Z/ V )  mimics the 
density of states reasonably well, as proposed by Stroscio et aL3’ Note also 
the negative values of (dZ/dV)/(Z/ V )  for biases near + 2 eV. Such “negative 
resistance” effects have been discussed by Esaki and Stiles,” and have now 
been observed in the STM context by Bedrossian et and Lyo and 
Avo~ris.*~ 

In an experiment, it would be most convenient if the tip state density could 
be taken as relatively featureless, and thus be omitted from consideration. In 
some cases, tips are used which are purposely blunt (and probably dis- 
ordered), and it is found that the tip state density appears to play no 
significant role in the results.’* This seems quite reasonable, in view of the 
expectation that most of the sharp features in the density of states of such a 
tip would be washed out. Even if the tip were very sharp (a single atom), its 
state-density structure should be similar to the often broad resonances in the 
cases studied here; it would certainly not exhibit the complex surface-state 
structure that may be characteristic of an extended ordered surface made of 
these same atoms. 

Calculations of STM spectra including true voltage-dependent wave 
functions have not yet been reported. But methods do exist now for per- 
forming such calculations “exactly” for a simple model of surface and tip,” 
or more approximately for a real surface?’ 

There is also great interest in inelastic tunneling spectroscopy. This typi- 
cally involves energy exchange with phonon modes, so the interesting energy 
scale (and hence voltage) is quite small. Thus T(E, V )  in Eq. (14) can in this 
case be taken as constant. The primary theoretical problem is then to under- 
stand the electron-phonon coupling, which has been discussed in several 
papers?* However, in practice the primary issue in inelastic tunneling is 
simply the experimental problem of achieving very low noise, necessary for 
observing this weak effect. 

1 -8. Mechanical Tip-Sample Interactions 

Ideally, in STM the tip and surface are separated by a vacuum gap, and 
are mechanically non-interacting. However, sometimes anomalies are 
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FIG. 14. Top: Curves of the difference in eigenstate density between the metal-adatom system 
and the bare metal for adsorbed Ca and Na. Note that the energy scale for Na (top) is reversed. 
The 3s resonance for Na is clearly evident. The lower-energy Ca peak corresponds to 4s, the 
upper to 3d (and some 4p). (Only m = 0 is shown.) Bottom: Solid line is calculated curve of 
( d I / d V ) / ( I / Y )  versus V for Ca/Na; dotted line is same quantity evaluated using a simple 
analytical model discussed in Ref. 26. Center-to-center distance between the atoms is held fixed 
at l8bohrs (1 bohr = 0.529A). (From Ref. 26.) 
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observed, which are most easily explained by assuming a mechanical inter- 
action between the tip and surface. In particular, since the earliest vacuum 
tunneling experiments of Binnig et al.,’ it has been observed that for dirty 
surfaces, the current varies less rapidly than expected with vertical dis- 
placement of the tip. Coombs and P e t h i ~ a ~ ~  pointed out that this behavior 
can be explained by assuming that the dirt mediates a mechanical interaction 
between surface and tip. 

As discussed in Section 1.6.2, the apparent barrier height is defined in terms 
of dln Z/ds. For dirty surfaces, dln Z/ds is smaller than expected, leading to an 
inferred barrier height which is unphysically small. For graphite in air, this 
inferred barrier height is often less than 0.1 eV. 

The suggestion of Coombs and Pethica is that some insulating dirt (e.g., 
oxide) is squeezed between the surface and tip, acting in effect as a spring. The 
actual point of tunneling could be a nearby part of the tip which is free of 
oxide, or an asperity poking through the dirt. As the tip is lowered, the dirt 
becomes compressed, pushing down the surface or compressing the tip if it 
is sufficiently soft. As a result, the surface-tip separation does not really 
decrease as much as expected from the nominal lowering of the tip, and so 
the current variation is correspondingly less. 

This issue gained renewed importance with the observation of giant corru- 
gations in STM of graphite.s0*51 Ridiculously large corrugations were 
sometimes observed, up to lOA or more vertically within the 2 A  wide unit 
cell of graphite. Soler et aLso at first attributed these corrugations to direct 
interaction of the tip and surface, but a detailed study by Mamin et al.” 
suggests that in fact the interaction is mediated by dirt, consistent with the 
earlier proposal.49 Very clean UHV measurements5* apparently give corru- 
gations of at most a small fraction of an A, consistent with recent theoretical 
calculations for realistic single-atom tips.j3 

For the model of direct interaction,% there is a complex nonlinear 
behavior. But for the dirt-mediated interaction model, a linear treatment is 
appr~pr i a t e .~~  In this case, assuming the mechanical interaction has negligible 
corrugation (e.g., because of the large interaction area), the image seen is 
simply the ideal image, with the vertical axis distorted by a constant scale 
factor. 

It seems surprising that it is possible to obtain any image at all, when there 
is dirt between surface and tip, since some scraping might be expected as the 
tip is scanned. For graphite, one could imagine that the dirt (e.g., metal 
oxide) moves with the tip, sliding nicely along the inert graphite surface. Or 
the “dirt” might be a liquid such as water. However, any such model is based 
on indirect inference, and this phenomenon must be considered as not really 
understood at present. 

This lack of a complete understanding is pointed up by the possible role 
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of forces even in certain clean situations. In the recent observation of close- 
packed metal surfaces, in which individual atoms were it was 
s~ggested’~ that these cases like graphite may represent an enhancement of 
the corrugation by mechanical interactions between tip and surface. 
Apparent barrier heights as small as 1 eV are not unusual even in ultra-clean 
UHV experiments,” where atomic-resolution images would seem to be incom- 
patible with direct mechanical contact. Such effects may be associated with 
a very deformable tip (i.e., a “whi~ker”) ; ’~*~~ or they might be unrelated, 
reflecting e.g., the small apparent barrier heights discussed above for small 
tip-surface separation. However, the question of what forces exist in clean 
vacuum experiments, and their effect on STM images, remains largely 
unexplored at this time. 
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2. DESIGN CONSIDERATIONS FOR AN STM SYSTEM 

Sang-il Park 
Park Scientific Instruments, Sunnyvale, California 

Robert C. Barrett 
Department of Applied Physics, Stanford University, Stanford, California 

2.1. Introduction 
In 1982 Binnig et al.' publishei the first STM image of the Si( 11 1) surface 

reconstructed in the 7 x 7 pattern. It was amazing to learn that they could 
image individual atoms of silicon. At the time, and for the next few years, it 
seemed almost unbelievable. The STM image of the 7 x 7 pattern, with its 
display of individual atoms, answered questions that had baffled inves- 
tigators for years. That result was the stimulus that initiated many STM 
projects. In the early years the rate of success in the groups that pioneered the 
new era with the STM was limited by the technical difficulties associated with 
the new instrument. The validity of the initial results was in question and 
skepticism was widespread until 1985 when selected g r o ~ p s ~ , ~ , ~  were able to 
reproduce the beautiful images on the silicon surface. They were able to 
confirm that the STM is a viable instrument for studying conducting surfaces 
with atomic resolution. Since that time the field has experienced a tremen- 
dous increase in popularity. 

The number of groups building STMs continued to grow in size. They tried 
a diversity of designs but images with respectable resolution came from only 
a very few. At first glance the design and structure of the STM seems simple, 
but there are subtle aspects that are quite difficult to control. The exacting 
tolerances for instruments with atomic resolution place a number of con- 
straints on the design. Low frequency vibrations, small thermal drifts, and 
electrical noise are major obstacles to the accurate placement of the tip. The 
spacing between tip and sample must be controlled with an accuracy that is 
better than f 0.05 A. Bringing the tip into tunneling range (about 6 A separa- 
tion), and scanning the tip in a raster pattern without crashing it into the 
sample, requires a design that is both innovative and precise. Electrical and 
mechanical feedback loops must be capable of maintaining a constant tip- 
sample separation to better than the width of one atom. Stable tips with a 
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single atom at the end must be reproduced easily and economically. Different 
samples have different surface characteristics, and the STM must be flexible 
enough to adjust to the differences in topography, conductivity, and volatil- 
ity. In addition the sample preparation technique is critical if one is to achieve 
atomic resolution. STM experiments are challenging; if the microscope is 
untested, it is difficult to determine from the images alone which of the above 
problems may exist. 

This chapter is devoted to STM instrumentation. Related review articles 
on applications and instrumentation appear in  reference^.^-* Here we will 
restrict our attention to the fundamental application of the STM: imaging 
and spectroscopy in both ultra-high vacuum (UHV) and ambient environ- 
ments. Instrumentation for other applications and other environments are 
found in corresponding chapters of this book. 

The most convenient STM mode is operation in air-the Air-STM is often 
used for inert samples. The most stringent STM mode is operation in ultra- 
high vacuum-the UHV-STM is required for accurate and reliable studies of 
clean surfaces. The design concepts of the two instruments are quite similar, 
but the construction and operation of the Air-STM is simpler by far. 
Acoustic coupling through the air is always present in the Air-STM; however 
the Air-STM, with its compact and rigid form, is less sensitive to mechanical 
vibrations. In contrast, the UHV-STM contains rather large devices for 
mounting and changing the tip and sample. These reduce the mechanical 
rigidity of the microscope and lower the mechanical resonant frequencies; 
therefore the systems used for isolating the vibrations are more complex in 
the UHV-STM than in the Air-STM. The design of a UHV-STM is further 
complicated by the bakeout that is required for outgassing the entire vacuum 
system. Finally, since the tunneling current is easily affected by contaminants 
from the ambient atmosphere, the sample must be cleaned with a rigorous 
procedure that usually involves heating it to a very high temperature in UHV. 

In the next section, we present our theoretical analysis of the systems for 
feedback control and vibration isolation as applied to STM. It is possible to 
design the STM without this rigorous calculation of the behavior of the 
feedback and isolation systems, but the analysis alllows us to improve the 
performance of the STM when it is constrained to operate under specific 
conditions. The control electronics and the data acquisition system will also 
be discussed in order to show how all of the components fit together. In the 
last section of this chapter, we will discuss typical problems and difficulties 
that are encountered in operating an STM together with possible remedies 
and improvements. 
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FIG. I .  Block diagram for the feedback control system of an STM. 

2.2 Theoretical Considerations 

2.2.1 Feedback Theory 

In scanning tunneling microscopy, a feedback system is used to control the 
tip-sample spacing in order to maintain a stable tunneling junction. A fixed 
tip-sample bias voltage is applied and the desired tunneling current is selected 
by the operator. The control system is used to adjust the gap between the tip 
and sample until that tunneling current is achieved. As the tip is scanned 
across the surface, variations in the sample topography and electronic struc- 
ture affect the tunneling current. The control system must react to bring the 
current back to the desired value. Ideally, the adjustments should be made 
instantaneously and exactly. However, such demands are unrealistic. This 
section will describe some of the theory behind the design of an adequate 
STM feedback control system. More general discussions of control theory 
can be found in appropriate  textbook^.^.'^ 

Figure 1 illustrates a typical block diagram for the z-motion of an STM 
(i.e., the motion of the tip perpendicular to the plane of the sample). A 
straightforward analysis of the system may be performed if the system is 
assumed to be linear. Most of the components behave in a fairly linear 
fashion except for the tunneling gap. The tunneling gap output is an ex- 
ponentially varying current for linear variations in the gap distance. This 
current can be linearized with a log-amplifier, or it can be treated as linear 
if variations in the gap distance are small. In either case, we will limit our 



34 DESIGN CONSIDERATIONS FOR AN STM SYSTEM 

analysis to the case of a linear system. Linear systems such as this one are best 
analyzed in the Laplace transform domain. The Laplace transform, F(s), of 
a function, f ( t ) ,  is defined to be: 

F(s) = jOm f(t) e-S' dt. (1) 

This transformation is a generalized Fourier transform. The time variable f 
is replaced with a complex frequency s. In the Fourier transform the basis 
functions are simple sinusoids, while in the Laplace transform the basis 
functions are sinusoids with amplitudes that vary exponentially in time. The 
imaginary part of s is the frequency of the sinusoid. The real part of s is the 
rate of growth (for a positive real part s) or decay (for a negative real part 
of s) of the amplitude of the oscillation. The Laplace transform is good for 
analyzing linear systems because the response of real systems is very often 
well modeled by exponentially damped sinusoids. 

In order to begin the analysis of the STM system, each block of the system 
must be replaced by its transfer function. The transfer function of a com- 
ponent is the Laplace transform of its impulse response (the output of the 
component when excited by a unit impulse at time t = 0). For example, the 
high-voltage amplifier will typically have a transfer function given by: 

This transfer function describes an amplifier with a DC gain of khv and a high 
frequency gain rolloff with a cutoff frequency ofS, = 0 h v / 2 1 t .  In cases where 
the cutoff frequency is much higher than other frequencies of interest, this 
transfer function can be simplified to be that of an ideal amplifier: 

G2(S) = k h v  (Ohv O0)* (3) 
The piezoelectric element is more complicated and will typically have a 
second-order response. This means that its transfer function will have two 
dominant poles which result in an oscillatory impulse response. For example, 
a piezoelectric actuator might have a transfer function given by: 

as+ I 
? + wps/Q + wi '  

H l ( s )  = k w2 (4) 

where kp is the DC response of the piezoelectric (A/v), wp is the dominant 
resonant frequency, Q is the quality factor, and 01 determines the phase of the 
output. 

The goal of the feedback system design is to minimize the error signal E. 
The designer must develop a control block with transfer function GI (s) such 
that the system maintains the desired tunneling current with the necessary 
accuracy. The constraints put on the system response are: 
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1. The resulting system must be stable, i.e., the error signal must not increase 
in an unbounded fashion as a function of time. This is equivalent to saying 
that the expression for E(s) must not have any poles that are in the right 
half of the s-plane. 

2. The steady-state error of the system must be small. 
3. The transient response of the system must be fast and any oscillations 

Examining the block diagram, we see that the error signal may be written as 

must decay quickly. 

where R(s) is the reference signal which defines the desired tunneling current. 
The response of the control system to changes in tunneling current, for 
example because of a scan over changing topography, can be studied by 
examining this error signal. To simplify the analysis, such changes can be 
modeled as changes in the reference current, R.  

Consider an STM control system which has a simple proportional control 
function, GI (s) = k ,  w,/(s + w,), with a high frequency cutoff atfc = 0,/2n. 
We see that the resulting error signal is 

where y = [w,/(s + w,)]G,(s)H, (s)H,(s)H,(s). That is, the error signal is the 
reference signal divided by (1 + yk,) .  If the system is stable, the steady-state 
error is given by sE(s) in the limit when s goes to zero. In this limit, y becomes 
a constant equal to the product of the DC gains of the other components in 
the loop. If the proportional gain k ,  is large, the steady-state error signal is 
small, but non-zero. A more complete analysis reveals that for sufficiently 
high gain the system becomes unstable in the manner described later in this 
study. Thus, there is a trade-off between reducing the error signal and 
maintaining system stability. The system stability is improved by including a 
low-pass filter in the proportional gain stage, such that the cutoff frequency 
(w,) is much lower than the piezoelectric element’s resonant frequency. This 
filter prevents the proportional gain stage from amplifying the resonance. 

The finite steady-state error can be eliminated by including an integrator 
in the control block. The proportional and integral signals are then added 
together. The resulting transfer function is 

The first term is the proportional gain with an upper cutoff frequency GO,, 
while the second term is an integrator with gain k 2 .  The integrator causes a 
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small error signal to be integrated in time, producing more and more control 
action until the error is eliminated. Thus, the steady-state error of this system 
is zero for a reference that changes in a step-like manner. 

If a fast transient response is necessary, as with fast imaging speeds, then 
a derivative control signal can be included. This type of signal “anticipates” 
errors by correcting for the direction in which errors are moving before they 
grow large. A much faster transient response can be achieved in this way, but 
at the cost of decreased system stability. Since differentiators amplify signals 
proportionately to their frequency, they must be followed by a low-pass filter 
to prevent the amplification of high-frequency noise. The transfer function of 
a differentiator is 

where k3 is the gain and wj is the upper cutoff frequency. 
In order to see how these different control methods work, we will analyze 

a simplified form of a real STM system. Analytical or computer modeling of 
an STM control system can produce accurate predictions for the response of 
the system to disturbances, such as reference current changes or changes in 
topography. All of the standard control system procedures (e.g., root-locus 
analysis, frequency domain analysis, and optimal control system design) can 
be applied to this system. To simplify the calculations, the system is reduced 
to a minimal form which only contains the dynamic response of the mechani- 
cal components of the microscope H(s) and the control electronics G(s). 

To evaluate the response of the system, we can apply a unit step input to 
the reference current R(s) and evaluate the resulting tunneling current Z(s). 
Ideally, the response Z(s) will be identical to the reference R(s), but in reality 
this is not the case. This step response provides the steady-state error of the 
system (R(s) - Z(s) for large times) as well as the transient response of the 
system. The response of this simplified system is given by: 

Even a simplified system is difficult to analyze analytically because of the 
complexity of finding the roots of the polynomials of s as a function of 
different control gains. So, in order to evaluate the system, we calculate its 
response numerically. This calculation is performed by having a computer 
algebraically evaluate the rational polynomial expression for Z(s) from Eq. 
(9). Then it does a partial fraction decomposition of the expression and 
evaluates the inverse Laplace transform of each term of the decomposition. 
This calculation yields the time-domain step response of the system (Figs. 



THEORETICAL CONSIDERATIONS 37 

3-6). Commercial software packages such as MATLAB may be used for this 
analysis. 

As a model for the mechanical response of the microscope, we assume a 
general second-order impulse response: 

as + 1 
s2 + o o s / Q  + ' 

H(s) = 

where oo is the undamped resonant frequency of the system, Q is the quality 
factor, and o! determines the phase of the response. These parameters can be 
measured on a real STM by applying a step input to the piezoelectric element 
and measuring the response of the tunneling current with a digital storage 
oscilloscope. The Fourier transform of the measured step response will 
consist of several peaks corresponding to resonances of the mechanical 
system. Each peak can be fit to a resonant term, which, in the time-domain, 
is written 

f ( t )  = ACB'sin(Ct + D), ( 1  1) 

where A,  B, C, and D are fitting parameters. These parameters can be 
determined from the peak amplitude, center frequency, phase at the center 
frequency, and full width at half maximum. The impulse response is then 
found by differentiating the step response with respect to time. By comparing 
the Laplace transform of the resulting expression with Eq. (lo), oo, Q, a, and 
the overall amplitude can be determined. Although most systems will have 
multiple peaks, one is often dominant and can be used to adequately model 
the system response. Figure 2 illustrates the fit obtained on one of our air 
microscopes for matching one peak. The fit is seen to be remarkably good for 
the dominant peak. A better fit can be obtained by including more terms, one 
for each peak. However, for the purposes of modeling our system, the 
one-resonance approximation is acceptable. The parameters are found to be 
approximately: 

wo = 7 x 103rad/sec, 

Q = 20, 

a = 2.6 x 10-5sec. (14) 

These values result in an impulse response given by: 

2.6 x 10-5s + 1 
s2 + 350s + 4.9 x lo7.  

H(s) = 

Note that we are ignoring the absolute value of the DC response of the 
piezoelectric element in this example in order to simplify the calculation. That 
value is absorbed into the gain of the control function. 
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FIG. 2. Step response of the mechanical system as measured and with a fit to the dominant 
peak. (a) Magnitude of the frequency response. (b) Phase of the frequency response. (c) Time 
response. 

Now, we can examine various control functions for producing a system 
that responds quickly and accurately to variations in the reference signal. The 
first and simplest to try is proportional control. For this case, we let 

WC G(s) = A -, 
s + 0, 

where A is the proportional gain and oc is the high frequency cutoff of the 
amplifier. If a high frequency cutoff were not included in our model, the 
calculations would predict a stable system for arbitrarily high gain. This is 
not realistic and shows that our model is incomplete. When modeling 
systems, it is important to recognize unrealistic behavior in order to avoid 
producing meaningless results that come from oversimplification. 
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FIG. 3. Response of the tunneling current to a unit change in the reference current. Each curve 
corresponds to the response using a proportional control function followed by a low-pass filter 
with the indicated cutoff frequency. The gain was set to 75% of the maximum stable gain with 
the given cutoff frequency. 

In order to evaluate the proportional gain system, the system response was 
examined with cutoff frequencies of 10, 100, and l000Hz. First, the 
maximum allowable gain for a stable system with each of these cutoff 
frequencies was determined. This calculation is easily done by solving for the 
poles of the response function Z(s) as a function of the gain. Whenever all of 
the poles are in the left half of the s-plane, the system is stable. When one of 
the poles moves to the right half of the s-plane, then the response will have 
a term which grows exponentially with time. This implies an unstable system. 
After the maximum allowable gain was determined, the step response of the 
system was evaluated with the gain set to 75% of the maximum value for the 
given cutoff frequency. Figure 3 shows these three different step responses. At 
these gain settings, the step input excites the resonance of the microscope, 
which then slowly decays. The steady-state response indicates a finite error, 
as expected for a proportional gain system. Since a lower cutoff frequency 
allows a higher gain before the instability sets in, the steady-state error is less 
with the lower cutoff. The transient response of the system, however, is 
slowed because of that low cutoff frequency. As we go to lower cutoff 
frequencies and higher gains (maintaining the product Am, constant), the 
control begins to look similar to an integrator: 

for small w,. In essence the control function is an integrator with finite DC 
gain. In general, it is advantageous to have infinite DC gain in the loop; 
therefore it makes sense to use an integral control function. 

With an integral gain component the error is integrated in time, thus the 
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FIG. 4. Response of the tunneling current to a unit change in the reference current using an 
integral control function. The indicated gains are a fraction of the maximum stable gain. 

steady-state error is reduced to zero. We will first consider a control system 
which is only an integrator: 

A 
G(s) = -, 

S 

where A is the integrator gain. The step response of the system is again 
computed and we find that the system remains stable up to 
A,,, = 1.65 x 10"sec-I. In Fig. 4 we show three plots for the step response 
of the system for A set to 25%, 50%, and 75% of A,,,. Several observations 
can be made. First, for any stable, non-zero gain the steady-state error is zero. 
Second, increasing the gain increases the system's speed of response as well 
as exciting the mechanical resonance of the instrument. With a gain equal to 
75% of A,,,, the integrator gives a very similar response to the best propor- 
tional-only system, with a response time of about 8 msec, but with the 
complete elimination of the steady-state error. Therefore, the addition of 
proportional gain with the integral gain will not significantly improve the 
transient response of the system. 

What can be done if an even faster transient response is required? For 
example, for fast constant-current imaging with an STM, the 8 msec response 
time may be inadequate. The best method for improving the response would 
be to build a mechanical system with a higher resonant frequency, thus 
removing the limitations of the electromechanical components. However, if 
that is impractical, a derivative control signal can be included to improve the 
response time. The derivative signal responds to rates of change in the error 
signal, instead of the error value itself. Therefore, it can compensate for 
disturbances before the errors grow very large. Since the derivative cannot 
measure the absolute value of the error, another control signal must be added 
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to compensate for that. A good solution is to combine the derivative and 
integral control systems. We model this system with a control function of the 
form: 

Here the first term is the integrator with a gain of A,  and the second term is 
the differentiator with a gain of A2 and an upper cutoff frequency of 0,. This 
low-pass filter must be included to prevent the differentiator from giving high 
gains to high frequency noise in the system. This linear model is not com- 
pletely realistic because differentiators tend to drive the system with very 
large signals, producing nonlinearities. When the tunneling current changes 
rapidly, or when noise is present, a differentiator can push the amplifiers into 
a nonlinear response regime. Thus, the predictions from this model can only 
be used qualitatively. These simulations do give a good intuitive feel, 
however, for how the derivative signal improves the system response. 

Essentially, the derivative signal improves the transient response of the 
system by allowing larger control gains while still maintaining system stabil- 
ity. The other gains of the system can be set much higher without making the 
system unstable. To illustrate this, we choose a moderate derivative signal, 
A, = 1 x 108sec, 0, = 2.n x lOOHz, and increase the integral gain. (These 
values are moderate in the sense that the closed-loop poles have moved in 
between the open-loop poles and the open-loop zeros.) We then simulate the 
step response of the system for three different values of integral gain, 5 x , 
10 x , and 20 x A,,,, the value that previously drove the system unstable 
without the derivative gain. These plots are shown in Fig. 5 .  The derivative 
signal now increases the ringing of the response and significant overshoot 
occurs. As before, the system has a zero steady-state error because of the 
integrator signal. Finally, we note that the transient response has been 
improved significantly. The system reaches the reference value for the first 
time after only 0.15 msec and, with the gain set to 10 x , comes permanently 
to within 10% of the final value after 2msec. 

As a final comparison, we show in Fig. 6 the step response for the three 
different control systems: proportional, integral, and integral plus derivative. 
The proportional has an 8msec response time to within 10% of the final 
value and a steady-state error of about 20%. The integral performs quite 
well, with an 8 msec response time and no steady-state error. If we include a 
derivative signal with the integrator, there is a much faster transient response 
with about 20% overshoot and zero steady-state error. For most applica- 
tions, the integral-only control system is adequate and simple. For highly 
demanding applications, the derivative-plus-integral system provides a 
faster but less stable response. 
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FIG. 5 .  Response of the tunneling current to a unit change in the reference current using an 
integral plus derivative control signal. The gain of the derivative signal is fixed and the integral 
gain is to set to various multiples of the maximum allowable gain using an integral-only control 
function. 

In conclusion, theoretical models for the control system of an STM can be 
most helpful in determining the type of system that will be needed for 
adequate response in the instrument. The models provide reliable results 
which compare well with actual measurements when the system is operated 
in the linear regime. However, when the control gains are increased to 
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FIG. 6. A comparison of the step responses for each of the three different control functions. 
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FIG. 7. Model of the tunneling unit. The system has been reduced to a simple damped 
harmonic oscillator. 

optimize the transient response of the system, the simplest models usually 
fail. Generally, the simple models predict a much better system response than 
can be achieved in practice. Complications in the system that have been 
neglected in the model (such as amplifier and tunneling junction nonlineari- 
ties, neglected resonances in other mechanical components, and signal noise) 
will limit the final system performance. 

2.2.2 Vibration Isolation Theory 

Vibration isolation is another important area of STM where design par- 
ameters should be carefully considered. It is obvious that environmental 
vibrations are much greater than the scale that we want to measure; they are 
large enough to ruin tunneling conditions. Since the STM is measuring and 
controlling the tip position to less than an atomic diameter, the vibration 
isolation has to damp out noise to the same level." While it is possible to 
design a dynamic control system,'* we will restrict the discussion here to 
simple, passive damping systems. Furthermore, each component has six 
degrees of freedom, and we should include six coordinates in order to 
describe its complete motion. However, it is difficult to trace all of these 
motions and, very often, analyzing only one or two motions of the com- 
ponents will describe the whole system effectively. We will, therefore, reduce 
the system to a few rigid objects with several characteristic parameters, and 
consider only their vertical motion. This is appropriate as floor vibration is 
mostly vertical. The following discussion can be applied to both spring 
suspension stages and stacked metal plate isolators, even though the physical 
description is closer to spring suspension stages. The analysis of multiple 
stacked plates was discussed by Okano et a1.I3 Other points to be considered 
in designing vibration isolation systems for an STM will be discussed in 
section 2.3.4. More general vibration theory can be found in Ref. 14. 

In order to understand the tolerable level of vibration and how much 
isolation is required, we first examine the mechanical nature of the tunneling 
device. This is illustrated in Fig. 7 and includes the sample, sample holder, 
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sample positioner, scanner, and tip. In order to simplify the analysis, we 
define the overall resonant frequency (ao) and quality factor (Q) of this unit 
as we did in the previous section. We can write the equation of motion in the 
form: 

mx + b(x - a’) + k(x - x’) = 0, (20) 

where m is the effective mass, x is its vertical position, b is the damping factor, 
k is the spring constant of this unit, and x’ is the vertical displacement of the 
STM frame. Using the relation of 

we can rewrite Eq. (20) as 

x + 2y(X - X’) + o;<x - x’) = 0. (23) 

When the STM frame is driven sinusoidally, i.e., x‘(t) = xheia‘, we can use the 
steady state harmonic solution x(t )  = xoeiw‘ to obtain the relationship 
between the variation in tunneling gap distance (xo - xh) and external vibra- 
tion amplitude (xh). Or, equivalently, we can take the Laplace transform of 
Eq. (23) and replace s = - io to see the frequency dependence. The transfer 
function then becomes 

TI (0) is the response of the tunneling gap spacing to external vibration just 
as H(s) in Eq. (10) is the response of the gap spacing to the electrical driving 
signal. The quality factor Q is equal to 00/2y. ITl (w)l is plotted in Fig. 8 for 
y = 0 . 0 2 5 ~ ~ .  In the lower frequency range, T, becomes w2/o i .  Therefore, as 
the driving frequency o decreases by a factor of 10, the system response 
becomes smaller by a factor of 100. If the resonant frequency oo is 2 kHz, the 
system response is less than for driving frequencies below 2 Hz. This is 
sufficiently small for an STM considering that the typical floor vibration 
amplitude is a few thousand angstroms. For vibration frequencies above 
10 Hz, we obviously need an isolation system. 

The vibration isolation stage, as shown in Fig. 9, can be described in a 
similar manner. In this model, the mass m’ represents the tunneling device of 
Fig. 7, which is now assumed to be rigid. The equation of motion is equiva- 
lent to eq. (20). 

m‘x‘ + &(,’ - a”) + k’(x‘ - x”) = 0. (25) 
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FIG. 8. Frequency response of the tunneling unit to external mechanical vibrations. Cal- 
culated from Eq. (24) for the case of y = 0 . 0 2 5 ~ ~ .  

We are interested in the amplitude ratio of x; and x:. 

where w ,  = m, y’ = b‘/2m‘. This function is plotted in Fig. 10 for 
several values of y’. This curve is almost mirror symmetric to the one in Fig. 
8. If there is little damping (y’ 4 w , ) ,  the vibration isolation is more efficient 
at high frequencies but the oscillation at the resonant frequency is large. 
Heavy damping (near critical damping y’ = w , )  will reduce the amplitude of 
the resonance oscillation, but it does not attenuate the high frequency vibra- 
tions as effectively. 

To evaluate the response of the tunneling gap to external vibration, includ- 
ing the details of both the tunneling unit and the isolation stage, we examine 

FIG. 9. Model of a single stage vibration isolation system. 
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FIG. 10. Vibration attenuation of a single stage vibration isolation system for three different 
damping factors. Calculated from Eq. (26). 

the magnitude of the product of T, and T, . This is plotted in Fig. 1 1  for the 
case when wo/ol  = 1000, that is, when the resonant frequency of the tunnel- 
ing unit is 1000 times greater than that of the isolation stage. In the inter- 
mediate frequency range (wl 4 o 4 a,), Eq. (24) and Eq. (26) can be ap- 

Y‘= w, 

Y‘= 0.1 w, 

Y’=0.01~1 

10-8 
lo-‘ lo-’ I O - ~  lo-’ loo  10’ 

W - 
w, 

FIG. 1 1 .  Vibration attenuation for the tunneling unit combined with a single isolation stage. 
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proximated and the noise spectrum becomes 

for small damping, and, 

for large damping. The damping factor should be adjusted such that the 
overall vibrational noise is minimized. If the tunneling unit has a sufficiently 
high resonant frequency, lower damping should be selected. If the low 
frequency vibration is more problematic, heavier damping will be helpful. 
However, increased damping will degrade the vibration isolation at high 
frequencies and additional isolation stages will be required. 

It is interesting to note that the best vibration isolation is at the inter- 
mediate frequency, and its efficiency depends solely on the ratio of w,  and wo . 
Therefore, it is desirable to have a low resonant frequency ( w , )  for the 
vibration isolation stage, and a high resonant frequency (wo) for the tunnel- 
ing unit. However, there is a limit to how well we can satisfy these require- 
ments. The resonant frequency is determined by the physical dimensions of 
the microscope. This is a serious restriction. The spring constant k is related 
to the stretch length of the spring A/ by 

m’g = kA1,  (29) 

and we can write the resonant frequency o as 
7 

01 = &. 
Thus, the resonant frequency is determined by the stretched length of spring 
only. Even if we enlarge the system by four times, the resonant frequency will 
be reduced only by half. Also, increasing the resonant frequency of the 
tunneling unit (ao) is not easy. The size of tunneling unit cannot be reduced 
arbitrarily since we need a reasonable space to accommodate the samples. 

We can extend the analysis to the case of the double spring stage (Fig. 12). 
Here X” denotes the vertical displacement of the second stage and x”’ denotes 
that of the outer STM frame. We will use Eq. (25) for the first stage. The 
additional equation of motion is 

m “ y  + b”(jf’ - if“) + p(x” - X‘”) + k’(x” - x’) = 0. (31) 

Here m” is the mass, b” is the damping factor, and k” is the spring constant 
of the second stage. 

For simplicity, we neglect the damping (6’ = b” = 0) and consider the 
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FIG. 12. Model of a double stage vibration isolation system. 

situation where the outer frame is driven by x"'(r) = xre'"'. Using the same 
method as before, we obtain 

- w:x,, + (a: + w: - d)x; - w:x; = 0. (32) 

We have defined w2 = ,/= and w3 = w. We use x; = x;(w: - wz) /  
w: from Eq. (25) to rewrite Eq. (32). 

(33) 
x;, w:w: 
x;l' w4 - (0: + w: + w:)o2 + w:w:* 
-= 

This formula gives the ratio between the vibration amplitudes of the first 
stage and outer frame. 

There is a constraint that specifies the relation between w ,  , w2, and w 3 .  
Since the physical size of the microscope is finite, the total stretched length 
of the springs is fixed. That is, 

A1 + Al' = constant, 

where A1 and Al' denote respectively the stretch length of the first and second 
stage springs. 

(34) 

(m' + m")g 
k" 

Al' = 

Equation (34) can be rewritten as 

= c, 0: + w: + 0: 
w: w: (35) 

where C is a constant. Cg denotes the total stretched length of springs. 
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FIG. 13. Vibration attenuation of a double stage vibration isolation system for three different 
spring configurations. Calculated from Eq. (36). The frequency unit is defined as v2 = I/C. See 
text. 

Equation (33) becomes 

where 

G = 0:~:. (37) 
The values of IT3(o)I are plotted in Fig. 13 for several values of G. In order 
to compare the efficiency of the double stage vibration isolation system to 
that of the single stage system, we have defined a new reference frequency 
v = m. This new reference frequency is the same as w, used for the single 
spring stage calculation (Fig. 10) when the total stretched length of springs 
is the same. It is obvious that the double stage system is much more efficient 
at high frequencies than a single stage system with the same physical dimen- 
sion. We also notice that a smaller value of G gives better vibration isolation. 

From Eq. (39 ,  we find that G has a positive minimum value when 

This value becomes smaller as wj  decreases and C increases. This result has 
several implications for an optimal design. 

1. k'lm' should be equal to k"lm". 
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FIG. 14. Vibration attenuation for the tunneling unit combined with a double isolation 
stage. 

2. k / m ”  (= 0:) should be reduced as much as possible. 
3. The total stretched length of springs Cg should be allowed as large as 

4. For a given klm“ and Cg, klm’ and k”/m” should be determined by Eq. 

In practice, the third condition is determined by the physical size of the STM. 
The fourth condition may be too strict. Fortunately the value of G does not 
increase rapidly as o, and w2 deviate from the value of Eq. (38), so this 
condition is not as critical. We should keep in mind the first and second 
conditions. A heavier mass m” of the second stage is preferable. 

It is interesting to examine the efficiency of the double stage vibration 
isolation system at its optimal condition. At the best, the minimum value of 
w: is 2vz when w3 = 0. This gives G = 4v4. We can expect the maximum value 
of o3 to be w 2 ,  since the outer spring should be stiffer than the inner one. By 
setting w3 = w 2 ,  we get w: = 0: = 0: = 3v2 and G = 9v4 from Eq. (38) as the 
worst case. The vibrational noise spectrum with the double stage, 
IT,(w)T,(w)l, is plotted for the case of G = 6v4 and 7‘ = y” = w , ,  O.lw,, 
0.010, in Fig. 14. We notice that they exhibit much better vibration response 
than with a single stage system of the same total spring length. If the springs 
of the two stages are designed to overlap, the unit v in Fig. 13 will be smaller 
than the unit in Fig. 10, and the efficiency of double stage system will be 
further improved. 

possible. 

(38). 
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In a real STM, the double stage system has additional advantages. The 
suspension spring is not ideal and the spring wire itself can transmit high 
frequency vibrations. The electrical wires that connect the tunneling unit on 
the first stage to the outside world can transmit low frequency vibrations. In 
the double stage vibration isolation system, such coupling can be efficiently 
eliminated by clamping the wires on the intermediate stage. 

2.3 Mechanical Structure and Components 

2.3.1 Tip 

The tunneling tip is the most crucial component of the STM.” The 
geometry and chemical identity of the tip influences both topographic and 
spectroscopic measurements. The best images are obtained when tunneling is 
limited to a single metallic atom at the end of the tip. Anomalous imaging 
artifacts will appear when simultaneous tunneling occurs through multiple 
atoms on the tip. This is commonly referred to as double-tip imaging. When 
tunneling involves a group of atoms, the STM image appears as the summa- 
tion of multiple images. If the primary tunneling current from the closest 
atom is similar in magnitude to that of the background tunneling current 
from neighboring atoms, atomic scale features of the sample will not be 
resolved. If the atom at the end of the tip is nonmetallic, the STM tunneling 
spectrum will not represent the true electronic structure of the sample surface. 
Nonmetallic tip atoms may also make the tunneling current unstable; the 
feedback will move the tip forward to compensate for the lack of tunneling 
current, and the tip may crash into the sample. Therefore, a good tip is 
required not only for high resolution imaging but also for elimination of tip 
artifacts due to variations in conductance. We will return to a discussion of 
tip artifacts in Section 2.5.2. 

It is difficult to control the shape of a tip down to the final atom, although 
its shape can be monitored by field ion microscopy.’”’’ Fortunately, nature 
is kind to the STM researcher. It turns out that if certain metal wires are 
fractured, or cut, the result is a rugged surface with a single atom as the 
endpoint. There is a strong dependence of the tunneling current on the 
tip-sample separation, and the STM will “find” the atom that is protruding 
toward the sample. As will be developed in the theory chapter, the tunneling 
current varies exponentially with the gap distance. With a typical work 
function of 4eV, the tunneling current increases by a factor of 10 when the 
gap distance decreases by 1 A. That is, if one atom at the apex of the tip is 
1 A closer to the sample than all the other atoms of tip, most of the tunneling 
current will flow through the apex atom and we can expect atomic resolution. 
In this way, even with a blunt tip one can obtain images of atoms (see Fig. 



52 DESIGN CONSIDERATIONS FOR AN STM SYSTEM 

SAMPLE 

FIG. 15. Naturally occurring protuberances reduce the area of the tunneling current, giving 
the STM its atomic resolution. 

15). In fact, the first STM image of silicon 7 x 7 by Binnig et al.’ was achieved 
with a mechanically ground tungsten tip. The macroscopic radius of mechan- 
ically prepared tips is large and rarely produces atomic resolution images. 
Naturally the probability of having a single atomic tip with small background 
tunneling increases as the radius at the end of the tip becomes smaller. The 
relationship between the size of the cluster on the end of the tip and the 
measured corrugation height has been studied quantitatively by Kuk er d.*’ 

The most common types of STM tips are electrochemically etched tungsten 
wires and cut platinum-iridium wires. Use of materials that do not oxidize in 
air such as Pt-Ir, Pt, or Au might be advantageous as far as the stability of 
tunneling in air. However, tungsten is most commonly used in UHV, where 
oxidation is not a factor. Tungsten has the advantages of being relatively 
inexpensive and easily etched to produce the desired macroscopic tip shapes. 
Furthermore, tungsten wires have been used in the past for field ion micro- 
scopy, where it has been possible to observe and to control the tip geometry 
on a microscopic scale. 

Several methods have been developed to prepare sharp and “clean” 
tungsten STM tips. Electrochemical etching, similar to the sample prepara- 
tion method of field-ion microscopy, has been widely used. This is illustrated 
in Fig. 16. In this method, we use 10% potassium hydroxide (KOH) solution 
with 10-20V AC bias to etch 0.2-0.5mm diameter tungsten wire (either 
polycrystalline or single crystal). The typical current is 2-3 A. The side of the 
wire will etch more quickly than the bottom, causing the wire to “neck” into 
a sharp tip shape. The aspect ratio can be controlled by the exposed length 
of wire to the solution and the time that the applied voltage is shut off. 

Tungsten tips made with this procedure have a “wet” oxide layer covering 

CARBON 
ELECTRODE -_ - - - _  

10% KOH 

FIG. 16. Schematic drawing of an electrochemical tip-etching apparatus. 
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the surface. If the oxide layer is not removed, the tunneling current is unstable 
and the image quality is poor. Tunneling under these conditions can cause the 
tip to crash into the sample. This might seem to be disastrous, but the crash 
occasionally improves the tip quality, possibly by breaking through the oxide 
layer or by depositing a conducting atom on the end of the tip. It is preferable 
to avoid these lucky circumstances, by removing the oxide with a more 
controlled method such as ion milling, annealing, or field evaporation from 
the tip. 

In ion milling, an ion beam of inert gas (e.g., Ne or Ar) is aimed at the tip 
while the tip is rotated.22 If single crystal (1 11) tungsten wire is used, it has 
been reported that a steady-state faceted tip, which is sharp on a near atomic 
scale, can be produced by extensive ion milling.23 The tip can be annealed by 
electron beam heating24 or by attaching the tip to a thick filament wire in the 
presence of a high electric field.I79I9 The tips treated by ion milling or anneal- 
ing can be exposed to air for a short time while being transferred into the 
STM chamber without degrading the tip quality. Field evaporation may be 
performed with the tip in the STM by applying a few hundred volts of DC 
or AC bias between the tip and sample (tip negative for DC bias) with a 
tip-sample spacing of about 10pm. A few micro-amperes of field emission 
current can be achieved by adjusting the gap spacing and applied voltage. 
This method can be repeatedly performed during STM experiments. One has 
to be careful to limit the high voltage current to protect the preamplifier 
circuits of the STM. The sample can also be damaged during field emission 
and it is advisable to use this procedure with the tip far from the area of the 
sample that is to be imaged. 

Tunneling tips prepared by each of the described methods will produce 
high resolution STM images that are reproducible. It is hard to judge which 
of these is superior as there is no direct way to test the condition of tip other 
than by analyzing the images. The preferred method depends on the nature 
of the sample and the instrumentation available. For example, the annealing 
method tends to make the tip rounded at  the end. Such tips perform well on 
flat samples, but the method is less useful on samples with many steps and 
protrusions. 

During STM operation it is inevitable that the tip will crash into the 
sample, even with well-designed control electronics and with extreme care by 
the operator. Sometimes crashing can improve the tip condition, but in 
general the tip becomes less sharp. Therefore it is desirable to have a facility 
for exchanging the tips in vacuum. 

2.3.2 Scanner 

The scanner is the device that moves the tunneling tip across the sample 



54 DESIGN CONSIDERATIONS FOR AN STM SYSTEM 

t 

L 
(a) BAR (b) TUBE (c) STACKED DISKS 

FIG. 17. Geometries of piezoelectric actuator elements. 

surface and controls the tip-sample separation. The requirements of a good 
scanner are: 1) high resolution-the necessary resolution is less than 1 A in 
the lateral direction (x ,  y )  and 0.05A in the vertical direction (z); 2) or- 
thogonality-movement of each of the three axes should be independent; 3) 
linearity-the amount of movement should be proportional to the applied 
voltage; 4) mechanical rigidity-a rigid scanner will have a high resonant 
frequency, which is desirable for both vibration isolation and feedback 
performance; and 5 )  large range-it is desirable to cover as large a sample 
area as possible. 

Scanners made from piezoelectric actuators meet these design specifica- 
tions. The commercially available piezoelectric ceramic PZT [Pb(Zr, Ti)03] 
is suitable and is used in most STM scanners. Common problems with 
piezoelectric actuators include non-lineari ty, hysteresis, and creep. Piezoelec- 
tric ceramics are ferroelectric materials and for this reason their response to 
applied electric fields is nonlinear. This leads to hysteresis and creep. Such 
effects become increasingly noticeable at higher electric field strengths and 
with higher piezoelectric sensitivity materials. The electric fields applied for 
atomic-scale scanning are small, and the nonlinear effects are minimal. For 
larger scan areas (10-100 pm), the nonlinearity becomes more noticeable due 
to the high fields required to drive the scanner. Piezoelectric creep is the slow 
motion of the actuator after a large change in the DC level of the applied 
field. These nonlinearity and creep effects can be minimized by controlling the 
total charge applied to the piezoelectric rather than the voltage.*’ Inserting a 
capacitor in series with the piezo accomplishes a similar effect.26 However, 
even with these methods, the aotual three-dimensional scanner has non-ideal 
motion due to stresses created during scanning. More sophisticated methods 
are required to remove these nonlinear effects. This problem will be discussed 
in more detail in Section 2.5.5. 

In Fig. 17 three types of piezoelectric actuators are shown. The bar and 
tube geometries are used in the lateral mode (the displacement is perpen- 
dicular to the applied electric field), while stacked disks are used in parallel 
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mode (the displacement is in the same direction as the applied electric field). 
The stacked disks are wired in parallel while mechanically connected in series. 
Their displacement A1 can be written as 

for lateral mode (Fig. 17a, b), and 

V 
Alp = d33 - 1 = d33 Vn, 

t 

for parallel mode (Fig. 17c). For PZT the typical value of is (- 1 to 
- 2) x 10-I' m/V and the typical value of d33 is (+ 2 to + 5 )  x 10-IOm/V. As 
we increase the voltage in the poling direction, the length becomes shorter in 
lateral mode and longer in parallel mode. The actual displacement will be less 
than the free displacement since stress is developed. In an STM scanner the 
stalling force (defined as the force required to keep the piezoelectric from 
contracting or expanding with a given applied electric field) of a typical 
piezoelectric is much greater than the stress load, so we can use the free 
displacement formulas as a good approximation. The polarity of the applied 
voltage V should be in the same direction as the original poling field. A small 
negative field may be applied, but without careful control depoling or partial 
depoling can result. A negative voltage that is too high may force the poling 
in the opposite direction. The negative field must not exceed the point where 
the piezo response Al/A V changes significantly with the applied voltage. 

For comparable mechanical strength, the thickness of the tube wall can be 
thinner than the thickness of a bar. Therefore, a smaller voltage is necessary 
for the same plezo displacement with a tube than with a bar. Similarly, the 
stacked disk geometry needs less voltage than either the tube or bar for a 
given displacement. However, the maximum field that can be applied to an 
element is constant because of electrostatic breakdown. Therefore, the 
maximum displacement with a bar is similar to that with a tube. Similarly, 
the maximum displacement of a stacked disk actuator cannot be increased by 
increasing the number of disks in the stacks n. For a given total length, 
reducing the thickness of each disk and increasing the number of disks merely 
decreases the voltage required for a given displacement (i.e., increases the 
sensitivity). The maximum displacement of an actuator is ultimately limited 
by the piezoelectric material and the size of the actuator. The desired sensitiv- 
ity for the piezoelectric elements should be determined by considering the 
desired scan range and resolution, together with the output range and noise 
level of driving circuits. Higher sensitivity is not always desirable. The driving 
signal has a certain amount of noise, and higher sensitivity means more 
uncertainty in the tip position. Of course the length of the piezoelectric 
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FIG. 18. Several geometries for STM scanners. (a) bar tripod, (b) tube tripod, (c) single tube, 
(d) stacked disks with mechanical amplifier. 

element can be reduced if it is more sensitive, but orthogonality and linearity 
may suffer. 

In Fig. 18, four typical STM scanners are shown: (a) bar tripod, (b) tube 
tripod, (c) single tube, and (d) stacked disks. A tripod scanner with three 
piezoelectric ceramic bars was the type first used in STM. It has a reasonably 
high resonant frequency, relatively low sensitivity (A/V) and is reasonably 
orthogonal. The tripod scanner with three piezoelectric tubes has a higher 
sensitivity and can be driven with low-voltage, integrated operational am- 
plifiers for scans of a few thousand angstroms. It is also appropriate for large 
area scans using a high-voltage driver. 

The single piezoelectric tube scanne?’ has become popular due to its 
compact and simple structure, high sensitivity, and high resonant frequency. 
This scanner has the outside electrode split into four sections of equal area. 
By applying mirror symmetric driving signals across two diagonally opposite 
electrodes, the tube is bent perpendicular to its axis, producing lateral 
motion. If the driving signal for the lateral motion is applied to only one 
section of the electrode, the orthogonality is degraded significantly. This is 
partially due to the asymmetric stress developed in the tube and partially due 
to the change of the charge on the inner electrode which is not cancelled by 
the electrode on the opposite section. The amount of lateral displacement is 
proportional to ( lZ /Dt )  V, where 1 is the length, D is the tube diameter, t is the 
wall thickness, and V is the applied voltage (the common-mode component 
of the voltage applied to the four outer electrodes). The vertical z motion is 
controlled by the voltage applied to the inner wall electrode and its displace- 
ment is represented as Eq. (39). A more detailed analysis of the single tube 
scanner has been done by Carr.” 

Scanners have been made with stacked piezoelectric disks coupled with 
mechanical amplifiers which are suitable for scanning large objects over large 
areas (hundreds of yet most of these scanners have low me- 
chanical resonant frequencies ( < 100 Hz). 
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2.3.3 Sample Positioner 

A variety of devices have been developed for the purpose of bringing the 
tip close to the sample in the STM. Such a device needs to be able to move 
the sample far enough away from the tip to allow sample transfers and then 
approach the sample to within the range of the z-axis of the scanner. The 
approach must be smooth and predictable with minimal backlash in order to 
avoid crashing the tip into the sample. To simplify the sample approach 
procedure, a computer can be used to step the sample a small distance toward 
the tip, with the tip fully retracted. After each step the tip is extended to see 
if any tunneling current can be detected. In this way, the sample is automatic- 
ally brought to within tunneling range of the tip. There are several factors to 
be considered in selecting a sample approach mechanism. First of all, the 
reliability of the mechanism. Second, the geometry and rigidity of the device 
may be important for special sample shapes and sizes. For certain applica- 
tions, two- or three-dimensional motion may be required to move the sample 
laterally in addition to approach in the z-direction. The speed of the 
approach mechanism may also be important if a sample approach over a long 
distance needs to be repeated frequently. 

The devices that have been used can be divided into three categories: screw, 
clamp-step, and stick-slip. Screws can be used with lever, gear, or spring 
reduction  mechanism^.^'"^ The screws can be turned by either a stepper 
motor mounted on the microscope, or with an external motor, or by hand 
using a retractable shaft. Using an externally controlled screw simplifies the 
part of the mechanism mounted on the tunneling stage and eliminates the 
power dissipation problem of the stepper motor, but at the cost of mechanical 
coupling and vibration. Mounting a stepper motor on the tunneling stage 
decouples mechanical vibrations. In this case, the stepper motor power 
dissipation should be minimized and the moving stage has to be smooth, 
otherwise the heat generated by the mechanism can cause severe thermal 
drift. Both types of screw devices are rigid and they provide reliable steps of 
a known size and, therefore, can relocate the sample precisely. 

Clamp-step devices “walk” like an inchworm: clamping one foot to a base, 
expanding the body, clamping the other foot to the base while releasing the 
first foot, and then contracting the body. The “louse” walker used in the first 
STM was of this type,36 using electrostatically clamped feet and a piezoelec- 
tric body. Using three feet this device is able to move in two dimensions. The 
clamp can cause problems, however, as the UHV environment may cause the 
feet to strongly adhere to the base and prevent the positioner from moving. 
Another sample positioner of this type is the piezoelectric This 
devices uses piezoelectric clamps as well as a piezoelectric body. The 
geometry is altered to be two concentric tubes with piezoelectric rings in 
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between them which are used for clamping. The inner tube is fixed and the 
outer tube walks by a clamp-step action as before. This device is limited to 
one-dimensional motion but is rigid and reliable in UHV. 

Various types of stick-slip inertial stages have been used successfully by 
several groups for sample positioning.3943 These devices are usually con- 
figured as a sample holder resting on a piezoelectric plate which is poled for 
shear motion. A sawtooth signal is applied to the piezoelectric plate so that 
it slowly moves the sample horizontally and then the piezoelectric quickly 
retracts so that it slips across the base. Thus the sample is moved one step 
across the base. Three-legged piezoelectric stick-slip devices can walk in two 
dimensions as well as If the sample holder is just resting on the base 
instead of being actively clamped, the system is less rigid and it can only be 
used horizontally since the device depends on gravity for the friction needed 
for motion. In order to remove this limitation, the moving stage can be tightly 
clamped and use stronger piezoelectric force. By adjusting the clamping force 
appropriately, the stick-slip stage can be made more rigid and can also climb 
up and down vertically. Other variants of this design include the use of 
external magnetic solenoids for the locomotive power, 44*45 in which case heat 
dissipation problems must be considered. 

Most of the sample positioning devices mentioned allow a wide range of 
step sizes, from less than 1000 A to more than a micron. However, very small 
step sizes tend to be unreliable because of the surface roughness of the 
mechanical components. Performance can be improved with polished 
surfaces and/or using sapphire bearings. In general, care must be taken to 
prevent mechanical overshoot and backlash from causing tip crashes into the 
sample. All of these sample positioning devices have been proven in working 
microscopes and the selection of one should be based upon the unique 
requirements of the particular microscope design. 

2.3.4 Vibration Isolation Stage 

Considering the resolution and sensitivity of STM, the problem of isolating 
the microscope from vibrations in the external world should never be un- 
derestimated. This is especially true for UHV-STM, since atomic scale images 
at slow scan rates are the primary interest. There are two typical vibration 
isolation systems currently used in STM: the first is coiled spring suspension 
with magnetic damping, and the second is a stack of metal plates with viton 
dampers between each pair of steel plates.46 Both systems have been used in 
STM instruments capable of recording images with atomic resolution. The 
first system is more delicate and complicated to build but in general provides 
more effective vibration isolation. The second system is easy to build and 
relatively stiff so that it is much easier to manipulate the internal components; 
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on the other hand, some additional pneumatic suspension systems may be 
required to improve the vibration isolation at low frequencies. A detailed 
comparison of the two systems is developed in Ref. 13. 

As we discussed in Section 2.2.2, rigid and compact STMs are more 
immune to vibration. However in UHV-STMs, the sample and tip transfer 
mechanisms often require a large size for the microscope. Although the 
scanner itself has a high resonant frequency, what is important is the lowest 
resonant frequency of the mechanical structure which supports the sample 
and the tip. This includes the sample holder, the sample positioner, the base 
plate, and the scanner, as well as the sample and tip. The typical lowest 
resonant frequency of a UHV STM is between 1 and 2 kHz. If the floor 
vibration amplitude is a few thousand angstroms, we need to have a vibration 
isolation factor of at least lo-* in order to attenuate the vibration level below 
0.05 A. Considering the relationship of vibration isolation efficiency to the 
resonant frequencies of the tunneling unit and the vibration isolation stage, 
Eq. (27),  the vibration isolation stage must have a resonant frequency of less 
than a few Hertz. 

A spring suspension stage can meet this requirement easily by allowing for 
enough spring extension. There are three parameters in designing an exten- 
sion spring with a given material: the wire diameter, the winding diameter, 
and the free length. With a given mass load and extended length (A1 + I ) ,  the 
parameters should be selected such that the stretch length (61) of the spring 
can be maximized while the spring is within its elastic limit. For a given spring 
constant per unit length, a larger winding diameter with thicker wire diameter 
allows more expanpion (AI/I) than a smaller winding diameter with thinner 
wire diameter. Therefore the optimum spring can be determined as follows: 
1)  select the maximum winding diameter that can fit in the allowed space; 2) 
select the finest wire diameter that can stand the given mass load (retaining 
the spring within the elastic limit); and 3) adjust the length to fit the given 
span of suspension. There is an exception to the first condition: even when 
space permits, the winding diameter should not be too large, otherwise the 
wire diameter has to be too thick and it can transmit high frequency vibra- 
tions. The material for the spring should be selected so that it does not 
deform (sag) during bakeout (such as Inconel). 

When two stages of spring suspension are used, it is desirable to make the 
springs of the two stages overlap each other rather than simply attaching the 
inner stage spring to the bottom of the outer stage. This overlap permits a 
longer possible span for the springs and therefore lowers the resonant fre- 
quencies. One requirement for this scheme is that the center of mass of each 
stage must be lower than the point from which the stage is suspended. An 
additional consideration for choosing the spring suspension points is that 
that lateral separation of the springs should be large compared to the spring 
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length. Otherwise, there will be other eigenmodes which can be excited easily, 
such as swinging or torsional motions. 

As a damping mechanism, permanent magnets and copper blocks are used. 
This eddy current damping provides a damping force which is proportional 
to the relative speed of the stages. This system is compatible with UHV and 
its damping factor can be adjusted easily by varying the strength of the 
magnets, the size of the copper blocks, and the spacing between them. The 
damping coefficient y is given by 

y = B2StCo/p, (41) 

where B is the magnetic field (weberlm’), S is the cross sectional area of the 
magnet (m’), t is the thickness of the copper block (m), and p is the resistivity 
of the copper block (Q - m). The dimensionless constant C, can be calculated 
by solving the Maxwell equations. The typical value of C, is 0.1-0.5, depend- 
ing on the geometry of the copper 

In the stacked metal plate vibration isolation system, the stiffness of the 
rubber is higher than that of the coiled springs. Since the compressible rubber 
length is limited, the eigen-frequencies are higher (usually 10-100 Hz) and the 
performance is poorer than spring suspension stages. As the number of 
stacked plates increases, the eigen-frequency reduces and the vibration isola- 
tion improves. However it is impractical to achieve a resonant frequency 
below 10Hz, and extra pneumatic support is usually necessary for atomic 
scale imaging. The pneumatic vibration isolation support has a surge tank 
and capillary flow resistance. It can provide a low resonant frequency 
(< 1 Hz) and the amplification near its resonant frequency is small. The 
pneumatic support is helpful in both spring suspension and stacked plate 
vibration isolation systems. 

In order to prevent mechanical coupling between isolation stages, the 
electrical wires connecting the tunneling area to the outside electronics 
should be thin (36 gauge or higher) and clamped on the intermediate stage(s). 

2.4 Control Electronics 

In this section, we discuss the basic electronics that are required to control 
an STM. None of the components are particularly unusual, but the need for 
control of the instrument to sub-angstrom accuracy dictates that good design 
and construction practices must be followed. 

2.4.1 Preamplifier Electronics 

A current-to-voltage (transimpedance) preamplifier is used to detect the 
tunneling current and amplify it in order to limit the effects of interference 
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FIG. 19. Schematic for a current preamplifier. 

and noise. In a typical STM application, the tunneling bias is of the order of 
1 V and the tunneling current is of the order of 1 nA. This yields a junction 
resistance of 1 GR. Special care must be taken in the design of the pream- 
plifier, since the high source resistance makes the circuit particularly suscept- 
ible to electrostatic coupling. To limit interference, the current wire should be 
kept short (ideally with the amplifier mounted close to the tunneling 
junction). The capacitance of the current wire also needs to be minimized to 
avoid a long RC time constant, with this large source resistance. 

The amplifier itself can either be a commercial unit (such as from Keithley 
or Ithaco) or built around an operational amplifier. To limit the input current 
noise as well as the input offset error, an FET amplifier should be used with 
a low bias current and high input impedance. Commonly available amplifiers 
(such as the AD54948 or OPA12849), have noise currents below 0.01 PA. The 
gain of the amplifier is typically set to lo6 to 109V/A. For low current 
applications (<  I nA), proper input guarding of the amplifier is needed to 
realize the full input impedance of the amplifier. A suitable circuit is shown 
in Figure 19. Note that this amplifier can be used to apply the bias to the 
tunneling junction as well. Interference on the wires between the preamplifier 
and the rest of the STM electronics can be minimized by reading the output 
of the preamplifier with a differential amplifier in order to cancel common- 
mode noise. 

2.4.2 Feedback Electronics 

The feedback circuit is normally built using operational amplifiers. It starts 
with the logarithm of the output from the current preamplifier, and subtracts 
this value from the reference current setting to obtain the error signal. The 
error signal is then processed by the loop filter and amplified for adjusting the 
tunneling gap spacing. For spectroscopy applications, it is desirable to have 
a sample-and-hold circuit in the feedback that freezes the z-output at a 
certain voltage. This allows I- V measurements of the tunneling junction to 
be made without the feedback system responding. Care needs to be taken to 
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FIG. 20. Block diagram for a feedback control circuit with both proportional and integral 
control functions. 

make sure that the system responds smoothly when the hold is turned off. 
This requires that the values of all integrating feedback elements be held as 
well as the whole system output. It is also convenient to include an approach 
circuit which can fully withdraw the tip and slowly allow it to approach until 
it reaches the desired tunneling conditions. A block diagram for a typical 
analog feedback circuit is shown in Fig. 20. A typical STM application uses 
proportional and integral control functions; these signals are summed to 
generate the feedback output. A wide range of gains is desirable for these 
control functions to enable the operator to tune the STM to a variety of 
operating conditions. In a typical STM, we use a current preamplifier with 
a gain of IOMR. The output of the feedback circuit goes to a high-voltage 
amplifier and a piezoelectric tube, which combined give an effective sensitiv- 
ity at the output of the feedback circuit of lOOOw/V. For this system, the 
proportional signal has a gain adjustment that varies from 0.01 to 100 and 
a variable cutoff frequency that can be adjusted from 10 Hz to 10 kHz. The 
integral gain can be adjusted from 0.1 to 104V (V set)-'. 

Some STMs use a digital feedback approach built around a digital signal 
processor (DSP) integrated circuit. With this method, the desired control 
function is converted into a finite impulse response (FIR) filter function and 
programmed into the DSP. The input to the control system (the tunneling 
current) is digitized by an analog-to-digital converter, processed by the DSP, 
and converted back to analog before going to the piezoelectric element. This 
approach has advantages and disadvantages. First, after the initial complica- 
tion of building the DSP-based system, it is very easy to change the control 
system by reprogramming the DSP. This avoids having to build new 
hardware every time a new control idea needs to be implemented. Also, the 
reference signal as well as the whole control system is computer controlled to 
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FIG. 21. Block diagram for a scan controller which allows the operator to adjust the scan size, 
rotation, and position. 

simplify the user interface. Disadvantages include the added complexities of 
quantization error in the analog-to-digital converter and the finite sampling 
speed of the system, which may degrade the control system response. 
Finally, the DSP system removes some level of operator interaction with the 
feedback portion of the microscope. In an analog system, an experienced 
operator can easily optimize the control system by adjusting the various 
feedback gains while in the DSP system such adjustment is not as simple. 

2.4.3 Scan Control Electronics 

The circuitry for scan control (Fig. 21) allows the operator to adjust the 
region of the sample that is scanned when an image is recorded. The neces- 
sary adjustments are x and y scan size and x and y position offset, while other 
useful adjustments are x and y slope and scan rotation. Slope adjustments are 
used to compensate for any consistent tilt in the sample or scanner. A small 
fraction of the x and y signals are added to z to automatically follow such 
tilts. Generally a fundamental scan signal is generated, which is a raster scan 
with one fast-scan signal (the horizontal lines of the image) and one slow-scan 
signal (stepping vertically across the image). These fundamental scan signals 
can be either triangle waves or sine waves. For slow scans, triangle waves are 
simpler, but they contain many harmonics of their fundamental frequency 
and excite resonances of the microscope when used at high frequencies. 
Arithmetic and trigonometric functions are applied to these basic scan signals 
to generate outputs which are proportional to the desired x-y location of the 
scanner for each point of the image. Some thought should be given to the 
order in which these functions are applied in the circuit. In a typical system, 
the order of these functions is: size adjustment, rotation, offset, and slope. 
Following this order, for example, the rotation of the image is around the 
center of the image and not about the center of the scanner. Likewise, slope 
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adjustments should be made after rotation since they are functions of the 
scanner/sample and not the image orientation. 

Finally, these x and y signals, as well as the z signal from the feedback 
electronics, are amplified to the high-voltage levels required for the piezoelec- 
tric elements. High-voltage integrated operational amplifiers such as the 
PA83, PA85” work well for this application. In the tripod scanner the signals 
are simply scaled up to the required levels and applied to each of the three 
legs of the tripod. In the tube scanners, it is desirable to generate differential 
signals for x and y that are applied to opposite sides of the tube scanner to 
produce a symmetric drive arrangement. Likewise in the tube scanner, the z 
signal can be added to all of the outer electrodes, allowing the inner electrode 
to be held at one of the rail potentials. This arrangement ensures that the 
applied field is never in the depoling direction for the piezoelectric. If the 
z-voltage is applied to the inner electrode instead, the output range of the 
voltages should be limited so that they do not apply too high a reverse field. 

2.4.4 Computer Interface and Data Acquisition 

It is possible to operate an STM without any computer interface and 
control. The early STM experiments by Binnig et ~ 1 . ~ 9 ~ ~  were performed with 
only function generators for the x-y scan signals and a pen plotter to record 
data. However, as the applications of STM become more complex and digital 
image processing becomes more useful for both image distortion correction 
and data analysis, a computer interface becomes attractive for STM control. 
The simplest system can be built around a personal computer and commer- 
cial data acquisition boards. In this case, the main CPU bears the burden of 
controlling each step of the data collection process, and performance can be 
somewhat slow, especially for more complex functions of STM such as 
spectroscopy. Assembly level programming may be required for reasonable 
performance. A more versatile interface can be built using a digital signal 
process (DSP) board” or a general purpose interface such as the Hewlett- 
Packard m~ltiprogrammer.~~ In this case each step of control and data 
acquisition is controlled by a dedicated microprocessor. The host CPU can 
then be free to control the data transfers and graphics. 

The minimum computer interface should generate a raster scan via digital- 
to-analog convertors and read the z-data with an analog-to-digital converter. 
For advanced STM operation, the tunneling voltage, feedback on/off signal, 
and z output can also be generated by the computer. It is desirable to choose 
the number of data points in an image to be a power of two so that we can 
use the fast Fourier transform algorithm efficiently for image processing. 
Depending on the scan size, 128 x 128, 256 x 256, and 512 x 512 data 
points are often used. 
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While topographic image acquisition is straightforward, several innovative 
methods have been developed for spectroscopic data acquisition. The basic 
tunneling spectrum can be obained by the following sequence: move the tip 
to the desired location while the feedback is active, then freeze the feedback, 
and record the I-V curve by ramping the tunneling voltage. For a better 
signal to noise ratio, the bias voltage can be modulated and lock-in detection 
used to obtain the differential conductivity, dI/dV as a function of the bias 
voltage. During this measurement, the feedback can remain active so that the 
dynamic range of the signal can be increased. In this case, the modulation 
frequency should be much higher than the feedback response frequency so 
that the feedback maintains only the DC level of the tunneling current. The 
tunneling voltage must not be reduced to the point where the tip to sample 
distance becomes too small (contact). In order to overcome this limitation 
while achieving a wide dynamic range for the spectrum, Feenstra et dS2 
freeze the feedback and move the probe tip toward the sample during the 
voltage sweep, thereby amplifying the current and conductivity. A con- 
tinuous ramp was added in the z scanner, moving the tip towards the surface 
as the magnitude of the voltage is reduced. 

Spectroscopic measurements have some uncertainty in the lateral position 
of the tip due to thermal drifts. Hamers et dS3 have devised a clever method 
to eliminate this uncertainty, named current image tunneling spectroscopy 
(CITS). This method generates a topographic image and an I-V spectrum at 
each point of the x-y image. While the size of the data is quite large, the data 
contains complete electronic and geometric information of the surface. In 
this method the feedback is activated only 30-50% of the time during the 
scan, and frozen for the rest of the time. When the feedback is active, a 
constant voltage is applied to the tunneling gap. When the feedback is frozen 
the bias voltage is ramped and the current is measured to produce an I-V 
curve. By repeating this sequence around 1 kHz, a constant sample to tip 
separation is maintained during I-Vmeasurements and the I- Vcurve at each 
point along the raster scan is determined simultaneously with the topo- 

Another method used to acquire spectroscopic information with exact 
lateral positioning is dual-bias voltage imaging, developed by Feenstra et dS4 
In this method, each line of the x scan is measured twice, once at  each of two 
different bias voltages. Since the two bias voltage images are acquired in 
parallel, the registry of the two images is maintained even when there is 
considerable thermal drift. One example of this method is shown in Figure 
23. 

Other spectroscopic techniques include conductivity imaging and work 
function imaging. The conductivity image was first demonstrated by Becker 
et ~ 1 . ’ ~  A small AC voltage is added to the tunneling voltage for the conduc- 

graphy * 
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tivity image and the z-piezoelectric element for the work function image. The 
variation in the tunneling current at the modulating frequency is measured 
by a lock-in amplifier. Image data are taken from both the z feedback output 
(topographic image) and the lock-in amplifier output (conductivity or work 
function image). Further details of spectroscopic data acquisition are given 
in Chapter 4. 

2.5 Common Problems and Further Improvements 

2.5.1 Troubleshooting STM System 

Operation of scanning tunneling microscopes in UHV is much more 
difficult than operation in air. Even with a well designed STM there are the 
added problems of tip and sample preparation and precise control of the 
vacuum. In the UHV environment, the instrument itself is quite delicate with 
many moving parts. Since access to the microscope in the vacuum chamber 
is limited, any problems that occur while under vacuum require that the 
system be opened to ambient for repair. Thus the pumpdown and bakeout 
procedure must be repeated. Moreover, when the experiment is unsuccessful, 
the symptoms are often vague and this makes the diagnosis of the problems 
very difficult. It is helpful to develop a test procedure for pinpointing the 
source of the problems. 

It is good practice to test the STM system thoroughly in air before 
mounting it in the vacuum chamber. A simple and common test in air is to 
take images of highly oriented pyrolytic graphite (HOPG). This material is 
inert in air and provides a stable tunneling current. For this test, constant 
height mode imaging is adequate, where the image data are taken from 
variations in the tunneling current. In this mode, the scan speed should be 
high ( > 20 Hz in x for 20-30 A scan size) so that the data rate is in the higher 
frequency range where there is less mechanical noise. Feedback should be 
adjusted so that the tip does not follow atomic corrugations of the samples, 
but rather follows the low frequency acoustic noise and mechanical vibra- 
tions. Even with a blunt tip and a noisy environment, it is not difficult to get 
images showing atomic corrugations if the instrument is in good condition. 
If one can get clear images of the two-dimensional array of the graphite 
lattice, it can be assumed that the tunneling current detection system, x-y 
scanner and drive signals are in good condition. However, this test does not 
guarantee good tip condition, proper feedback operation, or the effectiveness 
of the vibration isolation. 

In order to test the feedback performance, we have to use other samples 
that are inert and have some height variation (e.g., a gold film). In this test 
we should use the conventional constant current mode for imaging. By 
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decreasing the x-scan rate and increasing the scan size, the feedback should 
be able to follow the large features of the sample. It is very useful to monitor 
the z motion of the scanner along the x-scan direction with the x-y mode of 
an oscilloscope. If the feedback parameters are correctly set, the forward and 
reverse trace should be similar except for some horizontal offset (due to the 
hysteresis of the piezoelectric). If there is a feedback oscillation, the gain of 
the feedback should be reduced or the cutoff frequency reduced. If there is 
a large hysteresis loop and the features do not appear sharp, the gain should 
be increased or the cutoff frequency increased. If the trace is not stable, it can 
be due to a bad tunneling junction, poor vibration isolation, or an inadequate 
feedback circuit. With a gold sample, the tunneling should be reasonably 
stable even with a poor tip. If the vibration isolation is a problem, the relative 
size of the noise from vibrations should decrease as the scan size is increased. 
If good images of gold are obtained at small scan sizes (around 100 x 100 A), 
the system is in good condition overall. At this time, we should confirm that 
the noise level of the preamplifier and scan drive outputs are acceptable for 
atomic scale images. 

During the test in air, a certain amount of noise is to be expected from 
acoustic coupling to the tunneling region. Therefore, it may be difficult to 
obtain images of individual atoms in the constant current mode in air. 
Without atomic images in constant current mode, it is difficult to judge the 
tip condition and the efficiency of the vibration isolation stages. In UHV, 
there is no noise from acoustic coupling through the air. So such acoustic 
pick-up can be ignored in these preliminary tests. 

Once installed in vacuum, the STM can be tested on a real sample. If the 
sample is not well prepared or if it does not have a well ordered atomic lattice, 
the STM will still show some surface features. Poor images can appear even 
though the microscope is optimized and the sample properly prepared. If the 
images have fine features on the atomic scale without other noise, one can 
assume that the STM is in good condition. But the sample and tip prepara- 
tion may still need improvement. If the image has low frequency noise, which 
appears as fluctuations in the vertical direction of the image, it is due to 
insufficient vibration isolation. If the image has high frequency noise which 
varies with the feedback gain and cutoff frequency, one should suspect the 
feedback circuit. When the STM system has power line noise (60Hz or 
50 Hz), it will appear as parallel lines in the image. The spacing of these lines 
does not depend on the scan size but depends on the scan frequency. We will 
discuss these problems in more detail in the following sections. Basically, the 
best diagnostic tool for locating the source of problems with an STM are the 
images themselves. An experienced user can see immediately from a few 
images whether problems are due to poor vibration isolation, circuitry, or tip 
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or sample preparation. Alternatively, a spectral analysis of the tunneling 
current is often useful for discovering the sources of noise currents. 

2.5.2 Sample and Tip Condition 

The sample and the tip form the two electrodes of the tunneling junction. 
This tunneling junction is the source of the signal and, at the same time, the 
uncertainty in the operation of the STM. If our tests confirm the functions 
of other components of the STM, we can assume they are fixed in their 
functionality. On the other hand, the tunneling tip and the sample are 
frequently replaced and their condition may change even during the measure- 
ment. If the sample and tip condition is not good, the STM image will be 
filled with random noise. With such noisy data it is hard to identify the source 
of problems, and to distinguish between bad tip or bad sample preparation. 
Therefore, it is important to test the STM with a clean tip and sample, such 
as gold and platinum. Once the system demonstrates reasonable performance 
in the scanning mechanism, feedback, and vibration isolation, it is wise to 
invest more effort in improving the sample and tip preparation. 

For semiconductors, sample preparation for STM imaging may be more 
stringent than it is for other surface analysis instruments. For example, a 
surface free of impurities is important for photoemission experiments, but for 
the STM it is necessary to have a well ordered and atomically flat surface. The 
measured region of the sample is also different. Typical surface science 
measurements such as LEED or Auger are averaged over a wide area and 
over several atomic layers below the surface. The STM measures the proper- 
ties of only the top layer on an atom-by-atom basis. A good LEED pattern 
of a desired lattice does not guarantee that the surface is well prepared for 
STM. When the tip is blunt, the sample surface has to be flat over hundreds 
or thousands of angstroms to guarantee that the tip will land in a region 
showing the lattice. Detailed sample preparation techniques for specific 
experiments can be found in other chapters of this book. 

The importance of good tip condition was discussed in an earlier section. 
STM images correctly reflect the sample geometry only when the current 
flows through a small portion of the STM tip where the density of states near 
the Fermi energy is constant. Transition metals are used as the tip material 
since they have this property and allow the energy dependence of only the 
local density of sample states to influence the STM image. However, the 
structure of the tip is not controlled at the atomic level and anomalous tips 
may occasionally appear. These non-ideal tips can modify the STM topo- 
graphs in unusual ways, such as distorting or doubling the surface atoms. 
One must be careful to distinguish these anomalies from actual properties of 
the sample. 
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Non-ideal tips and their effects on STM image are most commonly 
observed with gra~hi te . ’~ The geometric and electronic structures of graphite 
are well known where one expects a centered hexagonal lattice. However, a 
variety of STM images can be obtained for the graphite surface as shown in 
Fig. 22. Many of these images do not reflect the three-fold symmetry of the 
graphite surface and we must assume that the image depends on the tip. A 
semiquantitative explanation for the variety of images can be obtained by 
assuming the tunneling takes place through two or more atoms at the end of 
the tip. The superposition of the tunneling current through each tip atom 
distorts the shape of the sample atoms. Multiple atomic tips separated by 
more than 1008, have been observed from STM topographs of regions near 
a grain boundary of graphite.” 

In the 7 x 7 reconstruction of the Si(ll1) surface, the symmetry is much 
more complex and the adatom spacing is larger than the graphite-atom 
spacing, so multiple atomic tips cause a doubling of atoms in the STM 
topographs. The pairing of defects that can appear in the images indicate that 
the tip atoms can be as close as 3 A, while images of step boundaries indicate 
that they can be more than 20 8, apart.” The fact that the apparent spacing 
between the double tips can be as small as 3 A indicates that a monatomic tip 
is required for sharp and definite imaging. 

The relative contribution of each atom on the tip to the total current is 
proportional to the atoms’ local density of states. When the two protruding 
tip atoms are chemically different, the contribution of each tip, and the 
doubling that appears in the image, can be voltage dependent. One example 
is shown in Fig. 23.59 Figure 23(a) is an STM image of Si(ll1) 7 x 7 taken 
with a bias voltage of - 2 V on the tip, while Fig. 23(b) is taken with a bias 
voltage of + 2 V. These dual-polarity images are taken simultaneously by 
alternating the bias voltage for each scan line. On the bottom half of the 
image of Fig. 23(b) we see a doubling of Si adatoms; this pattern can be 
generated by superimposing two 7 x 7 images spaced by half the distance 
between two Si adatoms, which is 0.5 x 7.688, = 3.88,. The doubling of 
atoms disappears on the upper half of the image, indicating that one of the 
two tip atoms moved during the acquisition of the image. This effect does not 
appear in Fig. 23(a). The asymmetry of the lower halves of the images is 
impossible for identical tip atoms. It can be explained if we assume that one 
atom is metallic and the other atom has a higher density of states above than 
below the Fermi level. When an electron tunnels from the sample to the tip, 
both tip atoms contribute similar amounts to the tunneling current. 
However, when the electron tunnels from the tip to the sample, the nonmetal- 
lic atom does not have enough filled states and its contribution to tunneling 
is much smaller than the metallic atom. 
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FIG. 22. Anomalous STM images of graphite. The experimental images are displayed in the 
left column. The computer-generated images corresponding to the experimental data are dis- 
played in the right column. They are just a linear combination of three sine waves, whose 
amplitude and phases have been adjusted to match the experimental data. From Ref. 56. 
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FIG. 23. A dual-polarity image of the Si(ll1) 7 x 7 surface obtained with (a) - 2 V  and (b) 
+ 2 V bias on the tip. The doubling of adatoms appears only in the lower half of the occupied 
states, (b). From Ref. 59. 

2.5.3 Noise 

In STM, we use a tunneling current in the range of lOpA to 1 nA. This 
corresponds to a source impedance greater than 1 Gsz. When we amplify such 
a small tunneling signal, different sources of noise are amplified as well. 
Thermal noise (Johnson noise) and shot noise (due to the finite size of the 
charge quantum) are irreducible, but flicker noise (I/fnoise due to resistance 
fluctuations) and interference noise (cross-talk noise, microphonic pickup 
noise, 60 Hz line noise) can be reduced by careful design. Noise in vacuum 
tunneling was discussed by Moller et aL6" Abraham et aL6' showed how to 
reduce noise differentially by modulating the x position of the tip. This may 
be a good solution in certain applications where severe noise is inevitable, but 
the image obtained by this method is the derivative of the z height along the 
x scan direction rather than the z height itself. Here we will discuss instrumen- 
tal noise problems, which may occur in common applications of STM. 

Most of the noise originates from imperfections in the preamplifier and the 
tunneling junction. The tunneling region should be appropriately shielded 
from stray electromagnetic fields. The preamplifier should be a low noise 
type, as suggested in an earlier section, and its location should be close to the 
tunneling region. The wire connecting the tunneling signal to the preamplifier 
is sensitive to vibration; therefore it should be short and well supported 
mechanically. The wire may also induce low frequency noise in the tunneling 
signal as a result of changes in capacitance and magnetic flux. The feedback 
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resistor of the preamplifier is responsible for much of the flicker noise. This 
noise largely depends on the material in the resistor. In general, metal film 
resistors exhibit better noise characteristics than carbon resistors. Special low 
noise metal film resistors designed for UHV are commercially available.62 

Sixty Hz line noise is quite common, and it is difficult to remove when the 
signal is weak. This is not because it is hard to fix a component exhibiting line 
noise; rather it is hard to find the source. Frequently 60 Hz noise comes from 
improper grounding of the control electronics. We should keep in mind that 
the electromagnetic field of fluorescent lamps, stray magnetic field from 
power transformers, and mechanical vibrations from fans and other equip- 
ment can all cause 60 Hz noise. Once the source is identified, the solution is 
obvious. In order to find the source, other instruments, such as ion pumps, 
ion gauges, fluorescent lamps, motors, and other nearby equipment, should 
be turned off one by one. Another thing to check before tracing the electronic 
circuits is the power line itself. It is strongly advised to use a single power 
outlet for all instruments including the vacuum chamber controller, STM 
electronics, and computer. If more than one power supply has to be used, one 
should make sure that there is no potential difference between the different 
ground terminals. Sometimes a computer network or printers that share 
cables can cause line noise problems. In such cases, turning off each instru- 
ment may not eliminate the noise. One has to disconnect the power cord or 
network cable to verify that the ground loop is through the network. 

If the 60 Hz noise is a problem internal to the STM system, we must trace 
the signal path in the electronics. In most cases, improper grounding causes 
60 Hz noise. A general rule is that the signal ground should not carry current; 
it should be used just as a reference point to a signal, and meet with power 
ground or chassis ground only at one point (star ground). In order to narrow 
down the source of the 60Hz noise, the actual signal path of the circuits 
should be traced. For this purpose, one might think it is reasonable to 
withdraw the tunneling tip from the sample and follow the signal path. 
However by doing this, it is hard to judge exactly where the 60 Hz originates. 
Even if the input signal contains a 60 Hz component, it may be too small to 
be detected. As the signal is amplified, the 60 Hz will emerge more clearly but 
we cannot tell whether the 60 Hz component came from the input signal or 
was added during the amplification. If the feedback circuit has a log-amp, its 
gain becomes very large when the tunneling current is near zero. Such an 
amplifier amplifies noise near zero input to such a point that this renders the 
test impractical. A good way to find the source of 60 Hz noise is to maintain 
the tunneling current at a finite value and examine the z output to the piezo 
while changing the feedback gain. If the 60Hz component of the output 
increases as the feedback gain increases, then the source is before the gain 
setting point, most likely in the tunneling region and the preamplifier. If the 
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60 Hz component of the output decreases as the feedback gain is increased, 
then the 60 Hz noise source is after the gain setting point, most likely in the 
high voltage piezo driver amplifier. 

2.5.4 Feedback Oscillation 

Control system oscillation in the STM can be quite damaging as the 
oscillation normally grows exponentially until some component saturates. 
Unfortunately, many times the oscillation growth is only stopped by the tip 
being driven into the sample! Several things can cause this sort of oscillation. 
The first and most obvious is an improper feedback setting. In a simple 
control system, this problem can be alleviated by reducing the gains of the 
feedback signals, or reducing the cutoff frequency of any lowpass filters (such 
as on the proportional gain). However, in complex control systems things are 
not this simple. If derivative feedback is being used, the derivative signal is 
necessary to maintain system stability with the high gains in the other 
elements of the system (such as in the integral signal). Therefore, reducing the 
derivative gain can drive the system into oscillation. In such cases, it is 
necessary to turn off the control system (preferably by applying a voltage to 
withdraw the tip far away from the sample), turn down all the gains of the 
control system, and approach again by slowly turning up the appropriate 
gains. 

Oscillations can build up for reasons other than high control gain. A 
tunneling junction with a contaminated tip or sample often exhibits an 
unstable tunneling current, and thus can result in oscillations. Such cases can 
be identified by observing how well the tunneling current is maintained at  low 
control gains. If the tip-sample junction is unstable, the tunneling current will 
be unstable even when the control system is inactive. Finally, mechanical 
vibrations in the microscope can appear as feedback oscillations. These 
vibrations are normally identified by applying a light mechanical shock to the 
microscope and looking for vibrations in the tunneling current at the oscilla- 
tion frequency. 

2.5.5 Thermal Drift and Piezoelectric Hysteresis 

STM images can be distorted because of non-ideal mechanical motions in 
the microscope. Varying temperatures across the microscope cause different 
components to move relative to one another. On an atomic scale these 
motions are significant. In order to reduce thermal drift effects, several 
versions of symmetrical design have been in which thermal 
drift is cancelled to a certain extent. Materials such as Invar, which have 
coefficients of low thermal expansion, can also be helpful. A more elaborate 
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method for compensating the thermal drift vector is to add a slow ramp 
signal to the x and y axis control signals.66 These ramps offset the drifts in the 
microscope. It is easy to set the ramps by taking two images over the same 
area of the sample and measuring the motion of a selected feature between 
the two images. The drift rate is given by the displacement vector divided by 
the time between the two images. These drifts can also be corrected by 
post-image processing software. In this method, the amount of drift in a 
particular image is determined (e.g., by measuring known crystal angles in 
the image). The thermal drift can then be removed by stretching and/or 
compressing the image in the appropriate directions to remove the distortion. 
This method is only possible for images of surfaces with a known structure 
unless the drift is measurable between successive images with a common 
identifying feature. 

Other non-ideal motions in the microscope are due to the nonlinear 
characteristics of the piezoelectric elements. We can divide this problem into 
two distinct phenomena: 1) piezoelectric creep and 2) nonlinear displacement 
of the piezoelectric element with a linear applied electric field. When a control 
voltage is suddenly applied to a piezoelectric element, the element will im- 
mediately move approximately 95% of the full extent of the desired 
movement (limited by the mechanical resonant frequency of the element). 
The element will slowly move (creep) the remaining 5% over a period of 
several minutes. For atomic-scale imaging, this effect is not serious in the z 
direction. However, in the x-y direction the creep appears as an extra drift 
that remains for several minutes after any large motion across the sample has 
occurred. The most practical solution to the problem is to wait a suitable 
period of time before imaging after a large change in position across the 
sample. 

The nonlinear displacement effect is more serious for large area scans, 
where the electric field is large. There are several methods to correct this 
nonlinearity. One is to take an image of a standard calibration grating to find 
the amount of distortion and re-map the image with software in a way that 
removes the distortion. This method is easy to implement but has some 
limitations. The amount and shape of the nonlinearity depend not only on 
the operating parameters such as scan size and scan speed, but also in the 
individual piezoelectric elements and time (aging). Therefore, to re-map an 
image of an arbitrary sample using parameters derived from a calibration 
grating, the image must be taken under the same conditions used for the 
calibration image. A more elaborate method is to use independent position 
sensors for the x and y axes, such as an optical sensor or a capacitance 
pr~be .~’ ,~’  If we record the actual x-y position for each data point, the image 
can be processed and restored to its original shape. Alternatively, closed-loop 
feedback can be used to position the x-y scanner to an exact position at each 
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data point. This method is independent of the operating conditions and the 
sensitivity of the piezoelectric. A difficulty arises from building an accurate 
position sensor. The complexity of the controlling hardware is a second 
problem. Nevertheless, this method serves as the ultimate solution for large 
area scanning with a piezoelectric actuator. 
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3. EXTENSIONS OF STM 
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3.1 Introduction 

The STM has demonstrated that it is possible to stabilize and scan a fine 
probe tip over a sample surface to nm accuracies in (x,y,z) by using piezoelec- 
tric scanners coupled with electronic feedback techniques.' In order to 
achieve such precise control of the tip-sample spacing, it is necessary to 
derive an electronic feedback signal that varies rapidly as the tip-sample 
distance is varied. In the STM, we achieve this by monitoring the (almost 
exponential) decrease in tunnel current with increasing tip-sample spacing. 
We will see in this chapter, that the same scanning and feedback principles 
can also be applied to a range of other types of interactions than the tunnel 
current between tip and sample. All these new microscopes have the charac- 
teristic that their resolution is not determined by the wavelength that is used 
for the interaction as in conventional microscopy (the so called Abbe limit') 
but rather by the size of the interacting probe that hovers over the sample 
surface to scan the image. As the resolution achieved is far superior to the 
wavelengths involved, these microscopies come under the general class of 
super-resolution microscopes. 

So far, a number of interactions between probe tip and sample have been 
investigated. In this chapter, we review some of the work done in these related 
scanning probe techniques. Following a short historical survey of the 
development of super-resolution microscopy, we describe the basic principles 
of the scanning tunneling microscope and mention some of its applications 
to electrical and optical measurements. We then go on to discuss the work 
done in our group in the area of near-field thermal microscopy and its 
extensions and in the area of scanning force microscopy and its applications 
-in particular to electrostatic measurements such as charge, capacitance, 
and potentiometry. Finally, we offer some brief concluding remarks. 

3.2 Historical 

The first suggestion for a super-resolution microscope can be traced back 

77 

METHODS OF EXPERIMENTAL PHYSICS 
Vol. 21 

Copynghl 0 1993 by Academic Press, Inc. 
All nghts or reproduction in any rom reserved 

ISBN 0-I24759726 



78 EXTENSIONS OF STM 

to the British scientist S ~ n g e ~ . ~  as far back as 1928. He suggested that one 
could build a tiny aperture at the end of a glass tip and raster scan this over 
an illuminated sample surface in order to detect sequentially, the light trans- 
mitted through sub-wavelength size regions. A picture would then be built up 
by using the detected signal to brightness-modulate a scan-synchronized 
CRT display. His later paper4 suggested piezoelectric scanning, electronic 
magnification control and contrast enhancement. For apparently no good 
reason, this suggestion remained unnoticed until 1956 when O’Keefe’ 
re-investigated the same ideas. He calculated the light transmitted through a 
small aperture 100 P\ in size and predicted that it should be possible to achieve 
100 A resolution. He concluded, wrongly, that the technology for scanning 
and positioning was not available at that time and therefore no work was 
carried out. Following O’Keefe’s paper, Baez6 attempted to verify this basic 
concept by resorting to 2.4KHz sound waves in air (14cm wavelength) and 
a i.5cm diameter aperture. 

The first demonstration of a near-field super-resolving scanning micro- 
scope was performed by Ash’ in 1972 using microwave radiation at 3cm 
wavelength; he achieved a resolution of 150 microns (that is 4200).  The STM 
is of course a supreme example of a super-resolution microscope; the wave- 
length of the electrons that scan the sample is on the order of 1 nm and atomic 
0.2 nm resolution images are routinely obtained. Following the demon- 
stration of the STM, several novel scanned probes have emerged. Table I lists 
some of the key ones. 

3.3 STM and Some Extensions 

3.3.1 Basic Principles of STM 

As all the probe systems we shall talk about rely on the same piezoelectric 
scanning, electronic feedback, and display techniques, in this section we will 
explain the basic operating principle of the STM. The schematic of the STM 
is shown in Fig.1. In the STM, a fine tungsten (or other noble metal) tip is 
brought within a nanometer from a conducting surface while a voltage is 
applied between them. The gap separation between tip and sample is so small 
that electrons from the tip can tunnel from the atom at the very end of the 
tip to the nearest atom on the sample surface and generate a current. The 
tunnel current (around one nano-amp) decreases to 1/10 of its initial value for 
every 0.1 nm increase in gap separation. This current is compared with a 
reference current and the error signal so generated is applied to a gap control, 
z-piezo, which moves the tip up or down in order to maintain a constant 
tunnel current (equal to the reference value) as the tip is rastered across the 
sample to record an image. Typically, the signal that modulates the bright- 
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ness of such an image is the variation in the voltage across the gap control 
piezo, which in turn is proportional to the variations in the up and down 
motion of the tip, as the tip is rastered across the sample. Although for a 
sample such as a gold surface, the STM image can be related to topography, 
in general such an image does not represent pure topography; also superim- 
posed are variations from point to point of the value of the controlled 
parameter (in this case current) due to spatial variations in any property of 
the sample that could alter its value-topography being just one such 
property. Thus, for example, an image of a molybdenum disulphide or 
gallium arsenide crystal surface in general will not represent pure topography 
due to the variation in tunnel probability from atom to atom on its surface. 
With a priori knowledge, the different atoms can be distinguished in this 
way'. 

As we shall see in later sections, the basic piezoelectric scanning, feedback 
control, and display concepts described here can be directly transferred to 
other probe interactions. For example, when imaging a flat magnetic surface 
with a magnetic force microscope (MFM), the variations in the z-position 
signal can be related to variations in the magnetic interaction between tip and 
sample, in direct analogy to the variations in tunneling probability. 

3.3.2 Electrical Extensions 

Several extensions of the STM have been demonstrated, both in relation 
to electrical measurements and optical measurements. The scanning noise 
microscope is an STM where no external bias voltage is applied to the tunnel 
j u n ~ t i o n . ~  The mean-square noise voltage from the junction is measured in a 
broad bandwidth, and then maintained constant using a feedback loop which 
controls tip-sample spacing. Since the mean-square noise voltage is propor- 
tional to the gap resistance, this technique allows one to maintain a constant 
gap resistance as the tip is rastered across the sample. Beyond just being able 
to map the topography of the surface, this technique is also useful for 
providing an independent control of the gap while simultaneously making 
other measurements (for example, thermoelectric voltage) across the tunnel 
junction, in a band outside the bandwidth in which the noise is measured. 

Another modification of the STM is the scanning tunneling potentiometer." 
In this technique, a bridge method is used to measure the spatial variation in 
potential across the sample as the tip is controlled and scanned so as to track 
the surface topography. An AC voltage (typically a few kiloHertz frequency) 
is applied between tip and sample which generates an AC tunnel current. The 
amplitude of this current is then used to control the tip-sample spacing. An 
independent control loop, whose band (DC to 1 kHz) is outside the band of 
the gap control loop, is used to maintain zero DC tunnel current by con- 
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TABLE I. SXM Techniques and Capabilities 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Scanning Tunneling Microscope (I98 1) 
4. Binnig, H. Rohrer 
-Atomic resolution images of conducting surfaces 
Scanning Near-Field Optical Microscope (1982) 

-50 nm (lateral resolution) optical images 
Scanning Capacitance Microscope (1984) 
-J. R. Matey, J. Blanc 
-500 nm (lat. res.) images of capacitance variation 
Scanning Thermal Microscope (1985) 
4. C. Williams, H. K. Wickramasinghe 
-50nm (lat. res.) thermal images 
Atomic Force Microscope (1986) 
4. Binning, C. F. Quate, Ch. Gerber 
-Atomic resolution on conducting/nonconducting surfaces 
Scanning Attractive Force Microscope (1987) 
-Y. Martin, C. C. Williams, H. K. Wickramasinghe 
-5 nm (lat. res.) non-contact images of surfaces 
Magnetic Force Microscope (1987) 
-Y. Martin, H. K. Wickramasinghe 
-100nm (lat. res.) images of magnetic bits/heads 
“Frictional” Force Microscope (1987) 
4. M. Mate, G. M. McClelland, S. Chiang 
-Atomic-scale images of lateral (“frictional”) forces 
Electrostatic Force Microscope (1987) 
-Y. Martin, D. W. Abraham, H. K. Wickramasinghe 
-Detection of charge as small as single electron 
Inelastic Tunneling Spectroscopy STM (1987) 
-D. P. E. Smith, D. Kirk, C. F. Quate 
-Phonon spectra of molecules in STM 
Laser Driven STM (1987) 
-L. Arnold, W. Krieger, H. Walther 
-Imaging by non linear mixing of optical waves in STM 
Ballistic Electron Emission Microscope (1988) 
-W. J. Kaiser (1988) 
-Probing of Schottky barriers on nm scale 
Inverse Photoemission Force Microscope (1988) 
-J. H. Coombs, J. K. Gimzewski, b. Reihl, J. K. Sass, R. 
R. Schlittler 
-Luminescence spectra on nm scale 
Near Field Acoustic Microscope (1989) 
-K. Takata, T. Hasegawa, S. Hosaka, S. Hosoki, T. 
Komoda 
-Low frequency acoustic measurements on 10 nm scale 
Scanning Noise Microscope (1989) 
-R. Moller, A. Esslinger, B. Koslowski 
-Tunneling microscopy with zero tip-sample bias 

-D. W. Pohl 
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16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

TABLE 1. Continued. 

Scanning Spin-precession Microscope (1989) 
-Y. Manassen, R. Hamers, J. Demuth, A. Castellano 
-1 nm (lat. res.) images of paramagnetic spins 
Scanning Ion-Conductance Microscope (1989) 
-P. Hansma, B. Drake, 0. Marti, S. Gould, C. Prater 
-500nm (lat. res.) images in electrolyte 
Scanning Electrochemical Microscope (1989) 
4. E. Husser, D. H. Craston, A. J. Bard 
Absorption Microscope/Spectroscope (1989) 
-J. Weaver, H. K. Wickramasinghe 
-1 nm (lat. res.) absorption images/spectroscopy 
Phonon Absorption Microscope (1989) 
-H. K. Wickramasinghe, J. M. R. Weaver, C. C. Williams 
-Phonon absorption images with nm resolution 
Scanning Chemical Potential Microscope (1 990) 
-C. C. Williams, H. K. Wickramasinghe 
-Atomic scale images of chemical potential variation 
Photovoltage STM (1990) 
-R. J. Hamers, K. Markert 
-Photovoltage images on nm scale 
Kelvin Probe Force Microscope (1991) 
-M. Nonnenmacher, M. P. O’Boyle, 
H. K. Wickramasinghe 
-Contact potential measurements on 10 nm scale 

tinuously causing the voltage on the tip to track the voltage on the sample 
as the tip is rastered across its surface. The tip voltage is then equal to the 
sample voltage at every point on the surface. This technique is useful for 
measuring nanometer scale potential variations on devices such as Schottky 
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FIG. 1. Schematic of scanning tunneling microscope. 
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barriers, pn-junctions, and heterostructures. The voltage resolution is typi- 
cally on the order of a few millivolts. As we shall see later, these techniques 
have now been extended to scanning force microscopy allowing one to 
measure potential distributions on insulating surfaces as well. 

3.3.3 Optical Extensions 

Important extensions of the STM have been demonstrated in the context 
of nonlinear optical mixing and inverse photoemission microscopy. Cat’s 
whisker diodes were used as far back as 1901 to rectify RF signals.” Recently, 
the STM has been used for electrical rectification,” optical re~tification,’~ and 
non linear optical frequency mixing. Unlike the Cat’s whisker diode, the 
STM allows one to have a well defined and controllable junction. 

In the experiments dealing with nonlinear mixing at the STM junction, the 
STM tip acts as a receiving antenna for the incident electromagnetic radi- 
ation. The generated current is rectified due to the nonlinearity of the STM 
Z- V response. These nonlinearities arise from material, geometrical, or 
thermal asymrnetrics between tip and sample. A power density of lo8 W/cm2 
can generate typical fields as high as 108V/cm at the tip apex. Typically, the 
rectified tunnel current generated is on the order of 1 nA for a focussed lOpm 
wavelength C02 laser. 

An important application of nonlinear mixing at the STM junction is to 
micro~copy.’~ In the early experiments, a C 0 2  laser was directed at the STM 
junction and the rectified tunnel current was used to control tip-sample 
spacing in order to record the image. Atomic resolution has been achieved on 
graphite surfaces. In later experiments, two frequencies of the C02 laser 
spaced by 9 GHz were directed at the STM junction and the mixed, re-rdiated, 
signal at 9 GHz was used to control tip-sample spacing. In the latter experi- 
ments the microscope operated with no electrical connection to the tunnel 
junction. 

The experiments just described suggest several new possibilities. First, the 
photon-driven STM, where all electrical connections to the junction are 
removed, opens up the intriguing possibility of imaging insulators with the 
STM. Second, the very high frequency response (lOI4Hz) of the tunnel 
junction should allow one to perform optical spectroscopy on a nanometer 
scale; the rectified DC junction current being monitored as a function of 
incident wavelength to record the spectrum. Neither of these propositions 
have been realised to date. 

The stimulation of photon emission by tunneling electrons in an STM was 
first observed in 1988.’’ This and further experimentsI6 have served to demon- 
strate the potential of inverse photoemission microscopy. Early experiments 
recorded isochromat spectra, where the emission at a fixed wavelength was 
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FIG. 2. Schematic of Scanning Thermal Probe. 

monitored as a function of tip bias voltage. These spectra showed features 
which essentially followed the density-of-states features obtained from I- V 
spectra of the STM junction. In the case of metallic films, the emission 
wavelength has been shown to correspond to surface plasmon modes in the 
film that are inelastically excited by the tunneling electrons and then radi- 
atively decay as light.'' These plasmon modes are thought to originate as 
charge oscillations between the tip and sample in the STM junction and then 
scatter into light waves through the same junction." 

In further experiments, the tunneling parameters were maintained constant 
while the emission output was analysed in a spectrometer. Such experiments 
have successfully mapped the bandgap luminescence spectrum of semicon- 
ductors such as GaAs and deep level states in CdS.I9 As the STM experiments 
allow one to simultaneously record I-Vspectra, it enables one to follow both 
the elastic and inelastic pathways of tunnel injection including the de-exci- 
tation processes. 

3.4 Near- Field Thermal Microscopy and Extensions 

The scanning thermal probe20,21 was invented for profiling insulating 
surfaces. At that time, the atomic force microscope (AFM)-(26) which has 
since demonstrated the capability of profiling atomic features on both 
insulating and conducting crystals did not exist. The thermal probe consists 
of a thermal sensor (a thermocouple) built at the end of a fine tungsten tip 
(see Fig. 2). If a steady current is passed through this thermocouple junction, 
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FIG. 3.  Series of profiles over 7pm photoresist step on Si with scanning thermal probe. 

it heats up and comes to an equilibrium temperature above the ambient 
value. If the tip now approaches a sample surface (an insulator, conductor, 
or even a liquid), it cools down due to heat transfer from tip to sample. The 
tip temperature which is detected by the thermocouple can then be used to 
control tip-sample spacing (in much the same way as the tunnel current is 
used in an STM) as the tip is rastered across the surface. In operation, instead 
of measuring the DC thermoelectric voltage as described above, the tip is 
vibrated by a few tens of angstroms in the vertical direction, and the AC 
change in the thermoelectric voltage is used as a monitor of the tip-sample 
spacing. This renders the system immune to ambient temperature variations 
caused by room temperature fluctuations and air currents in the vicinity of 
the probe tip. 

In our first experiments with the system, we took a series of scans over a 
step of photoresist on silicon and obtained profiles with the tip stabilised at 
varying distances over the surface. The results showed how the profile 
approached the true profile of the surface as the gap between tip and sample 
was progressively reduced (see Fig. 3). 

The smallest detectable temperature change is determined by the ther- 
moelectric coefficient of the thermocouple (typically a few microvolts per 
degree) and the Johnson noise from the junction. For a platinum-tungsten 
thermocouple with a junction resistance of 100 R the minimum detectable 
temperature change is K in 1 Hz bandwidth. 

By constructing smaller and smaller thermocouple junctions, the resol- 
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FIG. 4. Thermoelectric measurements with a ‘‘tunneling thermometer”; the temperature 
differential can be due to either the absorption of incident light or direct heating of the sample. 

ution of the thermal profiler has been improved down to 350 A.” However, 
as the tip-sample distance becomes less than the mean-free path of the air 
molecules (660 A), classical mechanisms for heat conduction between tip and 
sample break down, and the AC modulation of the tip temperature (due to 
the tip vibration) diminishes markedly, making it difficult to stabilize the tip 
over the sample surface. Fortunately however, we observe a rapid change in 
thermal conduction from tip-sample as the tip approaches to distances below 
100 A from the sample. The conduction mechanism in this case is thought to 
be due to the near-field coupling of the optical phonon field between tip and 

We have exploited this near-field coupling of the heat flux and extended the 
thermal measurements toward atomic r e s ~ l u t i o n . ~ ’ ~ ~ ~  In these experiments, 
the thermocouple is formed by approaching a conducting tip toward a 
conducting surface of a different material using the tunnel current as the 
control parameter. The tunnel current is then periodically switched off (and 
simultaneously the z-control loop is put on hold) while the junction thermo- 
couple voltage is measured. In this way, such a “tunneling thermocouple” 
can be rastered within tunneling range of the sample in order to measure 
atomic scale variations of the thermocouple voltage (see Fig. 4). The tem- 
perature sensitivity of the tunneling thermocouple, like the thermal probe, is 
limited by the Johnson noise in the tunnel resistance and the thermoelectric 
coefficient between tip and sample. For a junction resistance of 100 KQ and 
a typical thermoelectric coefficient of 3 pV/K, the minimum detectable tem- 
perature change is 1OP2K in 1 Hz bandwidth. 

Another way of controlling the gap in these experiments might be to use 
the scanning noise microscope described earlier. In this case, the thermo- 
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couple voltage and topography can be simultaneously measured on parallel 
channels. 

The tunneling thermocouple maps the product of the local variations in the 
sample chemical potential gradient with temperature aps/aT times AT-the 
temperature gradient across the top atomic layer being imaged. In principle 
one can therefore perform two separate experiments. In the first series of 
experiments, we measured the local variations in temperature AT of a gold 
surface due to the absorption of laser radiation-this allows one to do local 
spectroscopy. In the second series of experiments, we applied a constant 
temperature gradient AT normal to the top surface of the sample by heating 
it from the back and measured the local variations in the chemical potential 
gradient ap,/a T. 

In the optical absorption  experiment^?^ we deposited a thin film of gold 
onto a cleaved mica surface and subsequently annealed it to form a crystal 
line gold layer with some mono-atomic steps. We then directed a tunable 
laser beam onto the surface and scanned a tip over it in order to simul- 
taneously record a tunnel image and a local temperature image. In the tunnel 
image of the gold surface, some mono-atomic steps were clearly visible. The 
corresponding temperature image, with blue light focused onto the surface, 
also detected the atomic steps together with additional contrast, which we 
believe was due to local variations in the thermal properties of the surface. 
By stopping the scanner, and recording the thermoelectric signal versus 
wavelength, we were able to reproduce the absorption spectrum of the gold 
film on a nanometer scale. 

In the chemical potential  experiment^?^ we heated the back of a cleaved 
MoS2 sample to 10K above ambient and then mapped the variations in 
thermoelectric voltage. We were able to detect differences in the chemical 
potential signal aps/aT between molybdenum and sulphur in this way. The 
chemical potential signal was high over the sulphur and low over the molyb- 
denum in direct contrast to the STM response (see Fig. 5).  Early theoretical 
considerations indicate that the variations in the thermoelectric coefficient 
can be related to variations in the logarithmic derivative of the local density- 
~f-states.~’ Typical thermoelectric signals measured are in the range of mV/K 
for semiconductors and pV/K for metals. 

3.5 Scanning Force Microscopy and Applications 

The atomic force microscopez6 (AFM) was developed in order to study 
insulating surfaces. The first version worked in the repulsive mode; i.e., it 
measured the repulsive force between a diamond stylus and the sample with 
the stylus gently touching the surface. The force was detected by measuring 
the deflection of a cantilever (gold foil) attached to the stylus (see Fig. 6). 
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FIG. 5. Chemical potential image of a cleaved MoS, surface (red or bright spots) super- 
imposed on a simultaneously recorded STM image (green or dark spots). The chemical potential 
signal is high over the sulphur atoms and low over the molybdenum atoms in direct contrast to 
the STM image. (See insert for color reproduction.) 

Initial experiments used a tunneling sensor to detect this deflection. In these 
experiments, the tracking force was in the region of lo-” limited by the 
uncertainties in the force exerted by the tunneling tip on the gold foil/stylus 
and the relative motion of the tunneling atoms between tip and cantilever. 
Later experiments have replaced the tunneling sensor with optical sensors.*’ 
The AFM has demonstrated atomic resolution imaging on both conductors 
and insulators.28 For a recent review of repulsive mode force microscopy see 
ref. 29. 

In our group, we developed an AC version of the force microscope (see Fig. 
7), which was capable of measuring van der Waal forces with a sensitivity 
down to IO-I3N and force gradients down to 10-6N/m in the attractive 
m ~ d e . ~ ’ * ~ ’  This was important for us for the applications we had in mind 
in micro-electronics which required a non-destructive and non-contact 
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FIG. 6.  Schematic of Atomic Force Microscope. 

measurement. We excited a mechanical resonance of the cantilever vibration 
and detected a change in the resonance frequency due to the force interac- 
tions between tip and sample as the tip approached the sample. This signal 
was then used in a feedback loop to maintain a constant tip-sample spacing 
as the tip was rastered over the sample. In our experiments, we actually 
detected the resonance frequency change by keeping the excitation frequency 
constant and measuring a change in the vibration amplitude of the cantilever, 
using a sensitive laser heterodyne p r ~ b e . ~ * ” ~  This probe is capable of detect- 
ing vibration amplitudes down to 5 x lO-’A in I Hz bandwidth. The laser 
heterodyne probe provides several advantages. It allows for a remote mea- 
surement of the tip vibration, thereby overcoming the difficulties presented 
by the tunneling sensor. It is immune to noise caused by microphonic and 
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FIG. 7. Schematic of Scanning Force Microscope. 
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thermal fluctuations in the optical path. Finally, it provides a quantitative 
measurement of the tip vibration amplitude, related directly to the laser 
wavelength. However, the high sensitivity of the laser probe is not what 
presently determines the minimum detectable force gradient. Rather, it is 
limited by the thermally induced vibration of the cantilever. 

We can obtain an expression for the minimum detectable value for the 
force gradient F’ in the following way.30 The force gradient F ‘  between tip 
and sample causes a change in cantilever stiffness Ak = F‘. We can relate the 
fractional change in cantilever resonance frequency o to the fractional 
change in cantilever stiffness k by the expression 

Am Ak F 
w 2 k -  2k 

The fractional change in resonance frequency is in turn related to the frac- 
tional change in cantilever resonance amplitude A through the Q factor. 

AA 4 - A m  

-=- - -  

Relating these two expressions leads to an expression for AA in terms of F‘, 
Q, and k .  

2 Q A F  

3$k 
A A = -  

The thermally excited noise amplitude N of the cantilever in a bandwidth B 
is 

The minimum detectable force gradient Fkis finally obtained by equating AA 
to N .  

F ’ = - / F  1 2 lkKTB 

For k = 10 N / m ,  4271  = 500 KHz, A = 1 nm, and Q = 500, 
F; = 8.4 x 10-’N/m, and N = 5 x A in 1 Hz bandwidth. The minimum 
vibration amplitude change that can be detected using the laser probe is 
5 x lO-’A in 1 Hz bandwidth. This suggests that the full potential of the 
laser probe will only be realised by cooling the microscope to liquid helium 
temperatures thereby reducing the thermally excited vibration amplitude N 
towards its detection limit. 

The attractive mode force microscope has been used to demonstrate a 

“ A  
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number of novel measurements ranging from non-contact profiling of 
surfaces to magnetic imaging 3’4’ and electrostatic imaging.424’ 

In magnetic force microscopy (MFM), the tip is replaced by a magnetic 
onetypically iron or nickel and a magnetic interaction force between tip 
and sample is detected. The “apparent” topography measured over a flat 
magnetic surface can be directly related to its magnetic features. Both hard 
and soft magnetic materials have been imaged and the highest resolution 
achieved to date is about 100A.36 For a recent review of magnetic force 
microscopy, see Ref. 40. 

In the electrostatic force microscope,42 an AC voltage is applied between 
tip and sample and the induced force is measured. The force is proportional 
to the square of the applied voltage V z  times the rate of change of tip-sample 
capacitance with spacing, dC/aZ. In our early experiments, we compared a 
regular surface profile and capacitive force image of a resist step on silicon. 
The capacitive force image showed a decrease in the force over the resist as 
compared with the bare silicon, as expected, because the electric field is 
largely dropped in the resist layer (as opposed to the gap) when the tip is over 
the resist. The effective change in capacitance that can be measured in this 
way is in the range of lo-’’ F in a 1 Hz bandwidth. 

The capacitance measurement technique can be used to map dopant 
profiles in semic~nductors,”~ by measuring the change in tip-sample capaci- 
tance versus voltage at different sample bias voltages. We were able to map 
the dopant profile of the active regions of a cleaved MOSFET structure in 
this way, by scanning at a fixed bias voltage. The typical dopant densities 
varied from 10’6/cc in the gate region to lOZo/cc in the n+ source and drain 
regions (see Fig. 8). 

The electrostatic force microscope has also been applied to measure 
voltages on circuits.42*” In this case, the tip is usually connected to ground 
potential and a small dither voltage is superimposed onto the bias voltage. 
The induced vibration of the tip can then be used to determine the voltage 
on the circuit being probed. We were able to map the voltage distribution 
across circuit lines in this way. 

In yet another experiment:’ charge was deposited onto a PMMA substrate 
by applying a negative voltage pulse onto the tip, and its decay with time was 
imaged with the electrostatic force microscope. In this example, the deposited 
charge was estimated to be around 1200 electrons. With further refinements, 
it has been possible to observe discrete steps in the force versus time curve 
corresponding to the discharge of single charge carriers during the decay 
process.& 

The UHV-STM has demonstrated the capability of measuring induced 
surface photovoltage on semiconductors with nanometer spatial re~olution.~’ 
It is also possible to use the electrostatic force microscope in the poten- 
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FIG. 8. Capacitance-Voltage image of a cleaved MOSFET structure showing the low doped 
( 10’6/cc) p-channel regions (arrows) and the highly doped (102D/cc)nt source/drain diffusions 
which extend 0.5pm into the Si (0 1990 IEEE). 

tiometric mode to make such measurements under ambient  condition^.^^ In 
the force photovoltage experiments (see Fig. 9), in much the same way as in 
STM potentiometry, two independent control loops are used: one for topo- 
graphy and one for photovoltage. The cantilever is vibrated at frequency w, 
in the usual way to generate a control signal for topography. The voltage 
control loop, on the other hand, relies on the fact that the induced force on 
the tip varies as the square of the voltage.49 Thus, if we apply an AC voltage 
at frequency wp across tip and sample, there will be zero induced force (and 
hence vibration) at this frequency when, and only when, the tip and sample 
are at the same DC potential. The vibration signal at wp can therefore be used 
in a feedback loop to continuously adjust the tip voltage to track the sample 
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FIG. 9. Schematic for Scanning Force Photovoltage Microscopy. 

voltage as the tip is rastered to form an image. Typical voltage resolution 
achieved with such a system is on the order of a few hundred pV. In our 
experiments, we scanned a Cr doped GaAs( 100) surface illuminated with a 
HeNe laser. The topography images essentially showed little variation. In the 
surface photovoltage image, single dislocation loops were clearly visible. 
Typical signals were in the range of 200mV. 

Recent work has shown that even when the laser is switched off, there 
remains a finite voltage between tip and sample. One can map the spatial 
variations in this voltage over different conducting (metal or semiconductor) 
 surface^.^' These variations, which are material dependent, are due to the 
differences in contact potential between the tip and sample regions being 
investigated. Figure 10 shows an example of a 5pm palladium line on gold 
showing a difference in contact potential of 65 mV. 

3.6 Conclusion 

In this chapter, we briefly reviewed some of the history in the development 
of scanning tip microscopes. In discussing techniques, we have mainly 
focussed on work done within our group, but have also included the work of 
others where appropriate. These new microscopes allow one to obtain infor- 
mation about the physical and chemical properties of surfaces at an 
unprecedented resolution. Although many of these techniques are still only 
in their infancy, and in some cases the theory is not fully understood, they are 
already contributing to our understanding of the nano-world. We expect that 
with time, these techniques will play an important role in nanotechnology. 
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FIG. 10. Contact potential image of a palladium line on gold showing a 65m V difference in 
contact potential between palladium and gold; field of view is 8pm x 6pm. 
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4. METHODS OF TUNNELING SPECTROSCOPY 
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Inherent in the tunneling process is the potential difference between the two 
tunneling electrodes. By varying this potential difference, eigenstates of the 
tip and sample become available for tunneling and lend themselves to spec- 
troscopic investigation. In this chapter we describe the application of tunnel- 
ing spectroscopy to probe surface phenomena. Examples are drawn from a 
few of the earlier applications of STM which demonstrated the potential for 
spectroscopy. Further applications to semiconductors is found in Chapter 5,  
to metal surfaces in Chapter 6, and to interfaces in Chapter 7; applications 
to charge density waves and superconductors are described in Chapters 8 and 
9, respectively. 

Tunneling spectroscopy is not a new technique and has been used a great 
deal in examining properties of fixed tunneling junctions.'4 With the advent 
of the scanning tunneling microscope, two new variables come into play that 
were not accessible in fixed tunnel junctions. The first, and most important, 
is the scanning ability of the STM, which adds a great potential for atom- 
resolved probing of spectroscopic signals on a material. This ability has 
allowed investigators to probe the electronic properties ranging from 
individual adatorns on a surface to spatial properties of vortex states of 
superconductors. The second feature in STM spectroscopy is the variability 
of the tip-sample separation. This variability allows the probing of the 
potential barrier between the two electrodes and also allows the STM to 
function as an electron interferometer by changing the electron wavefunction 
pathlength between the sample and tip. Perhaps another advantage of tunnel- 
ing spectroscopy with the STM is that perfect surfaces (or well prepared 
systems) can be examined in ultra-high vacuum environments; they have the 
advantage of known composition in contrast to the sometimes unknown 
composition and structure of tunneling barriers in fixed tunnel junctions. 
With all these advantages, tunneling spectroscopy still suffers from the 
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unknown contribution of the probe tip. This can lead to non-reproducibility 
in data resulting from tip instabilities with voltage change, tip composition, 
and/or structural dependencies. This brings to mind a quote from a well 
known text on tunneling, “Tunneling is an art, not a science.”’ To some 
degree this can be said of tunneling spectroscopy with the STM. Of course, 
one could counter this by saying, “one picture is worth a thousand words.” 
Whether tunneling spectroscopy remains more an art than science will 
depend on progress with instrumentation, stability of the junction, reprodu- 
cibility of results, and more information on probe contributions. To this end 
we hope this chapter will be useful to future investigators. 

4.1 Instrumentation 

The instrumentation needed for tunneling spectroscopy is simple and 
usually requires equal or more work on the software end of the data acquisition 
system than in hardware. For some applications, spectroscopic measure- 
ments, such as voltage-dependent imaging or conductance measurements 
with active feedback, can be made with a standard STM feedback loop. More 
sophisticated measurements, which demand a fixed tip-sample separation, 
require the addition of a sample-and-hold circuit to the feedback loop,6 as 
shown in Chapter 2. The requirements of the sample-and-hold circuit are: 
1) that it hold the tip position stable for a given time of the measurement, 
2) it does not produce a glitch in the tip-sample separation that would be 
large enough to influence the measurement, and 3) its response time is fast 
enough for the application. Requirements 1 and 3 are easy enough to meet 
with most equipment. Requirement 2, however, can be a challenge. If we 
consider a standard feedback loop with a gain of about 400 A per volt (this 
includes the piezo gain and high-voltage amplifier stage gain) after the 
sample-and-hold, then a 0.1 mV offset, common in most solid-state sample- 
and-hold circuits, would yield an unwanted tip movement of 0.04A; this 
translates into an 8% change in the tunneling current. To minimize these 
offsets some researchers have utilized reed relays in combination with a low 
pass filter for the sample-and-hold, which seem to give negligible offsets and 
droop, but suffer from limited time response, usually on the order of 0.5 ms. 

The other hardware component necessary for spectroscopic measurements 
is a multi-channel data acquisition system for the measurements of the tip 
position and tunneling current. It is usually desirable to have an additional 
channel to measure the conductivity, dZ/dV, and D-A channels for program- 
ming the tunneling voltage and tip position. The tip position can be pro- 
grammed by adding a summing input to the high voltage z-piezo driver 
amplifiers. The data acquisition system used in the NIST laboratory is shown 
in Fig. 1 .’ In this system the data acquisition is programmed using a digital 
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FIG. 1 .  Scan generator and data acquisition system for STM measurements at the National Institute of Standards and Technology. (From Ref. [I.) 5 
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FIG. 2. Timing sequence used for current vs voltage measurement. 

signal processor, which takes the load off the lab computer. In most spectro- 
scopic applications, the need for fast acquisition necessitates the program- 
ming of part or all of the data acquisition in assembly language. In the system 
shown in Fig. 1, we use programmable integrators on the front end of the 
A-D converters, which are useful in enhancing the signal-to-noise in very 
sensitive measurements. 

Figure 2 shows the timing sequence used in taking a fixed tip-sample 
separation current-voltage (I- V )  measurement in the middle of an image 
acquisition. While an I- V measurement can be obtained in the absence of an 
image, it is beneficial to obtain the I-V measurement with an image so one 
knows the condition of the surface where the measurement was made. Figure 
2 shows the sample-and-hold enabled while the tunneling voltage ramp is 
applied. Note a small delay is added after the sample-and-hold is disabled to 
allow the feedback loop to settle (this time delay is dependent upon the 
feedback loop time constant). After the first voltage ramp, the z tip-position 
can be changed for a second I-V measurement, as shown in Fig. 2. This 
allows a greater dynamic range to be obtained at the lower voltages, for 
example, if the initial starting tip-sample position was chosen with the 
tunneling voltage above 1 V (see Section 4.4). The speed of the voltage ramp 
is determined by the time constant of the tunneling unit and is influenced by 
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FIG. 3. Timing sequence used for voltage-dependent imaging. 

the response of the current amplifier and the capacitance coupling between 
the tip and sample assembly. For this reason it is advantageous to shield the 
tip from the sample mount to reduce capacitive coupling. With the unit not 
tunneling (large tip-sample separation), the capacitive coupling can be 
measured by applying a sawtooth voltage waveform to the sample and 
measuring the induced displacement current on the tip. The response of the 
current preamp can be increased by splitting the gain in two stages; a good 
mix is to place a preamp on the tunneling unit with a fixed gain of - lo8 V A-' 
with a variable-gain amplifier outside the tunneling unit to give another 
x 10-100 gain. 

The sample-and-hold circuit is also useful in voltage-dependent imaging. 
To compare STM images at different voltages one wants to compare the 
registry of an image obtained at one voltage with another obtained at a 
different voltage. Taking images in sequence usually doesn't suffice since the 
images will be separated by some amount of thermal drift which is larger than 
the spatial separation of interest. To overcome the drift, multiple images can 
be built up simultaneously by interlacing line scans at  different voltages? 
Figure 3 shows the timing sequence used in voltage-dependent imaging. The 
sample-and-hold is used before switching to a new voltage; in this way the 
voltage can be switched very quickly without the servo active, until the new 
voltage is reached. Examples of voltage-dependent imaging are presented in 
Section 4.3. 
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FIG. 4. Schematic diagram of trapezoidal potential barrier for tunneling. & ( I ) ,  EF(r) and c$,, 
c$r are the Fermi energies and workfunctions of the left and right electrodes, respectively. 

4.2 General Current versus Voltage Characteristics 

In examining tunneling spectroscopy data, it is useful to sort out charac- 
teristics that do not depend directly on the electron density-of-states (DOS) 
so that sample-specific structure in the sample DOS can be extracted. In this 
section we illustrate the general voltage and tip-sample separation depend- 
ence in metal-barrier-metal tunneling with some simple models of planar 
tunneling. 

4.2.1 Metal-Vacuurn-Metal Tunneling 

To examine the main voltage and distance dependencies in tunneling, it is 
suitable to examine the non-interacting free-electron model for tunneling 
through a planar barrier.14 

We begin by considering the energy barrier in Fig. 4. Taking the z direction 
normal to the electrodes, the tunneling current density is given by, 

where f(E) is the Fermi-Dirac distribution function, D is the tunneling 
transmission probability, and kll is the wavevector component parallel to the 
junction interface. The free-electron metal approximation leads to a trans- 
mission probability, D, which only depends on the normal component of the 
energy, E, ,  and therefore Eq. (1) can be simplified to an integral over the 
normal component of energy as, 

j = JOrn dE,D(E,)WEA (2) 
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where N(E,) is normal energy distribution function given by, 

where EF is the Fermi energy. 
Equations (2)-(4) can be used to calculate the current density given a form 

for the potential and a method to calculate the transmission probability, D. 
For a trapezoidal barrier, as in Fig. 4, D may be calculated using the WKB 
method, which yields for voltages less than z 1 V, 

where $ is the average workfunction of the two electrodes, and s is the 
tip-sample separation. For small voltages and energies at the Fermi level, 
D z exp (- 2 4 ,  where K is the vacuum decay constant, (2rn$/h2)"2. 

Equation ( 5 )  shows the basic voltage and distance dependences in tunnel- 
ing. Namely, the tunneling current is exponentially dependent on both 
voltage (for low voltages, j is ohmic) and tip-sample separation. The latter 
exponential dependence on separation is what makes the STM work by 
giving the extremely high sensitivity needed to servo the tip at constant 
distance above the surface. For a workfunction of 4.5eV, IC = 1.1 k', which 
yields an order of magnitude change in tunneling transmission, and hence 
current, for a change in separation of about 1 A. It is this exponential 
dependence of the current on separation which characterizes t~nneling.~." 

The tunneling current dependences on distance and voltage can be cal- 
culated using Eq. (2) with D calculated directly by integrating Schrodinger's 
equation through the barrier to obtain the transmission probability. In this 
way more complicated forms of the vacuum barrier can be used to include 
image potential effects or finite probe tip radius effects.'' A series of current- 
voltage characteristics calculated for various tip-sample separations is shown 
in Fig. 5.  For small voltages, < 1 V, one sees a linear voltage-dependence 
characteristic of ohmic behavior. For larger voltages, the exponential 
dependence dominates the I- Y characteristic. A strong exponential depend- 
ence, in addition, is observed on the tip-sample separation, with virtually no 
current density at low voltage for separations larger than 7A.  The implica- 
tions of this distance dependence on acquiring spectroscopic data is evident; 
for a fixed tip-sample separation, s, spectroscopic data can only be obtained 
over a limited voltage range, since the current detectors are linear amplifiers. 
To increase the dynamic range in voltage, the tip-sample separation must be 
varied. In practice, this is done by freezing the tip position using the sample- 
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FIG. 5. Current-voltage characteristics obtained from Eq. (2) with electrical parameters for 
a Au-W junction. The curves correspond to tipsample separations of 5, 7, 9, 1 1 ,  and 13 A. 

and-hold technique described in Section 4.1, with different tip-sample sepa- 
rations obtained by adjusting the initial reference tunneling voltage while the 
feedback is active. Data acquired in this fashion are shown in Section 4.4.1 
for the Si( 11 1)2 x 1 surface.’.” Tip-sample separation can also be pro- 
grammed, with sample-and-hold, for a series of decreasing separations from 
some initial value, but when the voltage is swept, some limiting value should 
be set to limit the current at the smaller separations. This current limiting can 
be done in software, for example, where the current is checked at each voltage 
during the ramp and the voltage ramp terminated at the current limit 
setpoint. 

An alternate method for measuring spectroscopic data is to keep the 
feedback active while ramping the voltage at a fixed tunneling current. In this 
way the tip-sample separation is constantly adjusting itself and a large 
dynamic range in voltage can be obtained.’* In this method the tip is follow- 
ing a separation versus voltage curve at constant current, such as simulated 
in Fig. 6. The disadvantage of this approach is that as the voltage is decreased 
a lower limit of about 0.1-1 V is encountered because of approaching tip- 
sample contact, and thus one cannot scan through zero bias with this 
method. The change in slope in the s-V data above 4V in Fig. 6 is due to the 
transition from the vacuum tunneling regime to the Fowler-Nordheim or 
field emission regime, where the potential is raised above the electrode 
workfunction and the electron experiences a positive kinetic energy region. In 
this region, quantum interference effects can occur, leading to barrier 
resonances in the electron transmission at certain energies,”-Is as described in 
the following section. 

A third method of obtaining spectroscopic data is to combine the first two 
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FIG. 6. Separation vs voltage at constant current obtained using Eq. (2) with parameters for 
a Au-W junction. The current is constant at a value of 100nAnm-2. 

methods. Instead of following a separation versus voltage path determined 
by the tunneling junction, one can program a separation versus voltage path 
to simulate an approximate constant current path with the exception that the 
tip is now limited to some minimum tip-sample distance. With this method 
the conductivity, dZ/dV, is measured along with the current, Z, to get some 
measure of the sample density-of-states. Examples of this technique are 
described in Section 4.5. 

4.2.2 Barrier Resonances 

As indicated in Section 4.2.1, electron transmission resonances can occur 
in tunneling between two electrodes when the applied potential exceeds the 
work function. These transmission resonances show up as wiggles in the s-V 
data or as kinks in the constant distance I-Vdata, as seen in Figs. 5 and 6.*9” 
The best method of detection of the barrier resonances is to measure the 
tunneling conductivity, dZ/dV, with the feedback loop active so that a large 
dynamic range can be obtained, as shown in Fig. 7.” The resonances are seen 
as a series of decaying oscillations in the tunneling conductivity as a function 
of voltage. Figure 8 illustrates the origin of the resonances; in the positive 
kinetic energy region, the quantum interference in the electron wave function 
occurs between the potential boundaries at the surface-vacuum interface and 
the region where the electron kinetic energy becomes positive. In this region 
standing wave type solutions are found which enhance the electron transmis- 
sion at  specific energies. In Fig. 8(a) the electron energy is such that two 
antinodes occur corresponding to the second resonance condition. As the 
electron energy is increased, further antinodes corresponding to a half wave- 
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GAP BIAS VOLTAGE 

FIG. 7. Experimental curves of dZ/dV (closed circles) and tip-sample separation vs bias 
voltage. The oscillatory solid curve is the theoretical barrier penetration factor. The dashed curve 
omits the image-potential contribution. (From Ref. [I 51.) 

length appear in the barrier region resulting in a microscopic electron inter- 
ferometer. 

The position and strength of the resonances are sensitive to the details of 
the potential barrier.16 In Fig. 7, inclusion of the image potential contribution 
to the barrier is seen to significantly affect the position of the transmission 
 resonance^.'^ Due to the difficulty in realistic calculations of the tunneling 
process, it is difficult to extract quantitative characteristics of the barrier 
potential from the barrier resonances. Attempts have been made using a 
free-electron model approximation.’6 Experimental data have also shown 
that the standing wave states can be used to probe the potential discontinuity 
at a buried interface.17 

4.3 Voltage- Dependent Imaging Measurements 

In the STM field one often thinks of the STM traces as corresponding to 
topographic features because one does, after all, end up with some sort of 
surface “map.” To first order, the global features in the STM traces do 
correspond to surface topography as, for example, in observing atomic steps 
on surfaces. Finer details in the STM contours, such as surface corrugations 
or contours of atoms will undoubtedly display a combination of structural 
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FIG. 8. Electronic potential and electron probability densities in a metal-vacuum-metal 
junction, with voltages of (a) + 6.7 V and (b) - 6.7 V applied to the sample (Si) relative to the 
probe-tip (W). The dotted line gives the trapezoidal barrier, the dashed line includes the effect 
of the image potential, and the solid line gives the potential including an inhomogeneous field 
arising from the probe-tip curvature. The probability density is shown for an electron with 
energy at the Fermi level of the negatively biased electrode. (From Ref. [Ill.) 

and electronic properties. In particular, because of the localized states on 
semiconductor surfaces, it is more appropriate to think of the STM as 
measuring surface electron wavefunctions instead of atom core positions in 
these cases. Variation of the energy window of states contributing to the 
tunneling current allows spectroscopic information to be obtained. This 
information can be obtained by examining the voltage dependence of the 
constant current images described in this section. Energy resolved images 
may also be obtained from measuring the differential conductivity, or may be 
constructed from individual I-V measurements at each pixel in an image. 
These different measurements for obtaining energy-dependent information 
of the electronic properties of surfaces have advantages and disadvantages 
relative to each other that ultimately depend on the specific application. In 
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this chapter a few of these methods are illustrated for the purpose of describ- 
ing the measurement and the type of information that can be obtained. 

4.3.1 Clean Surfaces: Si(ll1)2 x 1 

The first direct example showing that the STM images surface wavefunc- 
tions rather than atoms occurred with voltage-dependent imaging of the 
Si(ll1)2 x 1 ~ u r f a c e . ~ - " * ' ~ ~ ~ ~  The Si(ll1)2 x 1 surface is a metastable surface 
formed by cleaving. The surface structure is characterized by quasi-one- 
dimensional zig-zag chains of Si atoms in the so-called x-bonded chain 

shown superimposed on STM images in Fig. 9. The STM images are 
characterized by a single maximum in the unit cell of dimensions 
6.65 x 3.84A. The observation of a single maximum in the 2 x 1 unit cell 
with a corrugation amplitude of - 0.6A is inconsistent with a purely geome- 
tric interpretation of the STM images; there are two atoms in the n-bonded 
chain model with a charge density corrugation < 0.05 A, at the distances 
probed with the STM." 

The STM images make sense when one considers the spatial dependence 
of the electronic structure of the 7c-bonded chain model, as evidenced by the 
voltage dependence observed in the STM images in Fig. 9. The voltage- 
dependent images were obtained by recording a single trace at one bias, 
switching the tunneling bias to a new value (usually this is accomplished using 
a sample-and-hold delay before switching the new bias in), and then retracing 
the same measurement. In this way drift effects are minimized, since the time 
between a single trace is much smaller than that of an entire image acquisition. 

The voltage-dependent images in Fig. 9 show that a maximum in the image 
taken at + 1 V appears as a minimum at - 1 V, as seen in the center of the 
crosshairs in the two images. This is more clearly seen in the line profiles in 
Fig. 9(c); a 180" phase shift is observed in the corrugation along the [OlT] 
direction with respect to tunneling at positive and negative voltages. 

One can understand these images by considering the electronic structure of 
the x-bonded chain mode1.20~21 A simple starting point is to consider the 
n-bonded chain structure as a non-interacting, one-dimensional chain with a 
two-atom basis.lg The two atoms in the unit cell are inequivalent due to the 
symmetry of the underlying lattice, and also possibly due to a buckling of the 
chain. Figure 10 shows a schematic of the dispersion of the energy band 
structure for a one-dimensional chain with parameters consistent for the 
Si(ll1)2 x 1 surface. Tunneling at positive voltages accesses the empty n* 
band, while at negative voltage the tunneling current is probing the filled n 
band. At low voltages, the states primarily contributing to the tunneling 
process are from states near the surface Brillouin zone edge. It is instructive 
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FIG. 9. 35 x 35 A STM images of the Si(l11)2 x 1 surface recorded simultaneously at (a) + I 
and (b) - 1 V. A top view of the x-bonded chain model is shown schematically in the center of 
both images. (c) Surface height along the [OlT] cross sections AA (solid line) and A A  (dashed 
line), which occur at identical positions in the two images. The AA‘  cross section is shifted up, 
with respect to AA, for clarity. (From Ref. [18].) 

to consider the consequences for tunneling on either side of the gap at these 
voltages. 

For simplicity, let’s assume a two-plane wave expansion in a nearly free- 
electron model is adequate to describe the band structure near the zone edge 
in Fig. 10. In general, the surface wavefunction can be expanded in surface 
reciprocal lattice vectors. Since the higher Fourier components decay faster, 
a description based on a few Fourier components is adequate at a sufficiently 
large distance from the surface.” Keeping only two Fourier components the 
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FIG. 10. Energy dispersion and density-of-states for a one-dimensional tight binding calcula- 
tion for a two-atom basis chain model, simulating the x-bonded chain. The right-hand portion 
shows schematically that tunneling at positive and negative sample bias accesses the empty and 
filled Si surface state bands. (From Ref. 1191.) 

wavefunction can be expanded as, 

(6) 

where ak = [K' + k2]'/' and K = ,/- is the minimum decay constant. In 
the small bias limit, the tunneling current from Chapter 2 is, 

(7) 
At the zone edge, k = G/2 ,  the coefficient C(G/2) = rfr C( - G/2) ,  and the 
associated tunneling current becomes, 

$k = C(k)e-zuke*x + C(k - G ) e - " k - G e f ( k - G ) x ,  

l o c  P ( b  EF) = l$kI2. 

[1 & cos(Gx)l, (8) If = Ae-2ZaG/2 

where A is an experimentally dependent constant. In constant current opera- 
tion, the tip will trace a contour z(x) given by, 

In [ 1 Zf =- cos (Gx)] - zo, 
1 

2%/2 
(9) 

where zo = (1/2~x~/~)ln(Z/A). The contours for the two bands as calculated 
from Eq. (9), are shown as dashed lines in Fig. 11 .I9 The contours are 
characterized by an array of singular dips due to the nodes in the wavefunc- 
tions, which are standing waves at the zone boundary. One also observes that 
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FIG. I 1. Constant-current contours from the two-plane-wave model for a one-dimensional 
chain with a two-atom basis. Contours for the (a) upper, unoccupied and (b) lower, filled bands 
are shown. The contours corresponding to wave vectors k = G/2 (dashed line), k = 0.756/2 
(dotted line), and an integration over k = (0.75 - 1.O)G/2 (solid line). (From Ref. [19].) 
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the contours shift half a unit cell length in going from the upper to lower 
band. This results from the opposite parity of the wavefunctions in Eq. (6) 
at k = G/2. We see that this is precisely the same effect observed in the 
experimental images. The singularity observed in the contours at the zone 
edge is expected to be rounded out because of experimental limitations. The 
pathology is also removed if one integrates over a portion of the zone (which 
likely happens in practice), as shown by the solid line in Fig. 11, or if one 
moves away from the band edge as shown by the dotted line. One observes, 
however, that the phase shift between the two bands remains, which is 
consistent with experimental observations. 

The simple analysis discussed earlier demonstrates that the STM images of 
the Si(111)2 x 1 surface represent the spatial dependence of the n-bonded 
surface state bands. It shows that the maxima observed in the images do not 
correspond simply to atomic locations, but are intimately related to the 
details of the bonding between the atoms, and hence, the surface band 
structure. At larger tunneling voltages, a tight-binding picture of the surface 
band structure would be more accurate to describe the wavefunctions away 
from the zone edge. Deviations from observing only one maximum in the 
images as one samples closer to the zone center r might be expected.23 In 
practice, one usually observes the corrugation going to zero along the chain 
axis with increasing voltage. On rare occasions both atoms in the unit cell 
have been observed in one This is probably very dependent on the 
tip resolution since the near-neighbor distance between the Si atoms is < 3 A. 

As a final note, we observe that shifts observed in the state density with 
respect to tunneling across the band gap are very analogous to optical 
absorption ani~otropy.~’ This is not that surprising since the optical matrix 
elements also depend on the parity of the surface wavefunctions. In general, 
just as optical absorption can probe the existence of a band gap, voltage- 
dependent imaging with the STM will be expected to show phase shifts in the 
state density associated with any band gap, as the spatial separation of 
valence and conduction band states are intimately related to the existence of 
the energy gap. Shortly after the Si(ll1)2 x 1 discovery, voltage-dependent 
imaging for polar 111-V materials was shown by the authors to lead to a 
selective imaging of the anion or cation species, which is discussed further in 
Section 5.3. 

4.3.2 Adsorbate Covered Surfaces: O/GaAs(l 1 0) 

Adsorbate covered surfaces offer a unique application in scanning tunnel- 
ing microscopy, yielding an unprecedented atomic view in single atom 
imaging of individual adsorbates. STM measurements of adsorbate covered 
surfaces give a local view of the adsorption site, the surrounding geometry 
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and its influence on the adsorbate, or local ordering within the adsorbate 
overlayer. An adsorbate is really a hybrid adsorbate-surface complex charac- 
terized by its interaction with the substrate.26 As shown in Chapter 1 and 
previous calculations, this interaction can lead to energy-dependent structure 
in the local density-of-states probed by the STM.27-29 Voltage-dependent 
imaging is one way to access this energy dependence with the consequence 
that the appearance of an adsorbate will depend on voltage.” The most 
extreme case is one where the adsorbate changes from a positive to a negative 
STM contour with a change in voltage; a characteristic of some strongly 
electronegative  specie^.^^^^^ 

The first example of highly voltage-dependent STM contours occurred 
with the study of oxygen adsorption on the GaAs(ll0) surface.30 At low 
coverages of 0.001 of a monolayer (ML), one can study the interaction of a 
single adsorbate on a surface. For oxygen on GaAs( 1 lo), these coverages are 
easily produced due to the low oxygen sticking probability. Figure 12 shows 
two STM images of oxygen exposed to the GaAs(ll0) surface. One sees 
protrusions appearing in the image that increase in density with exposure. 
The protrusions are slightly larger than expected for a single atom contour 
(see Chapter 1). The most striking effect is seen in the voltage-dependent 
images in Figs. 13 and 14. It is observed that the oxygen-GaAs complex 
displays a positive STM contour when sampling the filled electronic states, 
while a negative STM contour is observed when sampling the unoccupied 
states. This striking voltage dependence observed in the STM contours 
results from the energy dependence of the local density-of-states.lg As dis- 
cussed in Chapter 2, different elements will have characteristic variations in 
the energy spectrum of the state density. The oxygen data verifies the predic- 
tion that for a highly electronegative species, the state density can be reduced 
for energies above the Fermi For this system and chemisorption on 
semiconductors in general, more complex effects due to band-bending and 
screening may influence the STM contours near adsorbates and defects.30 
Such effects can be measured with current versus voltage characteristics, as 
discussed in Section 4.4. 

An example where voltage-dependent imaging of adsorbates has been very 
successful is in the application to the Si(ll1)7 x 7 surface, with studies of 
NH, ,31 Cl,32 and 0 ad~orp t ion ,~~  just to name a few. The Si( 1 1 1)7 x 7 surface 
is unique in that the large unit cell has three “varieties” of atoms to bond to: 
the Si rest atoms, center adatoms, and corner atoms. The reactivity of these 
different atoms can be seen in voltage-dependent imaging of NH, on 
Si(ll1)7 x 7.3’ The STM topographs at the different energies provide a 
unique ability to follow the spatial distribution of the surface reaction on an 
atomic scale. From such measurements it was concluded that Si rest atoms 
are more reactive than Si adatoms, and that center adatoms are more reactive 
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FIG. 12. STM images of the n-GaAs(ll0) surface exposed to oxygen. (a) Oxygen exposure 
120 L (1 L = Torr s). (b) Oxygen exposure 1480 L. Sample voltage was - 2.5 V. (From Ref. 
POI.) 

than corner adatoms for NH3 adsorption (see Section 5.1 for more details). 
Further insight into bonding changes can be obtained from examining den- 
sity-of-states rearrangements obtained from current versus voltage measure- 
ments, described in Section 4.4. 

4.4 Fixed Separation /-V Measurements 

4.4.1 Normalized Density of States: Si ( l11)2 x 1 

In Section 4.3 we saw how voltage-dependent imaging of the Si( 11 1)2 x 1 
surface yielded images characteristic of the n and x* surface bands. A more 
energy-resolved probe of these surface band features can be obtained with 
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FIG. 13. Simultaneous STM images of an isolated oxygen defect on the n-GaAs(ll0) surface 
at (a) -2.5 and (b) 2.3V. (From Ref. [19].) 

I- V measurements. Fixed tip-sample separation I- V curves are obtained 
using the sample-and-hold technique with the timing scheme shown in Fig. 
2. Figure 15 shows the I-V curves obtained at various fixed tip-sample 
separation for the Si(111)2 x 1 surface.8'" Also shown is the s-V data 
obtained at 1 nA tunneling current. Comparing the data in Fig. 15 with the 
simulated I- V characteristics for metal-vacuum-metal tunneling (Fig. 5), we 
observe similar characteristics such as a linear behavior at low voltages, 
becoming exponential for voltages > 1 V. Figure 15 also shows that only a 
limited voltage range is obtained at one gap resistance and a large dynamic 
range is obtained by sampling multiple tip-sample separations. One feature 
not seen in the simulated planar tunneling model curves (Fig. 5), is the 
rectification observed in the I- V characteristics at negative sample voltage. 
This rectification results from the enhanced electric field at the probe tip due 
to the finite radius. When this field is included in the planar tunneling model, 
good agreement can be obtained with data in Fig. 15." In addition to the 
above characteristics, barrier resonances are seen in the I-V and s- V charac- 
teristics for voltages > 4 V, as predicted in the planar tunneling calculations. 
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FIG. 15. Tunneling current vs voltage for a tungsten probe tip and Si(111)2 x 1 sample, at 
tIp-sampleseparationsof7.8,8.7,9.3,9.9,10.3, 10.8,11.3,12.3,14.1,15.1,16.0,17.7,and19.5~ 
for the curves labeled a-m, respectively. These separations are obtained from a measurement of 
the separation vs voltage, at I nA constant current, shown in the lower part of the figure. (From 
Ref. [8].) 

Structure in the I-V characteristics in Fig. 15, which are sample specific, 
are the kinks observed at voltages < 3 V, including the small band gap near 
zero bias. These kinks are due to density-of-states features contributing to 
the tunneling, and are more clearly seen in the derivative of the I-V data 
shown in Fig. 16." A number of features are reproduced in the different 
tip-sample measurements. From Fig. 16 we see that the derivative highlights 
the density-of-states features, but the lack of dynamic range in a single 
measurement is evident. The large voltage and distance dependences result 
from the exponential dependence of the transmission probability discussed in 
Section 4.2 (see Eq. (5)). As first suggested by the authors, these exponential 
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FIG. 16. Derivative of the current vs voltage data in Fig. 15. (From Ref. [I  11.) 

dependences of separation and voltage can be removed by normalizing the 
differential conductance by the static conductance (Z/V), producing a 
quantity which approximates a normalized density-of-states.8.1' 

Figure 17(b) shows the normalized conductance (dZ/dV)/(Z/V) for the 
Si( 1 1 1)2 x 1 surface computed from the data in Fig. 15. As observed in Fig. 
17, all the dZ/dV spectra in Fig. 16 collapse onto a single curve. Shown for 
comparison in Fig. 17(c) is a simple estimate of the surface density-of-state 
for the one-dimensional x-bonded chain model (see Section 4.3), and the Si 
bulk density-of-states (dashed line). As observed, the normalized conduc- 
tance shows the main four-peaked structure expected for the surface state 
bands as well as higher-lying resonances, which may be derived from bulk- 
critical points. 

Also shown in Fig. 17(a) is the inverse decay-length data, obtained from 
the distance dependence of the Z-V measurements in Fig. 15, which is seen 
to support the conclusion that tunneling at the lower voltages on the 
Si( 1 1 1)2 x 1 surface samples the states near the Brillouin zone edge (see Fig. 
lo)." The tunneling current is expected to decay with distance with an inverse 
decay length of Z J m ~ ,  where IC is the vacuum decay constant (see 
Section 4.4.1). The large increase seen in the inverse decay length at f 0.5 V 
implies a maximum value of k,, = 1.1 A-', which is close to the value of the 
wavevector at the edge of the surface Brillouin zone of 0.94A-I. 

The removal of the exponential dependences of the tip-sample separation 
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FIG. 17. (a) Inverse decay length of the tunneling current as a function of energy (relative to 
the Fermi level). (b) Ratio of differential to total conductivity for silicon and nickel. The different 
symbols refer to different tipsample separations. For silicon, the circles, open squares, filled 
triangles, open triangles, filled squares, open lozenges, and filled lozenges refer to the curves a-g, 
from Fig. 15. (c) Theoretical DOS for the bulk valence band and conduction band of silicon 
(dashed line), and the DOS from a one-dimensional tight-binding model of the n-bonded chains 
(solid line). (From Ref. [S] . )  
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and voltage in the normalized differential conductance can be demonstrated 
by looking at an approximate expression for the tunneling current (see 
Chapter I), 

where ps is the surface density-of-states, and D is the transmission probabil- 
ity in Eq. (5). The normalized conductance is then, 

+ .  . . (1 1) dI/dV Ps (e  V)& V )  -= z/v 1 SiV P,(E)D(E) dE 

Since the transmission probability appears both in the numerator and deno- 
minator, then, to first order, the normalized differential conductance is 
proportional to a normalized surface density-of-states, 

The second term neglected in Eq. (1  1) gives rise to a smoothly varying 
background. A closer examination of the cancellation of the transmission 
factors shows that the normalized differential conductance should favor 
unfilled states versus lower-lying filled states." 

The ability of the normalized conductance to show density-of-states 
features has been born out in theoretical calculations by Lang,34 as shown in 
Fig. 14 in Chapter 1. The dashed line in that figure shows (dZ/dV)/(I/Y) 
calculated using the expression in Eq. (lo), which is seen to provide a good 
approximation to the surface density-of-states. 

The normalization discussed here works fine for metals and small gap 
semiconductors. However, the normalized conductance is ill-defined at a 
band gap edge. This results from the fact that the current is going to zero at 
a gap edge faster than the differential conductance, which yields a divergence 
in the normalized conductivity. Experimentally, one sees large peaks on 
either side of a band gap which have nothing to do with density-of-states, 
but instead are an artifact of the normalization; usually the density-of-states 
goes to zero at gap edges. Therefore, for wide gap (> 0.5 eV) semiconductors, 
one needs to find an alternative solution. Basically, one needs to normalize 
to the transmission probability, which the current no longer adequately 
measures. Methods to achieve this are discussed separately in Section 4.5. 

4.4.2 GaAs Current Versus Voltage Characteristics 

Tunneling spectroscopy of semiconductor surfaces can reveal the semicon- 
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FIG. 18. Schematic view of the energy diagram for semiconductor-vacuum-metal tunneling. 
The semiconductor has its valence band maximum at EvB and conduction band minimum at E,, . 
The metal Fermi level is denoted EF and the semiconductor Fermi level lies at E,-eV. The metal 
work function is denoted by &. The barrier height at the semiconductor surface, 4, is shown 
bent upward due to the electric field penetration into the semiconductor. (From Ref. [37].) 

ductor properties such as surface band gaps, surface band bending, and 
dopant carrier densities. With the scanning ability of the STM, such measure- 
ments offer a wide-ranging potential to probe these properties on an atomic 
scale. In this section we illustrate some of the semiconductor tunneling 
characteristics with data from the GaAs(ll0) surfaces (see Section 5.3 for 
further information on GaAs surfaces). GaAs(ll0) is a convenient substrate 
as there are no surface states within the bulk band gap of 1.45 eV (the surface 
band gap, 2.4eV, is in fact larger than the bulk band g a ~ ) . ~ ’ . ~ ~  A schematic 
of the energy diagram for a semiconductor-vacuum-metal tunneling is 
shown in Fig. 18. In this section we will focus on the effects of the semicon- 
ductor band gap and surface band bending in the tunneling characteristics. 

Figure 19 shows the I-V characteristics for p-GaAs(l10) acquired at 
several fixed tip-sample  separation^.^' The rectification observed at negative 
sample bias is similar to the Si I- V characteristics in Section 4.4.1. A signifi- 
cant feature of the GaAs(ll0) I- Vcharacteristics is the absence of a band gap 
region where tunneling is not observed. In fact, curve (d) is virtually ohmic 
at zero bias. The experienced eye would note, however, a strong threshold 
behavior at 1.5 V in curve (c). 

To see the I-V characteristics more clearly, we normalize the various 
curves to account for the different tip-sample separations, as shown in Fig. 
20. This is accomplished by multiplying each successive I-V curve by the 
distance-dependent transmission term, exp ( 2 ~  As), where K is the vacuum 
decay constant, ,/%$/h (see Section 4.2). Thus the vertical scale in Fig. 20 
is not the true measured current, but a normalized effective current. Note that 
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FIG. 19. Current vs voltage characteristics ofpGaAs(ll0). Each curve is acquired at constant 
tip-sample separation with the relative separations differing by (a) 0, (b) - 1.2, (c) -3.2, and 
(d) - 4.8 A. (From Ref. [37].) 

the various tip-sample distance measurements allow almost eight decades of 
current to be effectively measured. 

The logarithmic plot of the I-V data in Fig. 20 shows the semiconductor 
details more clearly. In this figure, three regions of tunneling current are seen; 
a component beginning at 0 V and increasing with positive sample voltages, 
a second inflection point at + 1.5 V, and a component beginning at 0 V which 
increases uniformly with negative sample voltages. The first component, 
labeled D in Fig. 19, obscures the presence of a band gap due to tunneling 
into unoccupied hole states at small positive voltages, due to the ionized 
dopant impurity concentration of 1 x 10’8cm-3. The inflection at 1.5V 
defines the conduction band edge and is due to tunneling into the unoccupied 
conduction band states (labeled C). Because of the p-type doping, the Fenni 
level at 0 V is at the top of the valence band and the valence band edge is seen 
by the turn-on of tunneling at negative voltage (labeled V ) .  Tunneling into 
degenerate p-type semiconductors should give rise to a negative resistance 
region associated with tunneling into the hole states. This comes about 
because the tunneling current into the hole states decreases with increasing 
positive sample bias, since the barrier is increasing for these states while the 
number of hole states for tunneling remains fixed. This gives rise to a negative 
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FIG. 20. Current vs voltage for p-GaAs(l10). The open symbols show data computed from 
the data in Fig. 19 by multiplying the observed current by exp(ZKAs), where K = (2rn4)'/'/ 
6 = 1.09 k' . Theoretical results are shown including band bending (dotted line), assuming flat 
band conditions (dashed line), and including both band bending and tunneling through the 
semiconductor space charge region (solid line). The various components of the current are 
shown in the inset: C, conduction band; V, valence band; and D, dopant induced. (From Ref. 
I371.1 

resistance in tunneling calculations for this bias range,38 which is usually 
observed only as a plateau in the STM I-V characteristics (see Fig. 20), as 
well as in fixed-tunneling  junction^.^' 

In this case 
a single I- V curve is sufficient to span the displayed voltage range. Tunneling 
out of the occupied dopant impurity states now occurs in the voltage range 
0 to - 1.5V. Below - 1.5V the current flows out of the valence band, and 
above OV the current flows into the conduction band. Both the p-type and 
n-type I- Vcurves are characteristic of tunneling into degenerate semiconduc- 
tors, as seen in planar junctions as well.'"' The essential difference between the 
p-type and n-type curves is a shift in voltage by about 1.5 V, corresponding 
to the shift in the bulk Fermi level across the GaAs(ll0) band gap. In 
addition, the intensity of the D component differs between p-type and n-type, 
since in the former case the tunneling-barrier height for this component 

Figure 21 shows the I-Vcharacteristics for n-type GaAs( 1 
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FIG. 21. Current vs voltage for n-GaAs(l10). The open symbols show the data from a single 
current-voltage measurement. Theoretical results are shown for the same cases as in Fig. 20. The 
various components of the current are shown in the inset: C, conduction band; V, valence band; 
and D, dopant induced. (From Ref. [37].) 

increases as the magnitude of the voltage increases, whereas in the latter case 
it decreases. 

Both the n-type and p-type data were analyzed with the planar tunneling 
 calculation^,^^ as described in Section 4.2. Semiconductor characteristics were 
included within the effective mass model. In these calculations, two new 
effects were identified in the tunneling characteristics: first, the electrostatic 
potential in the semiconductor is effected by the junction electric field because 
of the relatively weak semiconductor screening. Second, a discernible tunnel- 
ing transmission through the space charge layer at the semiconductor surface 
can be observed. 

The field penetration into the semiconductor, illustrated in Fig. 18, can be 
calculated by integrating Poisson's equation through the semiconductor and 
matching the electric potential and electric displacement at the semiconduc- 
tor-vacuum interface.37 Figure 22 shows the resulting surface band bending 
as a function of applied sample voltage for n- andp-GaAs(ll0). The net effect 
is that the effective voltage, or potential, across the junction is not equal to 
the applied voltage, but reduced. This calculation neglects any screening by 
surface states, which will reduce this tip-induced band bending.4' The impor- 
tance of tunneling through the space charge region can be seen by estimating 
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FIG. 22. Semiconductor surface band bending, 4 (see Fig. 18), as a function of sample voltage 
for n- andp-type GaAs doped at 1 x 10'8cm-3. The quantity plotted equals the band bending 
at the surface of the semiconductor and is computed by numerical integration of Poisson's 
equation through the space charge region. The metal electrode is placed 9A from the semicon- 
ductor. (From Ref. [37].) 

the transmission probability for space charge regions determined by the 
doping and surface potential. Zero-temperature calculations, including these 
various terms, are shown in Figs. 20 and 21. The best agreement with the 
experimental data is obtained when the calculation includes both the field 
penetration and tunneling through the space charge region. 

4.4.3 Spatial Semiconductor Characteristics 

The properties observed in the semiconductor I- V characteristics: band 
gaps, surface band bending, and carrier concentrations, may all be probed as 
a function of spatial position, including in the vicinity of adsorbates. In this 
section a few examples are presented illustrating these properties. 

In the last section we saw that the bulk band gap can be observed in the 
clean surface I-V characteristics on GaAs(ll0). With the presence of an 
adsorbate, states can be introduced into the band gap with the effect of 
narrowing the observed tunneling gap. The extreme case of a metallic band 
will lead to the absence of a tunneling gap, since the Fermi level would 
intersect a partially filled band of states. An example of gap narrowing is 
observed in the case of Cs on GaAs(llO), as illustrated in Fig. 23.42 Corres- 
ponding structures for the 1- and 2-D Cs phases are shown in Fig. 24. Curve 
(a) shows the I- V characteristics of n-GaAs( 1 lo), with a 1.5 eV band gap. 
This differs from the curve in Fig. 19 in that the dopant contribution is not 
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FIG. 23. Current vs voltage measurements over various Cs structures on GaAs( 110): Curve 
a, region of clean n-GaAs( 110); curve b, I-D zig-zag chain on n-GaAs(l10); curve c, 2-D Cs on 
p-GaAs(ll0); curve d, saturation 3-D bilayer on p-GaAs(l10). The indicated band gaps were 
determined on a more sensitive logarithmic scale. Note that curves b-d are offset for clarity. 
(From Ref. [42].) 

seen, since a small amount of band bending is present (due to the presence 
of nearby Cs), which pinches off any tunneling from the dopant induced 
carriers. I-V spectra recorded on the 1-D Cs chains, shown in Fig. 24(a), 
reveal a narrowing of the GaAs( 1 10) band gap to 1.1 eV and an upward band 
bending shift of N 0.25 eV. Further narrowing to 0.65 eV is seen in the I-V 
characteristics of the 2-D phase. Fully metallic characteristics are seen with 
second layer nucleation, as seen in curve (d), which does not display a band 
gap. The narrowing of the GaAs( 110) band gap indicates that states are 
introduced due to the presence of the adsorbates, but with the surprising 
result that 1- and 2-D phases of alkali metal atoms are in~ulating.~' Mott- 
insulator type of behavior was also found in Cs on InSb(ll0) with the 2-D 
phase also displaying a 0.6 eV gap; however, in this case the 2-D alkali phase 
opened up a band gap larger than the InSb substrate band gap of 0.15 eV, 
which indicated the 0.6eV band gap is a characteristic of the 2-D Cs phases." 

While the determination of the tunneling gap seems straightforward from 
the I-V measurements, care must be taken to ensure that sufficient dynamic 
range is present to measure the gap. This results from the small density-of- 
states near the gap edge, and as shown in the simulated I- V curves in Fig. 5 
in Section 4.2, a false gap may be observed due to insufficient dynamic range 
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FIG. 24. STM topographic images of Cs on GaAs(l10) corresponding to the I-V measure- 
ments in Fig. 23. (a) 1370 x 1370A image of Cs 1-D chains, (b) 70 x 70A, a single Cs zig-zag 
chain, (c) 50 x 50A, of the 2-D c(4 x 4) Cs phase. The small black dots denote the approximate 
positions of the five Cs atoms within one Cs polygon. (d) 400 x 400& of a disordered 3-D Cs 
bilayer at saturation coverage. (From Ref. [42].) 

to measure the small tunneling current if the tip-sample separation is too 
large. For the semiconductor gap measurements discussed earlier, we usually 
acquire a family of I- Vcurves at decreasing distances, as in Fig. 20, to ensure 
that the limiting gap is obtained. Usually the smallest tip-sample separation 
used in the measurement is just close enough that tip-sample contact is 
imminent. The variable separation methods described in Section 4.5 can be 
used to provide a more continuous measure of the entire I- Y curve, thereby 
allowing subsequent normalization. 

As mentioned above, the I- V characteristic can show a spatial dependence 
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in the position of the semiconductor band edges with respect to the Fermi 
level, indicating a spatially varying potential at the surface. Potential varia- 
tions in semiconductors are generally more long-range than in metals due to 
the lower carrier densities and hence longer screening lengths. For small 
potential disturbances the length scale over which the potential decays to an 
equilibrium value can be estimated by the Thomas-Fermi method which 
yields a screening length for n-type material as,4q 

where E is the static dielectric constant ( 1  2.9 for GaAs), E, is the permitivity 
of free space, n is the bulk electron concentration, sk is the Fermi integral of 
order k, and q = (EF - Ec)/kB T is the reduced Fermi energy. For non- 
degenerate carrier densities this simplifies to the so-called Debye length 
L = ( ~ ~ , k ~ T / n e ’ ) .  For n-GaAs with an impurity concentration of l O ” ~ m - ~  
the screening length is 56A. Long-range effects can be seen in the STM 
contours near adsorbates or defects which change the local charge balance.30 
Such defects occur naturally on cleaved 111-V(110) surfaces, and display 
long-range contours which resemble shallow wells or raised mounds, depend- 
ing on polarity and doping. These long-range contours indicate spatial 
variations in the surface band bending, as shown in Fig. 25. From the sign 
of the long-range contour (increasing or decreasing) and knowledge of the 
doping, the charge state of the defect can be inferred, although the exact 
defect origin (antisites, dopant atoms . . .) awaits further studies. Long-range 
contours can also be seen with adsorbates, such as observed in the contours 
of oxygen on GaAs( 110) contours, shown in Fig. 14, and the raised As atoms 
near the 1-D Cs chain in Fig. 24. 

The spatial variations in the surface band bending can also be probed with 
I-V characteristics. Two effects are usually seen. One is that the dopant- 
induced carrier contribution to the tunneling current decreases as the bands 
deviate from flat band conditions, as a result of the increasing difference 
between the Fermi level and a band edge. This affects the free carrier density 
through the Fermi distribution function as, 

n ( T )  = NcsI/Z((EF - Ec + e 4 ) / k B T )  
p ( T )  = Nv&/Z((~V - EF + e4)/kB 

(14) 

(15) 
where n and p are the electron and hole concentrations, Nc and N, are the 
effective conduction and valence band density-of-states, and 4 is the spati- 
ally varying electrostatic potential. 

The second effect observed in the I-V characteristics is that the positions 
of the valence and conduction band edges shift with respect to the Fermi level 
(OV) with band bending. Figure 26 illustrates both of these effects with I-V 
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FIG. 25. (a) STM image of native defects on n-GaAs( 110) at - 2.5 V sample bias. (b) Surface 
height contours, in the [OOI] direction, along lines AA (solid line) and BB (dashed line) shown 
in (a). (From Ref. [30].) 

characteristics acquired on the GaAs(ll0) surface in the vicinity of an Fe 
cluster.45 In Fig. 26(a), the tunneling due to dopant-induced carriers for 
voltages between 0 and I .4 V is evident for the I- V curve far from the Fe 
cluster, and is characteristic of flat bands at the surface. As we approach the 
cluster, this tunneling current decreases due to a downward shift of the 
semiconductor bands. The shift of the bands is also seen in the I- V curves at 
negative biases. Figure 26(b) quantifies these effects with the magnitude of the 
tunneling current at 0.8 eV versus spatial position. Since the tunneling barrier 
is changing very little with position (< 2%), this tunneling current is directly 
proportional to the valence-band free-carrier hole density, as shown by the 
dashed line in Fig. 27, which is set to its bulk value at large distances. This 
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FIG. 26. (a) Tunneling current vs voltage measurements onp-GaAs(l10) (impurity concentra- 
tion 2 x 10'9cm-') as a function of distance from an isolated Fe cluster on GaAs(ll0). Curves 
(a+) correspond to distances from the cluster edge of 23.3, 34.3, 49.0, 67.3, and 82.7& 
respectively. The inset shows the energy diagram (not to scale) for tunneling into holes at the top 
of the valence band with positive sample bias. (b) The tunneling current at  V = 0.8V as a 
function of distance from the Fe cluster (solid squares). (From Ref. [45].) 

data is then fit (using Eq. (15)) to extract the spatial potential profile as shown 
by the solid line in Fig. 27. The screening potential is observed to encompass 
a range of about 0.1 eV. In the semi-classical approximation, this potential 
shifts the semiconductor bands uniformly with respect to the Fermi level, 
which we see qualitatively in the curves (a-e) in Fig. 26(a). The screened 
potential is expected to have an asymptotic limit of the zeroth-order modified 
Bessel function, for a solution of Poisson's equation with the surface 
boundary condition, of the form, 4 cc exp (- p / A ) / f i ,  where p is in the 
surface plane. A best fit to this functional form is shown in Fig. 27 with a 
screening length 3, = 21.7 ? 0.4A. This value can be compared to a bulk 
screening length of 18A estimated from Eq. (13), which is seen to be of 
similar magnitude. Note with this analysis the 0.1 eV variation of the poten- 
tial in Fig. 27(b) is in agreement with the shifts in the I-V curves, but is 
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FIG. 27. Dashed line: Carrier density vs distance obtained from equating the spatial variation 
in the gap current (solid line in Fig. 26(b)) to the surface free carrier density. The plateau at 90A 
was scaled to the bulk carrier density of 2 x 10'9cm-3. Solid line: Screening potential q5 vs 
distance obtained from the carrier density shown by the dashed line. Dotted line: Best fit to the 
potential data shown by the solid line with the functional form P''/&, with 1 = 21.7 0.4A. 
(From Ref. [45].) 

measured (although indirectly) to better precision, since the band edges are 
not well-defined in Fig. 26(a). 

4.4.4 Current Imaging Spectroscopy 

Combining the scanning ability of the STM with the spectroscopic capa- 
bilities allows for high spatial resolution spectroscopy measurements, essenti- 
ally on an atom by atom basis. Current imaging or current imaging tunneling 
spectroscopy (CITS) involves the measurement of the I- V characteristics at 
each pixel that the normal STM topograph is taken. One then has a normal 
STM image as well as current images (or derived quantities such as dI/dV), 
where the current images are obtained from the three-dimensional data 
structure of I( V ,  x ,  y). The current image thus represents a slice, at a given 
voltage, of the current as a function of the lateral x ,  y coordinates. Variations 
on this theme can be performed whereby I-V characteristics are recorded at 
a subset of points in a grid or along a particular line in an image. The use of 
current imaging, in particular with conductance measurements, allows a 
more energy-resolved spectroscopy to be performed with spatial emphasis. 
One can see the location of states as a function of energy and position. 
Notable examples have been the surface states on the Si( 1 1 1)7 x 7 surface by 
Hamers et u I . ~ ~  and the vortex states in superconductors by Hess et ~1.4 '  (see 
Chapter 9). In this section we illustrate the technique with an example from 
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Fe/GaAs( 1 and show some of the problems in the interpretation of 
current imaging with data from the Si( 11 1)2 x 1 surface.lg 

The timing sequence for current imaging is the same as shown in Fig. 2, 
with the adjustment that the sequence is repeated at each pixel sampled in the 
image. For shorter acquisition times, a smaller subset of pixels can be chosen 
for the I-V measurements, for example, in a coarser grid or along a line in 
the image (see Chapter 9). During data acquisition, the I-V measurements 
can be observed in real time with a monitor of the current signal on an oscil- 
loscope. The conductance, dI/dV, can be measured directly with lock-in 
detection or the conductance can be computed numerically from the current 
measurements. Due to the lengthened time requirements of the I- V acquisi- 
tion, it is desirable to have a high bandwidth preamplifier and very low 
tip-sample capacitance so that the I-V measurement can be made as fast as 
possible (assuming lock-in detection is not being used). If a measurement is 
made too fast compared to the system response (tip-sample junction), 
however, a large displacement current offset will appear giving rise to hys- 
teresis in the I- V measurement. Signal-to-noise can be improved by signal 
averaging or lock-in detection at the expense of longer data acquisition times. 

Figure 28 shows conductance images of Fe/GaAs(llO) at two different 
voltages obtained from I-V measurements at each pixel in the STM topo- 
graphs4* Fe clusters are located in the central black regions, where the 
conductance is large and off-scale in this image due to the large current from 
the metallic clusters. Current limiting, as suggested in Section 4.1, was used 
so that the conductance at these voltages was not even obtained over the 
clusters. Nearby the clusters on the GaAs(ll0) surface, finite conductance is 
observed at energies within the GaAs(ll0) band gap where there is usually 
no tunneling current observed. Note this finite conductance is not due to 
dopant carriers, discussed in the previous section, since this contribution is 
“pinched off’ due to band bending (see Section 4.4.3). The conductance near 
the clusters is seen to decay exponentially with distance, reaching zero value 
far from the clusters. By analyzing the conductance images with energy, it is 
seen that this decay length depends on the energy within the GaAs (1 10) band 
gap, as seen by comparing Figs. 28(a) and (b), and is discussed in more detail 
in Section 5.3. The analysis of the Fe conductance images was relatively 
straightforward (the changes in the conductance occurred over regions where 
the topography was not changing appreciably). When large topographic 
features overlap the spectroscopic features, however, care must be given to 
other non-spectroscopic sources of contrast. One non-spectroscopic source 
of contrast can be a feedback loop which is simply proportional with low 
gain. The resulting finite error in z position over varying topography changes 
the tunneling transmission probability, thereby introducing false contrast in 
the spectroscopy images. 
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FIG. 28. Images of the logarithm of the differential conductance, dI/dV, obtained from the I-V 
characteristics of Fe/p-GaAs(1 lo), recorded at each pixel in the normal topographic image. The 
images in the fop (a) and bottom (b) panels correspond to voltages of I .  1 and 1.0 V, respectively. 
The images are shown with a grey scale ranging from 0 to 300pA/V. The central black regions 
denote areas of large current over the metallic clusters. (From Ref. [48].) 
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FIG. 29. STM images of the Si(ll1)2 x 1 surface. (a) Constant-current image obtained at a 
sample bias of 1.5 V. (b)-(e) Current images, obtained simultaneously with the constant current 
image (a), at sample voltages of 1.22, 0.93, 0.63, and 0.34V, respectively. (f)-(i) Conductivity 
images, obtained by numerical differentiation, at sample voltages of 1.22,0.93,0.63, and 0.34V, 
respectively. For all images, the magnitude of the appropriate quantity is plotted using a grey 
scale, with black representing small values and white representing large values. (From Ref. [19].) 

Topographic-dependent contrast through the tunneling transmission 
factor can be inherent in the measurement, as seen in data from Si( 1 1 1)2 x 1 
surface, shown in Fig. 29.19 Recall from Section 4.3 that the topographic 
features in the STM image [Fig. 29(a)] result from the localized surface states 
on one of the two atoms in the unit cell. As the voltage is lowered, going 
through the current images (b-e) and conductance images (f-i), one observes 
shifts in the position of the maxima at the center of the crosshairs, with a 180" 
phase change observed in [OlT] direction at the lowest voltage. Such a change 
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FIG. 30. Schematic illustration of current-voltage characteristics at two different spatial 
locations (a) and (b) on a surface. The currents are equal at the voltage V, . At V,, a surface state 
feature appears at the location (a), and it can be imaged at that voltage. An image formed at the 
voltage V, will show a maximum at spatial location (b), associated with the varying background 
level of the current. (From Ref. [49].) Reprinted by permission of Kluwer Academic Publishers. 

of phase is not observed in the normal STM topograph (the phase shift is 
observed when the polarity is changed), and therefore this change in contrast 
is not derived from electronic density-of-states; rather the contrast results 
from changes in the tunneling transmission factor. This results from the fact 
that the STM constant current contours are not constant z contours, and 
when the tip is in the valley versus the peak of a maximum, the tunneling 
transmission factor (Eq. ( 5 ) )  is different, since it depends on z.  In analyzing 
normalized conductance images of (dZ/dV)/(Z/ V ) ,  one sees these effects mini- 
mized to some degree.” In general, however, one has to consider carefully the 
contrast observed in the spectroscopic images as many variables can be 
interwoven. 

The general problem encountered in the interpretation of current (or 
conductivity) images, when topographic variation is encountered, is illustrated 
in Fig. 30.49 We plot in that figure two possible I-Vcurves, assumed to exist 
at two different lateral positions (a) and (b) on the surface and at some 
particular values of tip-sample separation used in the measurement. If these 
curves were measured with the CITS method, then the currents would be 
constrained to be equal at the feedback voltage V, , as shown in Fig. 30. In 
both of the curves, we show the current increasing rapidly with voltage. This 
increasing “background” on the current is always present in real data, and 
arises from the transmission term for electrons tunneling through the vacuum 
barrier, Eq. (5 ) .  In curve (a) of Fig. 30 we show a possible surface-state peak 
near the voltage &, which does not appear in curve (b). Now let us consider 
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forming images of the tunneling current. At the voltage V, we will see a 
maximum in the image near the spatial position (a), and this maximum can 
correctly be interpreted as a surface-state related feature. However, at the 
voltage V, , the images will show a maximum near the spatial position (b). In 
this case the maximum arises purely from varying background on the current, 
and is not related to a surface-state. 

As illustrated in the previous example, one must exercise caution in inter- 
preting the features seen in current images. Similar comments apply for 
differences between current images, and for conductivity images measured at 
constant current. In general, a complete spectrum of the surface states must 
first be examined before one can assign specific topographic features to 
individual surface states. These problems of the “background” are more 
severe for current images measured by the CITS method than for conventional 
constant-current images because the CTTS images actually represent a 
current difference, and as such they are more sensitive to changes in the 
background level of the tunnel current. 

4.5 Variable Separation Measurements 

In this section we discuss methods for performing spectroscopy with the 
STM using a continuous variable separation between probe tip and sample. 
The aim of these methods is to achieve a wide dynamic range of tunneling 
current and conductivity. This goal is especially important for semiconductor 
surfaces, where, at low bias voltages of approximately < 2 V the presence of 
a band gap leads to tunneling conductivities which range over many orders 
of magnitude. Since STM measurements are limited to relatively low currents 
of approximately < 1 nA to prevent sample damage, it is difficult to measure, 
in a limited amount of time, such a large dynamic range of conductivity. 
Thus, one resorts to the use of variable tip-sample separation, in which the 
tunnel current at low bias voltage is amplified by reducing the tip-sample 
separation. Subsequent normalization of the spectrum is performed to 
remove the effects of varying the tip-sample separation. The most basic type 
of variable separation acquisition method has already been illustrated in 
Figs. 15 and 19, where different discrete values of the tip-sample separation 
are used to obtain the high dynamic range. The major problem with this type 
of measurement is that the spectrum ends up being acquired piecewise, and 
some effort is required to match together these pieces into the final complete 
spectrum. The solution to this problem is to vary the tip-sample separation 
in a continuous manner as the bias voltage changes. Two methods for acquir- 
ing data in this way are presented in Section 4.5.1. 

The two most basic methods of spectroscopic normalization have already 
been illustrated above. The first method is shown in Figs. 15 and 17, where 
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one computes a ratio of the differential conductivity dZ/dV to the total 
conductivity Z/V. This method has been succesfully used on a variety of metal 
and semiconductor surfaces with small surface-state band gaps, and the 
normalized conductivity (dZ/dV)/(Z/ V )  is often said to be proportional to the 
surface state density. However, for the case of surfaces with large band gaps 
such as GaAs(1 lo), the method completely breaks down; both the current 
and the conductivity approach zero at  the band edges, and their ratio tends 
to diverge (or at least approach some large v a l ~ e ) . ~ ~ , ~ ’  These divergences are 
purely artifacts of the normalization method, and they do not reflect any real 
state density of the surface. Thus, we require some generalization of the Z/ V 
normalization method which can be applied to spectra which contain large 
band gap regions. One such method is described in Section 4.5.2. 

The second basic type of normalization method, illustrated in Figs. 19-20, 
is to account for the differing values of tip-sample separation simply by using 
a lowest-order multiplicative correction of the form exp ( ~ K A s ) ,  where As are 
the known values of the relative tip-sample separations, and K is the inverse 
decay length of the tunnel current (times 1/2). This type of normalization is 
clearly also applicable to the case where the tip-sample separation varies 
continuously. The only parameter in this analysis is the inverse decay length 
K ,  which in general depends on both the tip-sample separation and bias 
voltage, K = K ( S ,  V ) .  These dependences are usually small, so that in most 
cases it is sufficient to assume a constant value, K = ice, which can be easily 
obtained from a single measurement of tunnel current versus separation or 
simply by computing K~ = (2m9)”’/h. In some cases, however, one may wish 
to go further and include the complete form K ( S ,  V )  together with any 
possible variation in K from point to point on the surface. It is then necessary 
to measure the decay length simultaneously with the measurement of the 
tunneling spectra. There exists a rigorous method for accomplishing this 

as described in Section 4.5.3. 

4.5.1 Acquisition Methods 

As discussed earlier, it is generally necessary to vary the tip-sample separa- 
tion s during a spectroscopic measurement in order to amplify the tunnel 
current up to a conveniently measurable range. In this section we discuss 
methods in which the separation is varied continuously as a function of 
voltage, i.e., s = s( V ) .  One then measures the tunnel current, Z,[s( V ) ,  V ] ,  
where the subscript m refers to the measured quantity. In general, one also 
wants to determine the conductivity, but this cannot be obtained by numeri- 
cal differentiation of the current because that calculation yields a total 
derivative which includes contributions from the varying s( V )  (see Eq. (19)). 
Thus, to obtain conductivity one must use a modulation technique, so that, 
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at each voltage, the conductivity equals the derivative of the current with 
respect to voltage at fixed tip-sample separation, 

Using a modulation frequency of about 1 kHz with a lock-in amplifier 
leads to a measurement time for the spectrum of a few seconds. The feedback 
loop of the STM must be disabled during this entire time period; thus, these 
methods are only possible when the residual thermal or piezoelectric drift 
rates of the STM are less than 0.1 A/s. 

The major decision which must be made in the variable gap methods is the 
choice of the tip-sample separation contour, s( V )  to use in the measurement. 
One of the simplest choices is to apply a linear ramp, moving the tip towards 
the surface as the magnitude of the voltage is decreased, and then, after the 
voltage crosses zero, retracting the tip as the magnitude of the voltage 
increases. Thus, one uses a contour of the form 

As(V) = s (V)  - 3 ,  = -alV( ,  (17) 

where so is the tip-sample separation at zero volts, and the parameter a 
determines the slope of the ramp. For general measurements on any surface, 
a value for a of 0.5-1 A/V is suitable, although larger values can be used for 
systems in which higher sensitivity is required at low voltage. Figure 31 shows 
an example of this type of data, acquired on a monolayer of Sb on the 
GaAs( 1 10) surface.” This system possesses a surface-state band gap of about 
1.4eV (nearly the same as the clean GaAs band gap). High dynamic range 
was desired in this case in order to probe the band gap region for the existence 
of states in the gap. Figure 31(a) shows the conductivity u,, (b) shows the 
current I,, and (c)  shows the applied variation in the tip-sample separation 
As which has a slope of 2A/V in this case. Figure 31(d) refers to the 
normalization of the spectrum, which we discuss in the following sections. 

The choice of a V-shaped s( V )  contour is sufficient for a number of STM 
applications, but there are cases when this method fails to provide a suitable 
amplification of the current at the appropriate voltages. For example, 
consider the measurement of spectra from both p- and n-type GaAs surfaces, 
using the same measurement parameters for each spectrum. Such a situation 
would be encountered, for example, in spectroscopic measurements across a 
pn-junction. I-V curves for the p-type and n-type material are shown in Figs. 
20 and 21, respectively. At a given voltage, the currents in the two materials 
can differ by more than a factor of 10, and this ratio varies widely as a 
function of voltage. The situation is even worse on material which is slightly 
depleted so that the D-components of the tunnel current seen in Figs. 20 and 
21 are absent; then, the currents onp- and n-type materials can differ by many 
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FIG. 31. Raw data for (a) the differential conductivity, and (b) the current, as a function of 
sample voltage, obtained from an ordered region of a monolayer Sb film on GaAs(I10). The 
applied variation in tipsample separation is shown in (c). The total conductivity I / V  is shown 
in (d), with no broadening (solid line) and with a broadening of A V = 1 V (dashed line). (From 
Ref. [SO].) 

orders of magnitude. Thus, for any choice of tip-sample separation which is 
specified apriori , it is not possible for both the p -  and n-type material to have 
a current which is both large enough to be measurable and not too large to 
cause sample damage. In this case we require a more sophisticated choice of 
tip-sample separation, in particular, one that depends on the magnitude of 
the tunnel current at each voltage. 

A general choice of s( V )  contour, suitable for spectroscopic measurement 
on any system, can be obtained by the following prescription: Starting from 
the initial high-voltage point of the spectrum, the current is maintained at a 
constant value (by leaving the feedback loop enabled), and the tip-sample 
separation follows the resulting constant-current contour. Then, when the 
measured tip displacement exceeds some preset value, the feedback loop is 
disabled and the tip-sample separation is held constant. After zero volts has 
been crossed and the voltage is increasing in magnitude, constant-current 
operation is re-established when the magnitude of the current starts to exceed 
its original constant value. An example of this type of data is shown in Fig. 
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FIG. 32. Raw data for (a) the tunneling current, and (b) the conductivity, as a function of 
sample voltage, obtained from an ordered region of a monolayer Sb film on GaAs(l10). The 
applied variation in tip-sample separation is shown in (c). illustrating a combination constant- 
current/constant-s method. The zero of tip height is arbitrary. (From Ref. [52].) 

32, taken again from the Sb/GaAs(l 10) surface.'* Figure 32(a) shows the 
current I,, (b) shows the conductivity om, and (c) shows the measured 
variation in tip-sample separation As. The preset value of the maximum tip 
displacement was 6 1$ in this case. Comparing Figs. 3 1 and 32, it is clear that 
a much higher amplification of the current and conductivity has been 
achieved at low voltages in Fig. 32, because of the more sophisticated choice 
of tip-sample separation. On the other hand, it may be apparent to the reader 
that subsequent normalization of the data to eliminate the effects of the 
varying tip-sample separation is somewhat more difficult for the data of Fig. 
32 compared with Fig. 31. This normalization is the subject of the following 
two sections. 

4.5.2 Normalization to 

In this section we consider normalization of spectroscopic data by taking 
the ratio of the differential conductivity om to the total conductivity I m / K  
Figure 33(a) shows this ratio, computed for the raw data of Fig. 31. We see 
that near the band edges at - 0.4 and l.OV, the normalized conductivity 
tends to diverge. This divergence is not surprising; it arises simply because, 
at a band edge, both the tunnel current and conductivity approach zero, and 
their ratio diverges. This breakdown of the analysis method occurs because 
I/V is no longer a valid estimator of the tunneling transmission term, which 
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FIG. 33. Normalization of the conductivity spectrum (from Fig. 31), where I / V i s  broadened 
by various amounts, A V .  In curve (a) the normalized data become extremely noisy near 0 V, and 
that section of the curve is not plotted. (From ref. [SO].) 

itself does nor equal zero in a band gap. Thus, we must find some other means 
of estimating the transmission term in order to provide a suitable normaliza- 
tion quantity. 

One method to eliminate the divergence in the normalized conductivity is 
to broaden the function I /  I/ by convolution with a suitable function, thereby 
eliminating the zeros of Z/V within the band g a ~ . ~ ' . ~ '  An example of this is 
shown in Fig. 31(d), where we show Z/V for the Sb/GaAs data with no 
broadening, and with a broadening width of AV = 1 V. The broadening in 
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this case was accomplished by convolution with an exponential function, 

For ease of computation this convolution was Fourier transformed, in which 
case it corresponds to a low-pass filter of the form 1/(1 + f , A V )  wheref, is 
the frequency component of the voltage.s0 The results for the normalized 
conductivity, om/(Zm/V),  are shown in Figs. 33(b)-(d) for broadening widths 
of A V  = 0.1, 1, and 5V. We see that, even with a small amount of broaden- 
ing, the divergences at the band edges disappear, and the normalized conduc- 
tivity within the band gap approaches the zero level. In general, one must use 
a A V value which is roughly equal to the band gap in order to eliminate all 
of the band edge divergences and noise within the gap. Away from the band 
edges the other features in the spectrum are only slightly affected by the 
broadening procedure. 

The choice of an exponential convolution in Eq. (1  8) is made purely for 
convenience, and other functions (e.g., a Gaussian) could also be applied. 
Some authors choose simply to add some small constant value to Z/ V in order 
to eliminate the zeros within the band All of these procedures are, 
of course, only applied to the normalization quantity Z/V, and do not affect 
the data values for the differential conductivity. We note that the use of such 
procedures in estimating a suitable normalization curve is actually much 
more widespread than might appear from a reading of the literature. Many, 
if not most, of the practitioners of STM spectroscopy have occasionally used 
these methods as an aid in computing the normalized c o n d ~ c t i v i t y . ~ ~ ~ ~  
Wherever a band gap can be seen in the normalized conductivity, i.e., 
(dZ/dV)/(Z/ V )  -, 0, one can be sure that some small amount of broadening 
has been included in the computation of I / V .  

Although the procedure outlined above allows us to extend the Z/V nor- 
malization procedure to cases where a band gap is present in the data, it 
suffers from the drawback that the broadening method will always involve 
one (or more) parameters and thus is somewhat more arbitrary than one 
might like. There is no solution to this problem, and we must accept this 
drawback of the method. When normalized spectra are compared with each 
other, one must check in each case that the details of the normalization are 
not affecting the spectral features in question. A more significant problem 
arises when we consider how to apply the v m e t h o d ,  including broadening, 
to any arbitrary piece of data, i.e., acquired with arbitrary s( V )  contour. In 
the example shown in Figs. 31 and 33, the V-shaped contour provided a 
particularly favorable case for this method. However, if we consider, for 
example, data acquired with constant tip-sample separation, then the com- 
putation of T V  by Eq. (18) will, at each particular V, preferentially weight 
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currents with I V’l > I VI since those currents are exponentially greater in 
magnitude. Thus, the broadening procedure becomes rather asymmetric, 
which is a problem, especially for large band gap cases. An even more serious 
problem occurs if we consider data of the form shown in Fig. 32. There, the 
use of constant-current s( V )  contours up to the band edges, and constant-s 
within the band gap, leads to the sharply peaked features in the differential 
conductivity 6, at the band edges. If we normalize om to m, then these 
peaks will remain in the ratio. Thus, the use of T V  according to Eq. (18) is 
applicable only to particular s( V )  contours, and some other method must be 
found for the general case. We describe such a method in the following 
section, where we first describe how to transform data acquired with arbi- 
trary s( V )  into constant-s conductivity, and we then provide a generalization 
of the v m e t h o d  to this constant separation data. This more general method 
gives further justification for the method, as both yield the same results 
for a given system. 

4.5.3 Transformation to Constant Separation 

In this section we describe a method by which spectroscopic data acquired 
with variable tip-sample separation can be transformed, in a parameter-free 
method, to constant ~eparation.’~.’~ To illustrate the feasibility of this pro- 
cedure, consider the following total derivative: 

dZ(s, V )  BZ(s, V )  BZ(s, V )  ds(V) 

The quantities on the far left- and far right-hand sides of this equation can 
be obtained by numerical differentiation of the measured Z,[s(V), V ]  and 
s( V ) ,  respectively, and the quantity on the right-hand side of the equals sign 
is identical to the measured conductivity. Thus, we can solve for BZ/BsJ,, 
which, in principle, contains the information required to deduce the s- 
dependence of the current and conductivity. In practice, to avoid numerical 
differentiation, the analysis method proceeds using an integral transform 
approach as described next. 

The analysis method is based on the use of the logarithmic derivative, 

(19) -=- 
dV BV IS+T lV2T  

Since the logarithmic derivative equals the ratio of conductivity to current, 
it is approximately independent of tip-sample separation for small changes 
in separation. Denoting the logarithmic derivative at some constant-s value 
of s = s’ to be g(s’, V ) ,  we have 
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This is the only approximation made in the analysis, and it has only relatively 
minor effects on the final results of the analysis pr~cedure,’~ as further 
discussed later. Now, from the definition of g(s’, V )  we have 

a(s’, V )  d 
g(s’, V )  = - - - -log Z(S’, V ) ,  

Z(s’, V )  dV 

(note that the total derivative on the right-hand side of this equation is valid 
only because the current is evaluated at constant s = s’). From eq. (22) it 
follows that 

for any V and V’ which have the same sign. Differentiating with respect to 
V then yields 

This equation gives the conductivity at any value of s, in particular at s = s‘. 
The value of V’ is arbitrary; choice of a different V ‘ simply introduces a scale 
factor multiplying the exponential term, which is canceled by the Z(s’, V’) 
multiplier as seen from Eq. (23). 

Equation (24) provides the conductivity at constant tip-sample separation, 
which is the desired result of the analysis. To evaluate this equation in terms 
of the measured data, Eq. (21) is used to evaluate the logarithmic derivative. 
Furthermore, the term Z(s’, V’) is evaluated from the measured quantity 
Z,,[s( V’),  V], in which case it is necessary to take s’ = s( I”). The evaluation 
of Eq. (24) in terms of measured quantities is then given by 

4s’, V )  = I m M V ’ ) ,  ~ ’ l g m [ s ( V ) ,  VIexp{J-:, gm[s(E), W E } .  (25) 

The evaluation of this equation must be performed separately for positive 
and negative voltages. The measured s (V)  contour need not be symmetric 
between positive and negative voltages (e.g., as seen in Fig. 32(c)); thus, to 
achieve consistent normalization between the two sides of the spectrum, one 
must choose the V’ values on either side such that the s( V’) values are equal 
for positive and negative voltages. 

Figure 34 shows the results for the conductivity at constant-s for the data 
of Fig. 32, evaluated as just described. We see that the conductivity at 
constant-s extends over six orders of magnitude, with clear definition of the 
band edges and other spectral features. Because we have transformed from 
variable-s to constant-s, the result implicitly contains values for the inverse 
decay length K(S, V ) .  These can be explicitly obtained by considering the 
ratio of transformed to measured conductivity, as a function of s(V) ,  as 
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FIG. 34. Transformation of the conductivity spectrum from Fig. 32 to a constant value of 
tip-sample separation. The inset shows the ratio of transformed to measured conductivity, 
displaying an exponential dependence on the relative tip-sample separation, As. The two curves 
in the inset arise from the positive and negative voltage sides of the spectrum. Normalization 
points of V’ = - 0.20 and 0.71 V are used, corresponding to s’ = s( V’)  = - 6.OA on the scale 
of Fig. 32(c). (From Ref. 1521.) 

shown in the inset of Fig. 34. Values for K ( S ,  V) can be obtained by measur- 
ing the slope of these curves, which, for Fig. 34, yields an average value of 
0.94 A-’ . A detailed analysis reveals that the values for K ( S ,  V) obtained in 
this way are identical with those obtained by the conventional method of 
measuring the logarithmic derivative of the tunnel current with respect to 
separation.” In particular, this result holds true even when we include the 
effects of the approximate Eq. (21), and for any variation of rc as a function 
of (s, V). If we consider, rather than K ( S ,  V), the evaluation of o(s’, V) from 
Eq. (25), it turns out that the possible V-dependence of K will affect the 
accuracy of this evaluation because of the use of Eq. (21). For a spectrum 
such as Fig. 34, which spans the range - 3 to 3 V and extends over about six 
orders of magnitude, the approximations in the analysis can lead to an 
overestimate of the s-dependence of the conductivity by as much as one order 
of magnitude (i.e., the spectrum in Fig. 34 would, if actually measured at 
constant-s, extend over only about five orders of magnitude rather than six).53 
This overestimate will accumulate gradually over the spectrum, and will not 
introduce any significant features other than the overall uncertainty in the 
relative magnitudes. Thus, so long as one does not try to interpret the 
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magnitude of the constant-s conductivity too literally, the analysis method 
provides a rigorous and reliable method for transforming the data to 
constant tip-sample separation. 

We now return to the problem posed at the end of the previous section, 
namely, how to perform an v type normalization to data acquired with 
arbitrary s( V )  contour. The method presented in the previous section 
worked well only for data acquired with a V-shaped s( V )  contour, whereas 
the analysis method discussed in this section provides a general method for 
transforming data to fixed tip-sample separation. A generalization of the 
method, applicable to data acquired with arbitrary s( V ) ,  can then be 
obtained by combining the elements of both these procedures. We perform 
an exponential scaling when computing v, so that the broadening includes 
equal contributions from higher and lower voltages. Denoting the current at 
constant-s by I,, we have 

The current at constant-s is obtained either by direct measurement, or by 
integrating the transformed conductivity from Eq. (25), 

& ( V )  = SoV o,(V')dV',  

where a s ( V )  = a(s', V ) .  The parameter a in Eq. (26) can be chosen to 
provide a suitable scaling of the current such that it varies with voltage 
roughly linearly rather than exponentially. A typical value for a is about 
1 V-',  however, the precise value chosen has little effect on the final nor- 
malized conductivity. Given Is and o,, the Is/V normalization is performed 
by Eq. (26), and the normalized conductivity is given by u,/(Z,/V). 

Figures 35(a) and (b) show the results of the complete analysis procedure, 
applied to the data of Figs. 32 and 3 1 ,  respectively. We see in the spectra very 
clear definition of the band gaps and various other spectral features. The 
quality of these spectra far exceeds any results which could be obtained by 
measurement at constant tip-sample separation (note, in particular, the very 
low noise level within the band gap of Fig. 35(a), which results from the small 
values of tip-sample separation used throughout that region). It is interesting 
to compare Fig. 35(b) with the normalized conductivity of Fig. 33(c). These 
results were obtained from the same raw data (Fig. 31) and using nominally 
the same analysis parameters, but with substantially different analysis 
methods. For Fig. 33(c), the normalization is done directly using Eq. (18), 
and then plotting a,/(I,,/V). For Fig. 35(b), the analysis follows a more 
circuitous route, first transforming to constant-s through the use of Eqs. (25) 
and (27), then normalizing using Eq. (26) and finally plotting o,/(Z,/V). 

- 
- 

- 
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FIG. 35. Normalized conductivity vs sample voltage for two samples of monolayer Sb films 
on GaAs( 110). Curves (a) and (b) come from the raw data of Figs. 32 and 31, respectively. The 
edges of the band-gap region are denoted by E, and E2, with the slight shift in their positions 
between (a) and (b) arising from differing amounts of band bending. The various spectral peaks 
are labeled S,-S,. The sample voltage corresponds to the energy of a state relative to the Fermi 
level (0 V). (From Ref. [52].) 

Comparing Figs. 35(b) and 33(c), we see that the two schemes give almost the 
same results, with only some relatively minor differences in the shapes of 
spectral features. Thus, for data acquired with a V-shaped s( V )  ramp one can 
use either the “short-cut’’ method of Section 4.5.2, or the longer method of 
the present section. For data acquired with arbitrary s( V )  contour, one must 
use the methods described in the present section. The choice of final data 
display depends on the particular application: One can simply plot the 
constant-s data on a logarithmic scale, thus displaying the full range of the 
data without any arbitrary parameters. Alternatively, one can perform the 
I/ V normalization, thereby enhancing small features of the spectrum and 
allowing display on a linear scale. For most applications, both types of 
display are useful. 

- 
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5. SEMICONDUCTOR SURFACES 

5.1. Silicon 

Russell Becker and Robert Wolkow 
AT&T Bell Laboratories, Murray Hill. New Jersey 

5.1.1 Introduction to Silicon 

The semiconductor industry, along with a large segment of the condensed 
matter physics community, devotes the lion’s share of its resources to element 
14 in the periodic table, silicon. Silicon lies just below carbon in Group IV, 
and, together with germanium, is an intrinsic semiconductor with an indirect 
bandgap energy of 1.17 eV. Silicon principally forms tetrahedral sp3 bonds, 
taking the diamond crystal structure displayed by carbon. The stability of 
silicon oxide with respect to attack by common processing reagents such as 
water and methanol, coupled with the abundance of this element in the 
earth’s crust, has made it pervasive in advanced technology-from semicon- 
ductor microelectronics to power rectifiers and solar cells. The vast effort 
devoted for more than a quarter century to silicon technology has resulted in 
its continued dominance over other materials, notably the 111-Vs, in all areas 
of solid state electronics save optical devices. 

The first semiconductor surface imaged with the scanning tunneling micro- 
scope (STM) was the 7 x 7 reconstruction of Si(l1 l).’ One of the properties 
of the elemental semiconductors is that their clean surfaces typically undergo 
a process termed “reconstruction,” whereby the fundamental periodicity of 
the structure taken by the surface atoms is different from that of the under- 
lying bulk material. This process is due to the covalent nature of their bonds; 
a simple bulk termination at the surface leaves a large number of unsatisfied 
(dangling) bonds that result in a large free energy. In order to mitigate the 
energy associated with these dangling bonds, the surface atoms rearrange 
themselves to diminish the dangling body density, reducing the free energy, 
generally at some cost in increasing the component of the free energy derived 
from surface stress.* The terminology “m x n” refers to the two-dimensional 
Miller-indices needed to describe the surface unit cell (unit mesh) in terms of 
bulk lattice vectors. The surface superlattice, since it is larger than the bulk 
lattice, will produce fractional order beams observed in diffraction studies of 
these reconstructions. The experimental and theoretical basis for surface 
reconstructions is a field that has occupied many surface scientists for the last 
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30 years. Since the initial observations, using low energy electron diffraction 
(LEED), of the 7 x 7 on Si(ll1) surfaces in 1959 by Schlier and Farn~worth,~ 
a large number of models have been tendered in explanation of the unusual 
symmetry displayed by this surface. The inability of the various studies to 
settle on a particular structure reflects the difficulty of solving the inverse 
scattering problem in three dimensions; it is not an easy task to determine the 
scattering potential given the diffraction intensities. This problem is exacer- 
bated in LEED with the large contribution of multiple scattering to the 
diffracted beams, making detailed analysis of LEED I-V data formidable for 
even the simplest structures. While the tunneling images of the 7 x 7 shown 
by Binnig et al. did not unequivocally determine the detailed structure of this 
phase, they did reject a number of models and cleared the way for the 
dimer-adatom-stacking fault (DAS) model proposed by Takayanagi et al? 
Indeed, it can be argued that this single observation by Rohrer and Binnig 
“made” the new field of scanning tunneling microscopy, bringing it forcibly 
to the attention of mainstream surface scientists world-wide. Even more 
significant is the effect the STM images have had on the outlook of surface 
studies, turning them from a collective, band structure-like perspective to a 
more atomistic viewpoint. As has been stated many times, “A picture is 
worth at least a thousand words.” 

The pioneering studies by the Zurich group were followed by further 
investigations with the STM from other laboratories, many of which were 
carried out on silicon surfaces under ultra-high vacuum (UHV) conditions. 
The first images of the fundamental defect at a surface, the atomic step, on 
Si(ll1)-7 x 7 surface were shown by Becker et ul.’ The strong correlation 
between the position of the step riser with respect to the 7 x 7 unit mesh 
evident in the tunneling images suggested that a close connection existed 
between these features. These workers further demonstrated that the partial 
stacking fault inherent in the 7 x 7 DAS structure may be directly imaged by 
measuring the spatial variation in the differential conductivity (dI/dV) at a 
bias condition near an unoccupied stacking fault state,6 demonstrating that 
at least some of the electronic features of this reconstruction were spatially 
distinct. The 7 x 7 is not the only stable phase that may be found on Si(ll1). 
A reconstruction of 2 x 1 symmetry exists on the cleaved surface; the 7 x 7, 
by contrast, is found on surfaces prepared by in situ annealing to tem- 
peratures in excess of 875OC. The first tunneling images of the Si( 1 1 1)-2 x 1 
reconstruction were shown by Feenstra et al.,’ where the surface features 
demonstrated consistency with the n-bonded chain model proposed by 
Pandey: In this study, the initial STM measurement of a tunnel junction I-V 
characteristic disclosed a surface state energy gap of - 0.5 eV. Tromp et aL9 
then showed high-resolution tunneling images of the Si(001)-2 x 1 surface, 
confirming that the dimerization of neighboring surface atoms clearly ac- 
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counted for the principal features of this crystal face. This work fueled, rather 
than quenched, the controversy over the detailed nature of Si-Si dimers on 
this surface, for the tunneling images showed both dimers that were symme- 
tric and dimers that were asymmetric. Further exploration of the spatial 
configuration of electron states on the Si(lll)-7 x 7 was carried out by 
Hamers et d.,” using a variation on the interrupted feedback method in Ref. 
7, where selected parts of the junction I-V characteristic were displayed in 
surface plan view. These current images clearly suggested that some of the 
surface states were associated with the adatom features, while others were 
more characteristic of the partial stacking fault, in accordance with earlier 
work: Plainly, the interest in characterizing all aspects of silicon surface 
features had driven the STM from an instrument with which only interesting 
pictures could be taken to a powerful tool for the determination of both 
surface geometry and surface electronic features. 

Since this promising start, a large range of surface physics experiments 
have been performed on silicon surfaces. Metals such as Ag, Au, Al, Ga, B, 
K, Li, As, Sb, Sn, Pd, Cu, Ni, and In have been deposited and their surface 
properties examined. Gases such as H, 0, C1, NH,, and NO have been 
reacted with clean silicon surfaces under a variety of conditions. Transitions 
involving both surface phases and step phases have been explored under a 
range of temperatures, and the effects of varying the surface stress has been 
examined on Si(OO1). Experiments examining the atomic details of homo- 
and hetero-epitaxy and surface diffusion on silicon are in the literature, as 
well as measurements on the relative formation energies of fundamental 
surface defects such as steps and kinks. The remainder of this chapter devotes 
itself to these briefly mentioned results. 

5.1.2 Clean Surfaces 

A fundamental understanding of the nature of the clean surfaces of silicon 
is necessary before examining more complex issues such as adsorbate interac- 
tions, diffusion, and epitaxy. Each of the low-index faces of silicon will be 
examined in turn, starting with the (1 1 1). 

5.1.2.1 S i ( l l 1 ) .  As mentioned in passing in the introduction, the clean 
(111) face of silicon exhibits two common reconstructions, the 2 x 1 and 
7 x 7, although others related to the 7 x 7 may exist under some sample 
preparation conditions.” The 7 x 7 is stable up to -875’C whereupon it 
makes a transition to a “1 x 1” phase.I2.l3 The 2 x 1 is formed by cleaving 
at or below room temperature, and is metastable with respect to the 7 x 7, 
reverting to the latter upon annealing at or beyond 38OoC.l4 Both have been 
studied extensively, with a number of models advanced in support of the 
available data. 
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5.7.2.7.7 Si(7 7 7)-7 x 7. The history of the study of the clean Si(ll1)- 
7 x 7 surface is almost a history of surface science itself, starting in 1959 with 
the first LEED observations of this and other low-index semiconductor 
surfaces3 and continuing nearly to the present day. In fact, the currently 
accepted structural model for this surface was not proposed until 1985 by 
Takayanagi et Much of the reason for the difficulty in arriving at a 
satisfactory model for the 7 x 7 is due to the large size of the unit mesh; with 
49 surface atoms the structure is almost inaccessible to detailed theoretical 
analysis, rendering exhaustive comparison of experimental data with calcula- 
tions untenable. Over the years, as more surface science techniques were 
brought to bear on this problem, a large number of structural models were 
proposed to explain the experimental results. 

Geometrical models for the Si(1 Il)-7 x 7 may be simply divided into two 
categories: those that consist of a periodic distortion or buckling of an 
otherwise 1 x 1 surface layer, and those that involve placing an array of 
entities of some kind on a silicon substrate. One buckling distortion model 
was advanced by Chadi et al.,” with a theoretical comparison to LEED I-V 
data giving  upp port.'^"',''. In contrast to the buckling models, which do not 
involve a large amount of mass transport, are the various entity models. In 
his early studies, Lander et a1.I9 proposed an array of 13 vacancies of local 
2 x 2 order in the 49 surface-site 7 x 7 unit mesh. Later, Harrison” proposed 
an array of adatoms (silicon atoms bonded to three surface atoms) in the 
vacancy sites of Lander’s model. This was expanded to consider adatom 
clusters (“milk stools”) in these same vacancy sites.2’ While all of these 
proposals had merits, none was satisfactory in explaining all of the ex- 
perimental results on the 7 x 7, leaving this fundamental surface phase 
unsolved as surface science entered the 1980s. This was the state of the 
Si(lll)-7 x 7 surface structure when Binnig and Rohrer published the first 
real-space images of this enigmatic surface in 1983.’ 

Figure 1 shows a tunneling image of the Si(ll1)-7 x 7.’ In this figure the 
STM topographic data is rendered as a gray scale, with lighter shades 
representing higher points, and darker shades lower points. The total relief, 
from light to dark, is approximately 1 A. A number of remarkable features 
are immediately apparent without regard to theoretical models. First, the 
surface is tiled by a network of entities, apparently protrusions, with a 
nominal spacing of two lattice vectors (2 x 2). Second, a further network of 
deep holes connect the corners of the 7 x 7 unit mesh. Third, one-half of the 
unit mesh is apparently slightly higher ( 0 . 2 4  than the other, breaking the 
symmetry of the 7 x 7 along the short diagonal. From these observations a 
pure buckling structure may be ruled out, while the presence of the 12 
protrusions in each 7 x 7 mesh lend strong support to some sort of entity 
model. The existence of the deep depressions at the corners of the unit mesh 
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FIG. 1. Plan view tunneling image of the Si( 1 1 1)-7 x 7 surface. The data is rendered as a gray 
scale, with light representing high areas and dark keyed to areas of lower height, with a total 
range of * IA. Taken from Figure 3 of Ref. I .  
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FIG. 2. Schematic of the Si( 11 1)-7 x 7 DAS structure. A unit mesh is outlined. 

suggest that the entitites may be a combination of vacancies and adatoms, 
together numbering 13, as in the early suggestion by Lander et al." The 
observation that the two halves of the unit mesh have somewhat different 
apparent heights introduces a new feature into 7 x 7 structural models, 
which the previous proposals failed to address. 

A number of new models for the 7 x 7 structure, taking into account the 
STM observations, were quickly introduced, combining ideas involving 
stacking faults with some of the earlier entity models to explain both these 
observations, and new data from ion scattering experiments** and transmis- 
sion electron diffra~tion.~ The outcome of all this was the dimer-adatom- 
stacking fault (DAS) model of Takayanagi et a1.4 Figure 2 shows a schematic 
view of the DAS structure in the 7 x 7 symmetry. One of the features of the 
DAS model is that it involves considerable rearrangement of both the surface 
and top double-layer silicon atoms. The protrusions readily apparent in the 
STM image in Fig. 1 are the 12 top-layer adatoms in the DAS structure. 
These are each bonded to three atoms in the surface double-layer at what are 
referred to as T4 sites. A double-layer on the Si(ll1) surface has two kinds 
of independent three-fold sites; those characterized by a hollow with no atom 
directly below (H3), and the neighboring three-fold site possessing an atom 
directly below (giving effectively a fourth atom to coordinate with, hence the 
subscript four). The local f i  symmetry across the short diagonal is accom- 
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modated by incorporating a partial stacking fault into the top double-layer. 
The presence of this partial stacking fault also accounts for the asymmetric 
appearance of the mesh halves in the STM images because the apparently 
higher side incorporates the stacking fault. The edges of the two mesh halves 
are then zipped together with three pairs of dimers in the top double-layer on 
each of the mesh sides giving 18 pairs of dimers in all. 

The images published by Binnig et al. were supplemented in 1985 by 
tunneling images of Si(ll1)-7 x 7 atomic steps,’ and are shown in Fig. 3 in 
plan view as a gray scale. Studying this image reveals additional information 
about the 7 x 7 structure. First, the step risers are naturally incorporated into 
the reconstruction by placing the large depressions (corner holes) a t  the 
corners of the unit mesh at the step edge, giving a 7th-order periodicity to the 
step riser. This feature has been confirmed in further studies of atomic steps 
on equilibrium Si(ll1)-7 x 7  surface^.'^ The edge of the lower terrace also 
terminates at the short diagonal of the 7 x 7 mesh (although this may be 
violated under certain annealing/growing conditions, notably fast c0olin2~). 
Together, these observations imply that parallel steps on the equilibrium 
surface are separated by an integral number of 7 x 7 meshes. Further, the 
persistence of the 7 x 7 right up to, and including the step riser, indicates that 
the reconstruction is dependent on short-range, local interactions. In the 
context of the DAS structural model, this position for the step riser minimizes 
the number of dangling bonds exposed by the presence of the step. The 
asymmetry between the heights of the two halves of the unit mesh is also 
evident, although in the opposite sense from that reported in the earlier work 
by Binnig et al. In retrospect, this apparent disagreement is a consequence of 
the fact that the images obtained by the Zurich group were taken in occupied 
sample states by tunneling from the sample to the tip, while the Bell Labora- 
tories group imaged the 7 x 7 in unoccupied sample states by tunneling from 
the tip to the sample. As became evident in later work, the apparent height 
is a stronger function of the spatial distribution of electronic states than the 
actual geometric position of the atoms; the two sets of observations were 
simply accessing electronic states with opposing phase. 

Spatial mapping of the distribution of electronic states with the STM was 
demonstrated by Becker er ~ 1 . ~  using the procedure of measuring the differen- 
tial conductivity, dZ/dV, at the applied tunneling bias, Vbias, as a function of 
position. In the context of the basic tunneling theory, the current Zt when 
tunneling from the sample to the tip is a function of both the tunneling 
barrier T and the local density-of-states p: 

4(bias , r )  = f”“ T(V)p(eV,r)dV. 

For small changes in V,,, the tunneling barrier T is nearly a constant in this 

0 
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FIG. 3.  Tunneling image of atomic steps on the Si(ll1)-7 x 7 surface. The gray scale is keyed 
to apparent height. A unit mesh is outlined. Taken from Figure 2 of Ref. 5. 

approximation, so that 

The spatial map of &/dV may then be compared to the simultaneously 
acquired tunneling image in order to locate density-of-states (DOS) features 
in the unit mesh. In practice, the measurement of dI/dV is accomplished by 
applying a small (0. I V) dither signal to the junction bias at a frequency 
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FIG. 4. Differential conductivity (dI/dV) spectra of the Si(lll)-7 x 7 surface. Filled circles 
represent data taken over the faulted half of the unit mesh. The vacuum level is indicated: peaks 
above this point are due to barrier resonances in the vacuum region between the tip and sample, 
while those below are DOS features. Taken from Figure 2 of Ref. 6. 

(-4KHz) which is beyond the response bandwidth of the STM feedback 
loop. The differential conductivity is therefore measured at constant 
demanded tunneling current. In this regard, the height of the tip above the 
sample will vary during measurement as the feedback loop servos the tip in 
order to maintain the demanded current. Figure 4 shows differential conduc- 
tance spectra for the two halves of the 7 x 7 mesh measured at 1nA tunneling 
current.6 The large oscillations above the vacuum level are due to barrier 
resonances (electron standing waves) formed in the vacuum region between 
the tip and the sample,25 and are nearly identical in both data sets. The 
features below the vacuum level are due to the density of unoccupied electron 
states in the sample, and are not identical in both halves of the unit mesh; in 
particular the peak labeled I1 at 2.8V is present on the faulted half of the 
mesh and nonexistent on the unfaulted half. The peak labeled I has been 
shifted in energy position by nearly 0.3 eV between the two halves of the unit 
mesh. When the STM bias is set to - 2.0V, just at the position where peak 
I shifts, a map of the spatial localization of this feature may be recorded and 
is shown in Fig. 5.6 Here we clearly see that this DOS feature varies spatially 
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FIG. 5. Topographic (a) and differential conductivity (b) images of the Si(lll)-7 x 7 surface. 
A unit mesh is shown in the topograph, with the same area outlined in the differential conductiv- 
ity image. [A] indicates the unfaulted half of the unit mesh. Taken from Figure 1 of Ref. 6. 
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over the 7 x 7 surface with the presence and absence of the stacking fault on 
one side of the unit mesh that is inherent in the DAS structure. These authors 
presented a slab calculation demonstrating that the presence of a stacking 
fault could conceivably result in such features in the DOS. More recently, 
Kubby et aLZ6 have extended these spatial measurements of dZ/dV on the 
Si( 1 1 1)-7 x 7 to a wider range of bias conditions and observe a sequence of 
phase reversals in the orientation of the contrast in the conductance images. 
They conclude that the DOS feature due to the partial stacking fault may be 
described as a layer resonance between the sample surface, taken to be the 
adatom layer, and the last bulk-like layer of the crystal. The presence of the 
partial stacking fault modulates this depth, Zo, with a 7th order periodicity, 
giving rise to the contrast in the conductance images. Figure 6 shows this 
sequence of phase reversals between mesh halves, and the interplay between 
these and the appearance of asymmetry in the associated topographic tunnel- 
ing images.26 Here, I represents the tunneling images, while I1 denotes the 
simultaneous conductance image. Figures (a) through (h) are data sets repre- 
senting Vbias ranging from 0.25 V up to 5.0 V. One may see that the orientation 
of the bright features in the conductance image reverses phase as a resonance 
condition is passed. Figure 7 shows a schematic of the potential energy and 
resonance conditions for this set of measurements.z6 These authors conclude 
that the state imaged by Becker et aL6 arose from the n = 2 layer resonance. 

Another technique for spatially imaging electronic features with the STM 
was introduced by Hamers et al." in 1986 (see Chapter 4 for a detailed 
discussion of the various tunneling spectroscopic methods). This method 
consists of interupting the feedback loop of the STM, quickly ramping the 
applied bias, and recording the resulting tunneling current as a function of 
both V,,,, and r.  The total conductance, Z,/V,,,,, at various positions on the 
surface may be plotted and compared to other energy sensitive probes such 
as valance-band photoemission. Alternatively, spatial maps of the current 
diferences bracketing regions of interest in the conductance may be displayed 
and compared with the simultaneously acquired tunneling image. For this 
reason, Hamers et al. christened this method current imaging tunneling 
spectroscopy (CITS). Figure 8 shows a series of CITS images of a 7 x 7 unit 
mesh." In the upper panel, centered around - 0.35 V bias, 12 maxima are 
visible with more intensity arising from the faulted half of the unit mesh. 
These 12 maxima are associated with the dangling bonds on the 12 adatoms 
of the DAS structure. In the center panel, at - 0.8 V bias, six maxima are 
visible, three on each mesh half, and an additional maxima located in the 
center of each corner hole. These are associated with the rest atom dangling 
bonds located between each of the adatoms sitting on the top double-layer, 
and the dangling bond in the deep corner holes of the DAS model. The 
bottom panel shows the tunneling current distribution at - 1.75 V bias, and 
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FIG. 6. Topograph (I) and differential conductivity (11) images of the Si(l11)-7 x 7 surface. 
A range of bias conditions is shown, with (a) corresponding to 0.25 V, (b) 1 .O V, (c) 1.5 V, (d) 
2.0V, (e) 2.5 V, (f) 3.5 V, (g) 4 S V ,  and (h) S.OV, all tunneling from the tip to the sample. Taken 
from Figure 1 of Ref. 26. 

has been suggested as arising from the backbond electron states in the surface 
double-layer. These authors go on to point out that the states seen in this set 
of current images may be analogous to the S ,  , S,, and S, states identified in 
ultraviolet photoemission spectroscopy (UPS) studies of the 7 x 7 surface.” 

While the current images shown in Fig. 8 are quite remarkable, and the 
agreement between these STM results, the Takayanagi DAS structure, and 
the UPS data is good, this agreement is somewhat fortuitous due to the 
nature of the electron states that are imaged in this work. Angle-resolved 
UPS studiesz8 show that the bands corresponding to the S, and S2 states are 
quite flat, indicating that these features are highly localized and atomic-like 
(as would be expected for isolated dangling bonds). Under these conditions, 
coupled with the preponderance for the STM to access electron states with 
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FIG. 7. Schematic showing the potential energy diagram for both the vacuum barrier resonan- 
ces and the layer resonances in Figure 6 .  Taken from Figure 2 of Ref. 26. 

kl( = 0, current difference imaging may be expected to produce quite accurate 
results. However, it has been dem~nstrated’~*~’ that a variety of conditions 
can bring about erroneous results since the magnitude of the tunneling 
current can be more sensitive to the tip-sample geometry than to changes in 
the local DOS. 

A more general purpose technique for visualizing the relative spatial 
relationship between various surface electron states, especially those on either 
side of the Fermi level, is to employ voltage-dependent In this 
method, multiple junction bias conditions are used a t  each point in the 
tunneling image, either by switching between a set of biases at  each point, 
allowing adequate time for the feedback loop to reach equilibrium, or to 
employ one bias when scanning from left to right, and another when scanning 
from right LO left, with any residual hysterisis between the image pairs 
removed by later display processors. Tunneling images, since they integrate all 
of the current between the source Fermi level and the drain Fermi level, are 
less susceptible to uncontrolled variations in the tip-sample geometry and tip 
electronic structure than the analogous current diference images, which 
derive contrast from only a small portion of the tunneling current. 

Figure 9 shows a pair of multiple-bias images for the Si(ll1)-7 x 7 
surface.” Here, the upper image (a) is taken at  - 2.0 V tip bias (tunneling into 
unoccupied sample states), while the lower image (b) is taken at  + 2.0 V bias 
(tunneling out of filled sample states). At this bias, the empty state image 
shows the 12 adatoms of the 7 x 7 unit mesh a t  essentially equal apparent 
height, with no features to distinguish one side of the unit mesh from the 
other. The filled state image appears much as the -0 .35V CITS image of 
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FIG. 8. CITS images of the Si(lll)-7 x 7 surface. (a) corresponds to -0.35V bias, (b) 
- 0.8 V bias, and (c) - 1.75 V bias, all tunneling from occupied sample states to the tip. Bright 
indicates more current, while dark corresponds to less tunneling current. Taken from Figure 3 
of Ref. 10. 
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FIG. 9. Dual polarity tunneling images of the Si( 1 1  1)-7 x 7 surface. The upper image (a) is 
taken at - 2.0 V bias tunneling from the tip to the unoccupied sample states, while the lower 
image (b) is at _+ 2.0V bias tunneling from occupied sample states to the tip. Taken from Figure 
1 of Ref. 30. 
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Fig. 8, with the six atadoms in the faulted half of the mesh much higher than 
the six in the unfaulted half of the mesh. Further, the adatoms located at the 
corner positions are higher than those at the middle positions, a feature which 
is common to adatoms in the DAS family of structures ( 5  x 5,7 x 7,9 x 9) 
as reported in Ref. 31. In fact, the 9 x 9 structure is the first to contain an 
adatom not adjacent to the dimer-domain walls of the partial stacking fault. 
Images of this structure3' show this adatom much lower in apparent height 
(- 0.5 A) than the adatoms at the edge of the corner hole. This similarity of 
the filled state STM image taken at -2.OV sample bias and the -0.35V 
CITS image is due to the fact that when tunneling proceeds from the sample 
to the tip, the sample states lying closest to the sample Fermi level, EF, 
constitute the majority of the tunneling image. This unequal contribution is 
simply because the tunneling barrier is greater for states further removed 
from EF, increasing by nearly an order of magnitude for each electron volt. 
Since the dangling bond adatom states lie closest to EF, in fact forming a 
partially occupied band pinning the surface Fermi level, they are quite 
prominent in the tunneling image. Careful inspection also reveals the 
presence of saddle points in the filled state images at the position expected for 
the rest atoms in the DAS structure, a feature not seen in the unoccupied state 
image. This hints at the presence of a state at these spatial positions lying 
within 2eV of EF, likely the UPS S, state at -0.8eV. The relative lack of 
height difference between the adatom species in the unoccupied state images 
indicates that there is little difference in unoccupied DOS between these sites, 
consistent with a fractionally occupied band with considerably less than 50% 
filling (this renders the relative variations in unoccupation between adatoms 
less discernible). The lack of a saddle-point feature similar to those in the 
occupied state images suggests that this feature is completely filled, and not 
partially filled as the adatom band. 

These features are easily interpreted in the context of first-principles 
pseudo-potential calculations on related Si( 1 1 1) adatom s t r~c tu res .~~  Here, 
the complicated 7 x 7 DAS structure is simplified to a set of adatoms on T, 
sites with adjacent rest atom dangling bonds. These calculations find a 
partially occupied band due to adatom dangling bonds lying at, and pinning, 
the Fermi level, and a deeper band at 1.5-2.0 eV below E F ,  corresponding 
to substrate dangling bonds coupling to adatompx andpy orbitals. The band 
at - 0.8 eV is due to a completely filled restatom dangling bond band filled 
by charge transfer from the higher-lying adatom dangling bond band. Since 
the corner adatoms are adjacent to only one rest atom, they are less efficient 
at transfer than the middle adatoms, which are adjacent to two. In the 9 x 9 
geometry, the interior adatom is adjacent to three restatoms, giving almost 
complete charge transfer, producing the markedly lowered apparent height. 
In effect, the interior adatom is behaving as Ge adatoms do in the c2 x 8 
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structure found on the Ge(ll1) surface (see Section 5.2 for further details on 
germanium). Both theoretically and experimentally, the surface bands of the 
7 x 7 are found to have small dispersion, with highly localized atomic-like 
states responsible for the large contrast seen in the STM images. It is clear 
that the presence of the partial stacking fault in the DAS structure breaks the 
surface adatom termination into small, relatively independent 2 x 2 islands, 
resulting in the localization of the various dangling bond states. 

One conclusion that may be drawn from the various STM studies of the 
7 x 7 is that the admixture of geometric and electronic features in the 
tunneling images complicates their interpretation. In fact, more than one 
study has concluded that electronic features dominate the composition of the 
images for elemental semiconductors. In general, the high points in the STM 
images may be traced to dangling bonds on the surface structure for both 
occupied and unoccupied state images. 

5.1.2.1.2 Si(l11)-2 x 1. The native reconstruction on the cleaved 
Si(ll1) surface, the 2 x 1, has nearly as long and checkered a history as its 
more famous cousin, the 7 x 7. Nearly as many models have been proposed 
for this structure as for the 7 x 7, with most of them involving some form of 
buckling or other minor rearrangement of the atomic positions. The original 
buckling model, consisting of alternating rows of high and low silicon atoms, 
was proposed by Haneman in 196 1 33 after the ground-breaking LEED work 
by Schlier and Farn~worth.~ After more thorough study of the cleaved and 
annealed (111) surfaces of both silicon and germanium, Lander et al. 
proposed a double-bond model." Seiwatz suggested a conjugated chain 
model,34 Selloni and Tosatti a pairing model3' and Harrison proposed an 
adatom 

The difficulty with all of these models was their inability to adequately 
account for the experimental data. Calculations on the various buckling 
models indicate a rather large amount of electron transfer between the raised 
and lowered atoms, giving a higher degree of ionicity than was observed 
using core level photoemission. Even more, the large separation on the 
surface between the buckled atoms precluded the strong optical absorption 
at 0.45 eV seen on this surface, and failed to account for its anisotropy. These 
considerations led Pandey to propose, in 1981, a new structure for the 2 x 1 .' 
This geometry, referred to as the n-bonded chain, consists of a rearrangement 
of the bonds between the top double-layer and the substrate, giving a succes- 
sion of seven- and five-membered rings along the surface (21 11, resulting in 
alternating chains of surface silicon atoms, with the raised chains charac- 
terized by nearest neighbor n-bonds. Figure 10 shows a schematic of this 
model, with the seven- and five-membered rings, surface chains, and n-bonds 
denoted, along with a 1 x 1 surface for comparison. When viewed from the 
side along a [OT 13, it is clear that the combination of seven and five member 
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Si(lll)-"lxl" Si(ll1)-2x1 

Side 
view 

FIG. 10. Atomic models of both the unreconstructed Si(lIl)-l x 1 surface and the Si(ll1)- 
2 x 1 x-bonded chain surface. Bulk atoms are shown as filled circles with the dangling bonds 
indicated. 

rings may be considered a rebonding of the surface double-layer to the 
substrate. In this manner, the symmetry of the surface is lowered, the 
dangling bonds are brought together and aligned, lowering the free energy 
through the formation of the n-bonds between neighboring atoms on the 
raised chain. 

The first STM images of the 2 x 1 structure were published by Feenstra et 
al.' In this work they reported the observation of row-like features that were 
consistent with the Pandey model, but incompatible with many of the other 
suggested structures, notably the buckling models. Also, no evidence for 
adatom-like features, such as those evident on the Si( 11 1)-7 x 7, was seen. 
A tunnel junction I-V characteristic was presented with a visible energy gap 
of N 0.5 eV between filled and empty state tails. The authors further demon- 
strated that disorder features found on the surface were quite prominent 
when the tunneling bias was reduced to the edges of the energy gap, providing 
strong evidence that disorder results in the propagation of midgap states 
(most likely by the introduction of unsatisfied dangling bonds). 

The details of the electronic structure of the Si(ll1)-2 x 1 were analyzed 
in a series of STM studies by these same authors, leaving little doubt that the 
n-bonded chain structure accounted for the 2 x 1 Figures 9(a) 
and (b) in Chapter 4 show a set of dual-polarity tunneling images of the 2 x 1 
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~urface.~' Several notable features are quite apparent after studying the data 
in this figure. First, the row-like features reported in the earlier study' are now 
resolved into individual high points, separated by one lattice spacing (3.84 A) 
along [OTl], in both polarities. Second, a phase shift of 180" along [OTI] exists 
between the image taken tunneling from the tip into unoccupied sample 
states, and the simultaneously acquired image taken tunneling from the 
occupied sample states back to the tip. Third, a small phase shift of - 35" 
along (211) occurs between the two images. Under the auspices of the 
Pandey model, the dangling bonds along the raised chain are distorted to a 
nearly parallel orientation, forming the n-bonds. The degeneracy of neigh- 
boring atoms is broken by the inequivalence of their bonding to the substrate 
layer; further, a 180" phase shift exists between the n states at the bottom of 
the surface energy gap and the n* states at the top. Together, these result in 
the bonding states strongly localized to one set of atoms in a chain, with the 
antibonding states localized to the alternate set. This accounts for the mis- 
registration along [OTl], apparent in the STM image pair. In effect, between 
the two images, every atom in the raised chain is visible, while the lowered 
chains are not imaged at all. The small phase shift perpendicular to the 
chains, along [2113 is consistent with the zig-zag nature of the raised chain, 
seen in the schematic in Fig. 10. One of the puzzles about the 2 x 1 surface, 
the large optical absorption at  0.45 eV, is answered by the large phase shift 
along [T lo]. This nearly complete separation between filled and empty surface 
states, together with the close proximity (one lattice constant), account for 
the efficiency of the process, while the anisotropy in the phase shifts in the 
tunneling images duplicate the anisotropy in the optical activity. 

Interrupted feedback loop tunneling spectroscopy data provides additional 
information on the nature of the 2 x 1 surface phase. Figure 17(b), in 
Chapter 4 shows several sets of tunnel junction I-Vcharacteristics plotted as 
the normalized cond~ctivity.~' The different symbols in the figure denote sets 
of data acquired at several tip-sample separations; the very good superposi- 
tion of them is a measure of the quality of the normalization process. An 
energy gap of -0.5eV is visible between filled and empty surface states, with 
two other features apparent a t  higher values of the tunneling bias. These 
agree quite well with a simple calculation of the DOS resulting from the n and 
n* bands, which is depicted at the bottom of the figure. 

As was the case for the 7 x 7, imaging of atomic steps on the vacuum- 
cleaved Si( 1 11) surface is useful both as a further verification of the structural 
model for the flat terraces, and to explore the existence of various step 
geometries that may be displayed. High resolution STM images of double- 
layer steps on the Si(ll1)-2 x 1 have been obtained by Feenstra and 
Stro~cio.~' For the case where the step riser is parallel to the chain direction 
on both upper and lower terraces, these authors find a simple reconstruction 
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Si(lll)-2xl step structure 

FIG. 11. Atomic model of reconstructed steps on the Si(l11)-2 x 1 surface. Taken from 
Ref. 39. 

which is a natural evolution of the basic Pandey model. Figure 11 shows a 
schematic section view of this configuration viewed along a surface [TlO]. In 
this model, the agreement between the high points in the tunneling image and 
the position of the dangling bonds is quite good, allowing the authors to 
reject other basic configurations for the step riser. 

5.1.2.2 Si(OO1). The Si(OO1) surface displays a reconstruction that is a 
relatively simple modification of the bulk terminated structure, in which each 
surface atom has two dangling bonds and is bonded to two subsurface atoms. 
A small displacement, involving no bond breaking, allows surface atoms to 
pair-up to form dimers, thereby attaining a stabilized structure in which the 
dangling bonds are reduced from two per atom to one. In their pioneering 
LEED studies, Schlier and Farnsworth detected half-integral beams which 
they understood could not arise from surface atoms in a bulk-like configura- 
tion.' They proposed that the observed 2 x 1 surface mesh was consistent 
with a structure created when adjacent rows of surface atoms moved together 
in a bonding interaction. A diagram of the Si(O0l) surface is shown in Fig. 
12. 

Surface atom pairs, or dimers, were not widely accepted for many years 
because studies subsequent to those of Schlier and Farnsworth revealed 
higher order diffraction spots, of an intensity and sharpness that was highly 
dependent on sample treatment.40~4'~42 It became apparent that a simple 
symmetric dimer structure could not account for all observations. Various 
~ a c a n c y ~ ' ~ ~ '  and conjugated chain models34 were proposed. When electronic 
structure calculations by Appelbaum et al. on the dimer and vacancy 
models,44 and by Kerker et al. on the conjugated chain became 
available for comparison with the photoemission data of Rowe,46 the surface 
dimer model was found to give the best agreement. The chain model was 
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Si(OO1) SURFACE 

UNRECONSTRUCTED 2x1 DIMER 
RECONSTRUCTION 

FIG. 12. Schematic diagram the Si(OO1) reconstructed surface. 

supported by early LEED analyses that only considered displacements in one 
or two surface However, after Appelbaum and Hamann showed 
that substantial atomic displacements were expected in the first five layers at 

more elaborate LEED analyses were performed and the dimer model 
was then found to provide the best fit.50 

Two decades after the first LEED study, dimers were generally recognized 
to be the principal feature of the reconstructed Si(OO1) surface, yet some 
dissatisfaction with the dimer model lingered because of two key inconsis- 
tencies. These were: (1) the dimer model could only account for integral and 
half integral diffraction, yet 1 /4 order beams were sometimes observed, and 
( 2 )  the half-filled band derived from the remaining dangling bonds implies a 
metallic surface, but, angle-resolved photoemission measurements by 
Himpsel and Eastman indicated that the surface was not metalli~.~’ 

Because of these difficulties the idea of asymmetric dimers was pursued. It 
was recognized that symmetric dimers should be subject to a Peierls distor- 
tion which would result in a stabilized asymmetric structure. The buckling of 
dimers could induce the degenerate dangling bonds of a symmetric dimer to 
split, causing a gap to open in the band associated with those states, in 
correspondence with the experimental observation that the surface is non- 
metallic. In addition, if arranged in a 4 x 2 mesh, buckled dimers could 
account for the observation of 1/4 order diffraction beams. Chadi explored 
these possibilities with an empirical tight-binding total energy calculation of 
the Si(OO1) reconstr~ct ion.~~ He found that the symmetric dimer was indeed 
unstable with respect to the buckled structure. Further, it was found that the 
geometric buckling is coupled to an electronic asymmetry, which results in a 
relatively full dangling bond on the up atom, and depleted occupation of the 
dangling bond on the low atom. The calculated band structure showed a gap 
of 0.6 eV. These results, though very compelling, did have a weak point: the 
intra-atomic Coulomb repulsion ( U )  was not explicitly accounted for but 
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only estimated, and since a larger value of U could lead to a preference for 
symmetric dimers, debate continued. Yin and Cohen performed more 
thorough self-consistent pseudo-potential calculations and also found in 
favor of the buckled dimer,” but Pandey, also using the psuedo-potential 
method, subsequently pointed out that, because of sensitivity to computa- 
tional parameters, the uncertainty in the method did not allow either the 
symmetric or the asymmetric structure to be identified with certainty as more 
stable.” Chadi’s results were followed by new experimental efforts. Medium 
and low energy ion scattering measurements were suggestive of buckled 

Complex dynamical LEED analyses were performed but did 
not result in compelling evidence of the buckled dimer mode1.s8~59*60*6’ 

The emer- 
gence of the STM led to a turning point in the long effort to understand the 
reconstructed Si(OO1) surface. Tromp, Hamers, and D e m ~ t h , ~ @ , ~ ~  reported 
occupied-state images that revealed the dimers as oblong protrusions with the 
expected periodicity, and with corrugations along and between dimer rows of 
approximately 0.5A and 0.1 A respectively, as shown in Fig. 13. These 
images, while leaving a number of issues unresolved, clearly established a 
number of important points. Foremost among these was verification of the 
dimer model, other models such as the conjugated chain and missing row 
simply did not match the observed topographic features. Interestingly, both 
symmetric and buckled dimers were observed, as were very numerous defects. 
The buckled dimers displayed local 2 x 2 and 4 x 2 symmetry. Further, it 
appeared that the buckling of dimers was associated with defects. These 
observations led to a plausible explanation for diffraction measurements that 
showed predominant 2 x 1 symmetry, and, depending on sample prepara- 
tion, variable degrees of 4 x 2 order. Higher-order diffraction should be 
associated with increased contamination. 

Occupied state images of Si(OO1) fortuitously correspond to one’s imagined 
view of the reconstructed surface. Unoccupied state images, however, are 
distinctly different than those of the filled states, and are more difficult to 
interpret because the topographic features do not simply conform to the 
geometric structure of the underlying nuclei. Maxima are not observed over 
dimers, but between them. This can be seen when filled and empty state 
images of a step edge are juxtaposed as in Fig. 14. Focusing on the upper 
terrace at the left side of the image, the occupied state image shows rows, of 
a regular width, up to the edge of the terrace. In the unoccupied state image, 
by contrast, the last row is clearly more narrow than the others. If the 
unoccupied maxima are interpreted as dimers, we are forced to conclude that 
atoms in the last row on the terrace are unpaired. It is clear that this is not 
the case, for energetic reasons, and also since the resulting two dangling 
bonds per atom would be very distinct in both occupied and unoccupied state 

5.1.2.2.1 Room Temperature Imaging of Si(OO1)-2 x 7. 
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FIG. 13. STM image of Si(OO1) showing dimers, both symmetric and buckled, and numerous 
defects. From Ref. 62. 
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 FIG. 14. STM images of a step on the Si(OO1) surface. At the left is an occupied state image, and at the right is an unoccupied state image of the 

same area. From R. A. Wolkow, previously unpublished. 
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F I G .  15.  Schematic STM occupied and unoccupied state contours and their relation to the 
underlying dimers. The dotted portion of the unoccupied state contour shows a secondary 
minimum seen occasionally with extraordinary tips. 

images. It can therefore be concluded that the unoccupied state electronic 
structure leads to maxima between the dimers, while occupied state images 
show maxima which conform to the underlying dimers. In Fig. 15, schematic 
STM contours for both occupied and unoccupied states are shown. The 
measured corrugation is typically 0.1 to 0.2 A. Occasionally, with an uncom- 
monly sharp tip"." a more shallow topographic minimum (shown as a dotted 
line) is observed between dimers. 

STM images of the Si(O0l) surface led to universal acceptance of the dimer 
model while also explaining the confusing higher-order diffraction which had 
often been observed. The observation of both symmetric and buckled dimers, 
however, fueled rather than settled the controversy involving the dimer 
configuration. While it was recognized that the symmetric appearance of 
dimers might result from averaging by the STM as the dimer rapidly flipped 
between buckled configurations, this could not be confirmed. 

Other investigations directed at the symmetric versus asymmetric dimer 
question were carried out. In one recent calculation spin effects were incor- 
porated and it was concluded that symmetric dimers are most stable.66 
High-resolution photoemission data, on the other hand, indicated two 
inequivalent types of surface silicon atoms, which were interpreted to be the 
up and down atoms of buckled d imer~ .~ '  Thorough pseudo-potential calcula- 
tions by P a n d e ~ , ~ ~  Payne, et a1.,6X and Roberts and Needs69 show that if there 
is an energy lowering associated with buckled dimers, it is a subtle effect, 
perhaps 10 to 60meV, and is too small to predict with certainty. 

While the majority of 
studies, both experimental and theoretical, concluded that dimers have an 
asymmetric nature, significant uncertainty remained. Clear evidence of asym- 
metric dimers at last became available with the advent of a variable tem- 
perature, UHV STM capable of operating at temperatures down to approxi- 
mately 100K.70 Wolkow showed that on cooling to 120°K, the number of 
buckled dimers increased at the expense of symmetric-appearing dimers, and 
concluded that only bistable dimers could account for this ob~ervation.~'  
Since the Si(O0I) surface is always observed to have numerous defects, the 

5.1.2.2.2 Low Temperature Imaging of Si(OO1). 
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FIG. 16. A simple schematic view of the lattice strain which acts to couple adjacent dimers in 
an anticorrelated manner. From Ref. 71. 

study concentrated on extracting the innate dimer characteristics from obser- 
vations of dimers under the influence of defects. 

Wolkow began by enumerating the effects of defects observed at room 
temperature. Symmetric-appearing defects, such as the “missing dimer” type, 
do not induce buckling, while defects which are themselves asymmetric in 
appearance cause buckling in adjacent dimers. As had been observed in the 
original STM images of Si(OOl),’ the magnitude of buckling decayed along 
a row with increasing distance from a defect, with the sense of buckling 
alternating from one dimer to the next. A simple strain argument was 
presented to account for the anti-correlated buckling pattern.72 As shown in 
Fig. 16, the up end of a buckled dimer causes second-layer atoms to come 
together while the down end of the dimer pushes second-layer atoms apart. 
Adjacent dimers most naturally accommodate this distortion by buckling in 
the opposite direction. Electrostatic effects, if a factor in coupling dimers, 
would also lead to this alternating pattern. By examining dimers situated 
between two buckle-inducing defects in the same row, the effect of supportive 
or conflicting influence of defects was observed. Defects placed, by chance, 
such that an in-phase influence is imposed on intervening dimers, cause 
longer-range buckling to occur, compared to a situation where buckled 
dimers were under the influence of only one defect. In addition, the out-of- 
phase effect of defects was observed to cause a relatively sharp decay to 
buckling. 

In sharp contrast to room temperature observations, images recorded at 
120K show extended regions of buckled dimers (see Fig. 17). While room 
temperature buckling shows a characteristic decay length of six to eight 
dimers, at 120°K buckling extends along a row, in most cases, with no 
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FIG. 17. 110 x l lOA topograph of Si(OO1) taken at a temperature of 120°K at - 2 V  
sample bias and 0.4 nA. (The horizontal band resulted from an equipment malfunction during 
acquisition.) Taken from Ref. 71. 

apparent decay in magnitude. The row containing the defect labeled A, for 
example, shows 27 buckled dimers running from the defect to the edge of the 
image. Adjacent buckled rows can interact in two ways. The more common 
c(4 x 2) arrangement results when the zig-zag pattern of buckled rows is out 
of phase. The in-phase p(2 x 2) arrangement is also present and can be seen 
in the lower-right corner of the image in Fig. 17. Given that defects are 
randomly scattered on the surface, it might be expected that adjacent buckled 
rows would take on p(2 x 2) order as often as c(4 x 2). Since at low tem- 
perature c(4 x 2) dominates, it is concluded that row-row coupling, with a 
preference for c(4 x 2), plays a significant role in forming extended two- 
dimensional ordered domains. Examination of larger area 120 K scans shows 
that approximately 80% of the surface is buckled and that c(4 x 2) ordering 
between rows is more than five times more common than p(2 x 2). Antiphase 
boundaries (i.e., p(2 x 2) ordering) can be observed between c(4 x 2) 
domains. 

Asymmetric dimers are consistent with the observation of increased 
buckling since they would require thermal activation to switch orientation. 
To decisively establish this point however, the effect of defects (which cannot 
be eliminated since step edges also lead to buckling) must be clarified. To help 
visualize the effect of dimer-dimer and dimer-defect coupling, schematic 
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FIG. 18. Schematic potential energy versus tilt angle curves. (a) Solid curve represents a 
symmetric dimer, dotted curve represents a normally symmetric dimer which is forced to buckle. 
(b) Solid curve depicts a bistable asymmetric dimer. Dotted curve depicts a strain induced 
asymmetry. 

potential energy curves are presented in Fig. 18. The solid curve in Fig. 18a 
represents an unperturbed symmetric dimer; the dotted curve depicts a 
normally symmetric dimer that is forced to buckle. The bistable potential 
shown in Fig. 18b describes the asymmetric dimer model. The effect of 
coupling is represented by giving a preference to one direction of tilt, as 
shown by the dotted line. Qualitatively the distortion of a dimer is the same 
whether induced by a neighboring buckled dimer or a defect. Defects will 
induce asymmetry that is more pronounced, and since defects do not switch 
orientation, the asymmetry is static. With increasing distance from the defect, 
strain dissipates and the asymmetry forced upon the dimers is reduced. 
Dimers that are far from defects will experience a relatively small asymmetry 
as a result of coupling to neighboring dimers. This asymmetry is not static, 
indeed any potential curve one might sketch to depict this interaction should 
be viewed as describing a transient configuration since the single dimer 
potential actually changes continually as nearby dimers fluctuate. 

Order does not extend as a result of defect-induced strain changing with 
temperature, the strain field is essentially constant with temperature (certainly 
over the narrow range studied). Some dimers may experience a defect- 
induced asymmetry (represented by the dotted curve in Fig. 18b) yet appear 
symmetric at room temperature. This asymmetry on cooling might cause the 
dimer to appear buckled. A pessimistic view holds that all dimers, at the 
observed defect density, may be subject to some defect induced asymmetry, 
and that it is this effect that causes buckling to extent at low temperature. 
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Fte. 19. Energy level diagram representing (a) four degeneratedangling bonds (DB) from two 
bulk-like surface atoms, (b) dimer bond formation depicted by a u bonding level and a o* 
antibonding level, two dangling bonds remain with one on each atom, (c) splitting of the DB 
levels as a result of PIC* interaction, (d) buckled dimer with sharply split DB states associated 
with the up and down dimer atoms. 

Indeed this may be true but, in addition, the dimers must have an innate 
bistable asymmetric character. This is clearly seen if one considers the alter- 
native view, that dimers are symmetric. A symmetric dimer cannot “hide” a 
distortion through thermal activation. A buckled monostable dimer (as in 
Fig. 18(a)) would appear to the STM to have a constant mean angle of tilt 
whether in the ground state or vibrationally excited. (Assuming it is not 
highly excited, and it clearly is not, the dimer rocking mode is associated with 
phonon structure at 25 meV,72 kT at room temperature is - 25 meV.) From 
these arguments we can extract the native character of the dimer, and it is 
asymmetric. 

Defects act to smear out the transition from disorder (symmetric appear- 
ance) to order (ordered buckled domains). An abrupt order-disorder tran- 
sition73,74,75 does not occur; rather, as the temperature is lowered, order 
extends gradually from defects. 

The essential features of the dimer 
electronic structure are depicted in the simple energy level diagram shown in 
Fig. 19. At the left extreme of the diagram are four degenerate levels repre- 
senting the dangling bonds of two bulk-terminated surface atoms. Proceed- 
ing to the right, dimer bond formation is represented by the CT bonding level 
and the CT* antibonding level. The remaining dangling bonds, one on each 
atom, remain noninteracting. This simple description of the electronic struc- 
ture is consistent with the ball-and-stick model of the dimer, and like the 
ball-and-stick model it describes gross features correctly. Two of the four 
available electrons fill the dimer bonding level and the remaining two 
electrons half-fill the dangling bonds. Since the STM is most sensitive to 

5.7.2.2.3 Dimers and STM Imaging. 
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Si (001) Surfaca States 

(a) Asymmetric dimer (b) Symmetric dimer 
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FIG. 20. Charge density plots contrasting the character of occupied states near the F e d  level 
for the (a) asymmetric and the (b) symmetric dimers. From Ref. 76. 

electron states nearest the Fermi level, dimer images are expected to be 
derived primarily from the dangling bonds. STM images of the Si(OO1) 
surface tend, however, to be described as due to the dimer or the 
dimer n b ~ n d . ~ , ~ ’  The term “dimer bond” is unfortunate as it suggests, quite 
incorrectly, that electrons are derived from the dimer CT bond. The CT bond is 
largely inaccessible to the STM tip both energetically and spatially; the 
electron density does not protrude into the vacuum but is concentrated 
between the atoms of the dimer pair. The use of dimer n-bond is a better 
choice as it refers to a state derived from the n-bonding interaction of the 
dangling bonds. In the original theoretical description of the (symmetric) 
dimer reconstruction Appelbaum, Baraff, and Hamannu showed that the 
dangling bonds do interact to form a n-bonding, and a higher energy n-anti- 
bonding level, but that the interaction is very weak. The splitting due to the 
n-n* interaction is represented in Fig. 19(c). 

Since the true dimer configuration is asymmetric, not symmetric as 
assumed in the calculation by Appelbaum et al., and since we associate 
distinctly different electronic structure with the buckled dimer [Fig. 19(d)], we 
must re-examine the assignment of STM topographic features to the dimer 
n-bond. Theoretical calculations which contrast the electronic structure of 
the symmetric and asymmetric dimers show that the n-n* interaction induces 
a small splitting compared to that created by bu~k l ing . ’~*~~ ,~*  Figure 20 shows 
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the spatial character of the a-bonding interaction associated with the symme- 
tric dimer, and for comparison, the distinctly different buckled dimer. 
Buckling of the dimer leads to states which are like dangling bonds in spatial 
character, but which are energetically split such that the state at the dimer up 
atom becomes relatively full at the expense of the state localized at the down 
atom. Dimers which are forced by a nearby defect to buckle, or which 
naturally settle into a buckled configuration at low temperature, appear in 
occupied state images to be strongly tilted (the up atom is approximately 
0.5 A higher than the down atom). This observation matches very well the 
picture of an asymmetric dimer with modified dangling bonds as described 
earlier. At room temperature the barrier to switching direction of tilt is 
readily overcome and the STM captures an average picture of the dimers 
fluctuating between buckled extremes, and an elongated, symmetric protru- 
sion, centred over the dimer results. The symmetric-appearing dimer has 
routinely been described as due to the dimer n-bond. This is at least partially 
correct since the dimer will pass through a symmetric intermediate state while 
switching between extremes. The dangling bond states associated with the up 
and down ends of the buckled dimer also contribute. The weighting of these 
various contributions is unclear at this time. 

Similar to the occupied state images, the states associated with the up atom 
and the down atom of the buckled dimer must figure into the room tem- 
perature unoccupied state image, however, the n* description seems compell- 
ing. This state has a node at the center of the dimer bond, matching the 
observed minimum in STM images, and maximum density at the dimer ends 
where the topographic maximum is observed. It may be, however, that the 
unoccupied state image has contributions from the dimer antibonding level 
(which has maximum state density at the ends of the dimer) in addition to the 
dangling bonds. The calculations of Kruger et ~ 1 . ~ ~ 3 ~ ~  suggest that the dimer 

antibonding level is very near the bottom of the conduction band and is 
therefore energetically accessible. While it does not have the spatial charac- 
teristics of a dangling bond, the dimer antibonding state does not decay with 
distance from the surface as rapidly as does a back bond.78 

In addition to producing maxima which are not centered Over the dimer 
units, unoccupied state images show another interesting feature. In contrast 
to occupied state images, unoccupied state images do not show buckling, 
even in dimers adjacent to buckle inducing defects. It has been suggested that 
the field imposed on a dimer during scanning with the STM could tend to 
flatten buckled d i m e r ~ . ” . ~ ~  Kochanski et aZ.75 argued that when imaging 
unoccupied states, the electric field set up by the negative tip may repel the 
atom, causing the dimer to appear symmetric, while a positive tip would 
enhance buckling. A dimer held flat would not show contributions charac- 
teristic of the strongly split buckled dimer. If this mechanism were acting, it 
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FIG. 21. Contours of constant charge density above and below the Fermi level for the 
asymmetric dimer. (From Ref. 78.) 

might be expected that different degrees of asymmetry could be induced as 
a function of applied field, while no such dependence has as yet been 
observed. A simpler explanation for the absence of buckling in unoccupied 
state images arises from the asymmetry in the electronic structure of the 
buckled dimer. In contrast to the occupied state situation, where the up atom 
has the most pronounced state density, tending to amplify the buckling effect, 
when imaging unoccupied states the down atom has the greatest state density 
and tends to cancel the effect of the actual displacement of the nuclear 
centers. Figure 21 contrasts charge density plots above and below the Fermi 
level. 

Steps on Si(OO1) display complex beha- 
viour known to depend on a number of factors including the angle of miscut, 
annealing and growth conditions, contaminants, and surface stress. Recent 
atomically resolved STM images, together with theoretical modeling, have 
led to considerable improvement in our understanding of the fundamental 

5.7.2.2.4 Stepped Surfaces. 
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FIG. 22. Tunneling image of a stepped Si(OO1) surface showing the type A (smooth) and type 
B (rough) step risers. Taken from Ref. 88. 

structures and mechanisms underlying these factors. In this section we begin 
with a discussion of the basic step structure; we next consider kinks, and 
conclude with a discussion of step interactions as effected by tilt angle, strain, 
and annealing. 

Step Structure. The single step height in the (001) direction for the 
diamond lattice is a/4 = 1.36 A, where a = 5.43 1 A is the bulk silicon lattice 
constant. On traversing a single atomic step the dimer bond orientation 
rotates by 90”. Surfaces miscut from the (001) direction, known as “vicinal” 
surfaces, display a mean distance between single steps given by a/4 tan a 
where CI is the miscut angle. Surfaces cut toward the [IT01 or the [110] 
direction display two distinct types of single step, as seen in Fig. 22. When 
dimer rows on the upper terrace run parallel to the step edge, the step is 
referred to as type A .  The other possibility, referred to as a type B step, has 
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(a) (b) 

FIG. 23. Top views of single and double steps of type A,  labelled S, and D,, single and double 
steps of type B, labelled S, and S,. Dimer bonds are aligned in [TI01 direction. Dashed lines that 
run parallel to [Tlo] or [110] axes indicate the step positions. Open circles denote atoms with 
dangling bonds. Edge atoms (shaded circles) (b)-(d) are rebonded, i.e., they form dimerlike 
bonds with lower terrace atoms. Larger circles are used for upper terrace atoms. Only some 
sublayer atoms are shown for the sake of clarity. From Ref. 80. 

rows on the upper terrace perpendicular to the step edge. When the surface 
is tilted toward a direction intermediate between [lTO] and [110], steps of 
mixed type A and type B character result. Type A steps are found to be very 
smooth, while type B steps show a marked tendency to form kinks. A typical 
single stepped vicinal surface is shown in Fig. 22. Surfaces with a miscut angle 
larger than a few degrees form type B double steps. Since the dimer bond 
orientation is the same on terraces separated by a double step, surfaces 
prepared to have exclusively double steps are referred to as single domain or 
primitive. 

Chadi has proposed models for single and double steps of types A and B.80 
These structures, which are found to correspond well with STM images, are 
shown in Fig. 23. Formation energies of type A and B single steps were 
calculated to be 0.01 eV and 0.15 eV respectively, while type A and B double 
step formation energies were calculated to be 0.54eV and 0.05 eV respec- 
tively. Chadi found that type B step structures with “rebonded” atoms, as 
shown in Fig. 23, were most stable. A type B single step without rebonded 
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FIG. 24. Top view of a simple "nonbonded" edge geometry for a type B single step. Open 
circles denote atoms with dangling bonds. This structure is characterized by having a dangling 
bond on each second-layer edge atom and is not as energetically favorable as the rebonded 
atomic configuration of 23(c). 

atoms was also considered and found to have a formation energy of 0.16 eV. 
The corresponding structure is shown in Fig. 24. Both kinds of type B single 
steps have been observed.62 The double type A step which Chadi predicts to 
have a relatively high formation energy is not observed. Figure 25 shows an 
image of a type B double step. An earlier model of the double step due to 
Aspnes and Ihm" invoked a pi-bonded chain structure like that seen on 
Si(ll1)-(2 x 1) s~rface.~' STM images do not support this model, however, 
since a periodic structure is observed at the step edge with twice the spacing 
expected for the n-bonded chain. While the spacing is also twice that expected 
for rebonded atoms, it is felt that Chadi's model correctly describes the 
double step. It appears that the rebonded atoms buckle, like the dimers on 
the (001) terrace, and only every other rebonded atom is visible.82 The 
buckling of the rebonded dimers is caused by the asymmetric strain imparted 
from the asymmetric dimers on the upper terrace. Careful examination of 
both occupied and unoccupied state images reveals that all rebonded atoms 
predicted by Chadi are present. 

For a number of years it had 
been thought that vicinal Si(OO1) surfaces had only one equilibrium structure 
in which only double layer steps are present.83 Calculated step energies 
substantiated this view by showing the double layer type B step to be 
energetically preferred over single layer It has been observed, 
however, that small vicinal angles, on the order of 1" or less, lead to stable 
single stepped surfaces. Recently Alerhand et al. have provided a compelling 
explanation for these observations. They demonstrated that, at vicinal angles 
exceeding approximately 2", the equilibrium surface is double stepped, but 
for small misorientations the single step is at eq~ilibrium.'~ Further, 
Alerhand et al. established that, in addition to step energies, two other factors 

Vicinality versus Single Double Steps. 
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Fro. 25. Occupied state STM image of a type Bdouble step. The region covered is 46 x 5OA. 
Six dimer rows run laterally across the field of view while the step runs from bottom to top. 
Curvature keyed shading is used. The simple bias was - 1.6V. From Ref. 82. 

play a role in determining the relative stability of single and double steps. The 
first is the long range effect of the anisotropic stress associated with a 
dimerized terrace, and the second is the effect of thermal fluctuations (i.e., 
kinks) in step edges. At zero temperature the latter does not come into play. 
At angles of a few degrees or larger, the dominant factor is that double steps 
are energetically favored over single steps by approximately 0.1 eV/atom. 
Since the dimerized surface has a compressive stress perpendicular to the 
dimer bond and a tensile stress parallel to the dimer, crystal strain can be 
relieved by forming a single stepped surface since the dimers on adjacent 
terraces are then perpendicular. The strain per unit terrace width becomes 
more significant at small miscut angles and eventually dominates at a cal- 
culated angle of 0.05 at 0 K. The entropic contribution of thermally induced 
kinks in step edges are found to significantly shift this transition angle to 
larger angles at higher temperatures. Diffusion leading to step fluctuations is 
frozen out at temperatures well above room temperature but below typical 
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anneal temperatures. The temperature at which mass transport stops during 
cooling of a crystal is not clear, if we take a reasonable value of 500 KW we 
can read the experimentally relevant transition angle from the calculated 
phase diagram to be approximately 2". This value is in very good agreement 
with experimentally determined upper and lower bounds of approximately 
3.5" and 1" respecti~ely.~~ 

Strain Effects on Si(001) Steps. The LEED investigations of Saloner et 
af., established that steps on vicinal surfaces were evenly spaced, clearly 
suggesting a step-step repulsive intera~tion.~' Menn et al. investigated the 
effect of applying a uni-axial stress to the Si(OO1) surface and provided 
striking evidence that the repulsion between steps was related to strain in the 
crystaLa6 A surface, which previous to the application of stress, showed an 
even distribution of 1 x 2 and 2 x 1 terraces, could, by bending the crystal, 
be transformed to a nearly primitive surface. Alerhand et af. successfully 
accounted for this behavior, and in so doing, showed that the bulk elastic 
strain is the primary cause of interaction between stepsa4 It is demonstrated 
that the dimerized surface has a compressive stress perpendicular to the dimer 
bond and a tensile stress along the dimer direction, and as a result, domains 
for which an applied compressive stress is directed along the dimer bond, 
grow at  the expense of the other domain. Figure 26 compares the experimen- 
tal data of Menn et al. with the calculations of Alerhand et al. The experimen- 
tal data clearly shows the coordinated shift in 1 x 2 and 2 x 1 LEED 
intensities as a function of applied strain. The light lines result from a model 
which assumes that the mean number of steps changes as a function of stress. 
The heavy lines, which fit the data very well, result when the number of steps 
is conserved. 

Step and kink energies have been the 
subject of many  investigation^.^' Recently Swartzentruber et al. have 
analyzed equilibrium distributions of kinks and steps to determine kink step 
separations and lengths, and from these extract measures of step and kink 
energies." They recorded STM images of thoroughly annealed Si(OO1) 
surfaces miscut 0.3" toward [I  101. Kink lengths and the separations between 
kinks were tabulated for type A and type B steps, and the probability of 
finding kinks separated by a given distance was plotted as a function of 
separation between kinks. The data were fit very well by a function that 
assumed the creation of each kink was a statistically independent event. This 
is somewhat surprising, since the long-range strain that leads to step-step 
repulsions9 must be manifest in kink formation probabilities, otherwise steps 
would not tend to lie at the midpoint between adjacent steps. It is possible 
that the large separation between steps on the surfaces studied masked this 
effect by producing too small a gradient in the local strain field. In any case 
the assumption of independent kinks allows the number of kinks as a 

Kinks and Step-Kink Interactions. 
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FIG. 26. Top: Experimental intensity of ( 1  x 2) (open circles) and (2 x I )  domains on the 
Si(OD1) surface as a function of applied external strain. Bottom: Fit by theory, thick (thin) lines 
correspond to quasi (global) equilibrium. From Ref. 89. 

function of length to be written N(n) a e-'('')lkT, where E(n) is the energy of 
a kink of length n. Plots of E(n) = - ln(N(n)/2N(O)) versus n were fit accord- 
ing to E(n) = ncS + C, where cS is the unit single step energy and C is 
described as an additional energy due to the corner structure at kinks. Values 
of cSA = 0.028 f 0.002eV/atom, cSB = 0.09 k 0.01 eV/atom, and C = 
0.08 f 0.02eV were found. 

A more detailed discussion, particularly of double steps and of earlier 
developments whch provided the background to work on steps described 
here, may be found in the review by Griffith and Kochanski.*' 

5.1.2.3 Si( l l0) .  While a vast quantity of effort and expertise has been 
devoted to the study of the (1 11) and (001) faces of silicon, by comparison 
little is known about the other low-index face, the (110). A perusal of the 
literature shows that even the elemental symmetry displayed by this face was 
not agreed upon as little as ten years ago. Partly as a consequence of the study 
of this surface with the STM, it has become apparent that trace amounts of 
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Si(l10) “missing row” structures 
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FIG. 27. Schematic model of Si(ll0) “missing row” surface structure. Both a plan view and 
side view along a surface [ 1701 are shown. Surface atoms are denoted by shaded circles. 

metallic impurities has a profound effect on the fundamental reconstruciton 
of this crystal face, more so than the (1 11) or (001) surfaces. 

The first LEED investigation of the Si(ll0) surface structurego reported a 
wide range of surface structures that depended on the preparation history 
(heating, sputtering, annealing, etc.) of the sample. Upon heating to - 1200°C a 5 x 1 diffraction pattern was observed, with a narrowing around 
the 2/5, 3/5 beams suggesting these were in reality a splitting of a 1/2 order 
beam due to the presence of steps or facets. This suggestion is strengthened 
by the weakness of the 1/5 and 4/5 order spots. The existence of similar 
higher-order reconstructions (7 x 1, 9 x 1) was derived from an observed 
narrowing of the 1/2 - 2/5, 3/5 splitting, suggesting these were now 3/7, 4/7 
or 4/9, 5/9 beams. Upon annealing at a lower temperature (700°C to 800°C) 
a complicated diffraction pattern, referred to as the X pattern, was seen and 
assigned to twinning or faceting of one or more of the lower symmetry 
structures. 

Olshanetsky and Shklyaev further investigated the Si( 1 10) surface phases 
using LEED and reported that the various structures seen earlier were related 
phases, and further that the X structure was a faceted series of (15 17 1) 
planes.” They designated this phase the Si(15 17 1)-2 x 1. Figure 27 shows a 
schematic of the missing row category of structures that had been widely 
proposed as the basis for the multiplicity of phases on the Si(ll0) surface. A 
natural bulk truncation at the (1 10) surface would lead to a surface consisting 
of [T 101 “tubes” consisting of six-membered rings, somewhat reminiscent of 
the five- and seven-membered rings in the Pandey model of the Si( 11 1)-2 x 1 
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FIG. 28. Topographic images of the Si(ll0) “16 x 2” surface. (a) Maps height to gray scale, 
while (b) has the contrast enhanced to bring out subtle details. Image scale is 800 x 910A with 
a vertical relief of 20A. “A” denotes a “2 x 16” region oriented in the [IL?]. “D’ designates a 
disordered area. “E’  a “2 x 16” domain oriented in the [TI21 direction. The other letters denote 
various crystal planes exposed to the STM. From Ref. 95. 

surface. Using this bulk truncation as a basis, a 2 x 1 structure may be 
achieved by removing every other raised row of zig-zag atomic chains as 
shown in Fig. 27. One can see that 5 x 1,7 x 1, and 9 x 1 structures may be 
easily formed from the basic 2 x 1 missing row structure. More evidence for 
the simple missing row phase came from ARUPS measurements by Martens- 
son et aI.,92 which showed a filled surface state a t  - 1.0eV below EF with 
positive dispersion, similar to that reported for the Si(ll1)-2 x 1. The sim- 
ilarity in bonding between the n-bonded chains and the zig-zag atoms at the 
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FIG. 28. Continued. 

surface of a [TlO] tube seemingly strengthened the missing row models for the 
Si( 1 1O)-n x 1 surface phases. 

The first STM images of the Si( 1 10) showed what appeared as an octet of 
protrusions arranged with a spacing 27.5 A along (OOl).93 This accounts for 
the 5a periodicity seen in the diffraction studies, while the individual quartets 
in the octet appeared to account for the underlying 2a periodicity reported 
earlier. Indeed, these authors suggested a model consisting of adatom decora- 
tion on the array of missing rows consistent with the earlier suggestions from 
the LEED measurements. Little ordering was noted along the surface <TlO) ,  
accounting for the streakiness of the diffraction beams in this direction and 
the apparent l x  symmetry. This work also reported on tunneling spectro- 
scopy measurements on the Si(l lo), reporting an unoccupied state at + 2.0V 
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Si(110) ”16x2”structure 
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FIG. 29. Schematic model of the “16 x 2” structure. Raised terraces are solid circles, while 
shaded circles represent the lowered terraces. 

sample bias, and an occupied state at - 1 .O V sample bias, in agreement with 
the ARUPS measurements. 

Later work with the STM by Neddermeyer and Toschg4 using short time 
annealing at 800°C reported a 4 x 5 phase composed of similar 2 x 5 
subunits, and claimed that the n x 1 phases reported earlier were likely the 
result of faceting, bringing about a number of local reconstructions. 

All of this changed with the publication by van Loenen et aL9j of tunneling 
images of the Si(ll0) surface containing varying amounts of metal con- 
tamination. These images, shown in Fig. 28, demonstrated conclusively that 
the clean surface phase was of “2 x 16” symmetry, constructed of the same 
quartet units already imaged in the 5 x 1 phase. By combining Rutherford 
Backscattering (RBS) measurements of surface nickel contamination with 
STM images, they demonstrated that small amounts of metal contamination 
vastly altered the symmetry of the surface phase. This was in accordance with 
work by Ichinokawa et aLg6 and Amp0 et aLg7 which suggested that the 
complex phases seen in earlier studies were the result of trace metal con- 
tamination. The complex 4 x 5 and 2 x 5 phases reported by Neddermeyer 
et al.94 were found to result from 0.1 ML of surface nickel, while the 5 x 1 
seen both by LEED and the earlier STM resulted from -0.01 ML 
surface nickel contamination. By eliminating all measurable nickel, a 
“2 x 16” symmetry phase, shown in Fig. 29,96 results, with two twinned 
orientations. The surface structure consists of alternately raised and lowered 
rows running along [ 1121, with entities in the rows resembling the quartets of 
the 5 x 1. The surface reconstruction and the steps run along [ 1 T2] and [T 121 
directions, while the 5 x 1 is oriented along the [OOl] as reported earlier. The 
distance measured between pair of upper and lower rows is - 51.4 A, corres- 
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ponding to the nominal 16a spacing. Examining the tunneling image in Fig. 
28, the terraced “2 x 16” structure proposed in Ref. 96 may be present, but 
is likely decorated with some sort of adatom structure to account for the 
quartets. The authors of Ref. 95 declined to propose a detailed structural 
model for the 2 x 16, leaving the determination of the atomic structure 
unknown at present. 

5.1.3 Adsorbates on Silicon 

While a good knowledge of the structure and properties of the clean 
surfaces is essential to understanding more complex surface systems, a large 
body of information may be gathered from probing simple adsorbate 
reactions, comparing and contrasting them to the behaviour of the generally 
less complicated clean surface phases. Despite the short history of vacuum 
tunneling microscopy in the surface science arena, an already wide variety of 
elemental and molecular adsorbates have been deposited on silicon surfaces 
and scrutinized with the STM. 

By far, the largest body of experiment has been carried out on the Si( 1 1 1)- 
7 x 7 surface, due both to the relative ease of its production, and the equally 
large array of adsorbate studies performed with more established surface 
probes such as low energy electron diffraction, valence band photoemission, 
surface extended x-ray absorption, surface x-ray diffraction, transmission 
electron diffraction, x-ray standing wave spectroscopy, inverse photo- 
emission spectroscopy, core level photoemission, etc., on this very famous 
surface phase. These experiments may be divided into two broad categories: 
gas adsorption experiments and solid phase deposition experiments. When 
the solid phase material is a semiconductor, the deposition experiments are 
usually referred to as epitaxial growth studies. Many groups worldwide have 
plunged into experimental studies in these areas; this review will highlight 
some selected investigations on the Si( 11 1)-7 x 7 surface. 

5.1.3.1 Gases. A number of gases have been adsorbed onto the Si(l11)- 
7 x 7. A partial list includes H, O,, and NH,. The adsorption of simple 
atomic and molecular gases on both metals and semiconductors has long 
been an established procedure for distinguishing surface from bulk features 
for the spatially averaging spectroscopic probes, such as valence band photo- 
emission and its companion, inverse photoemission. The fundamental idea is 
simple: resonances due to surface-derived features will be affected or 
quenched, while those due to bulk features will not. Largely because of the 
semiconductor device industry, possibly the greatest amount of interest is in 
the reactions of hydrogen and oxygen with the elemental semiconductor 
surfaces, since these are the prototypical reactions that are believed to govern 
most of the interface chemistry during device processing. 
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NH, Absorption. In the first study clearly demonstrating the power of 
the STM to probe surface chemical reactions, Wolkow et al. monitored the 
reaction of ammonia (NH,) on the Si( 1 11)-(7 x 7) surface.’* The very same 
area of the surface could be scanned before and after reaction, and unreacted 
and reacted sites could be unambiguously identified. The Si( 11 1)-(7 x 7) 
surface is an interesting surface with which to explore the possibility of 
monitoring surface reactions with STM because it offers a variety of chemic- 
ally different surface sites. The 12 adatoms per unit cell may be divided into 
two groups, according to the faulted and unfaulted sides of the unit cell. 
These may be further divided into LLcorner’’ and “middle” as previously 
discussed in the section on the Si( 1 1 1)-7 x 7 clean surface. There are six rest 
atoms, and one atom in the corner hole. Figure 30 shows occupied state 
images of the unreacted (top left), and reacted surface, with associated 
tunneling Z- V curves (displayed as normalized conductivity). The spectra of 
the clean surface show a distinct occupied state feature associated with the 
rest atom, and occupied and unoccupied portions of the adatom dangling 
bond states. The rest atoms, which are difficult to see in topographs, were 
followed by recording large arrays of site-specific I- V curves in coordination 
with topographs. Spectrum A, for the reacted surface, shows the complete 
absence of the strong occupied state feature associated with the rest atom. 
This dangling bond (or “lone-pair” since it is fully occupied) has been 
replaced by a chemical bond to an ammonia fragment, with an associated 
binding energy well outside the STM energy window. Reacted spectrum B, 
dotted curve, is typical of either the middle or corner type of adatom after 
reaction. When the dangling bond state is replaced with a chemical bond, the 
tip must come closer to the surface (- 1 A closer) to get the demanded 
current, with the result that the topograph shows a darkened area rather than 
a prominent adatom. Reacted surface spectra B and C, solid lines, point to 
unreacted adatoms, which have reacted neighboring rest atoms. The interest- 
ing aspect of these spectra is that they are very similar. On the unreacted 
surface, corner and middle adatoms show different levels of occupation. The 
middle adatoms, which have two rest atom neighbors, donate more charge 
toward filling the rest atom state than do corner adatoms, which have only 
one rest atom nearby. Upon reaction at the rest atom sites, this charge 
transfer is partly undone, with the result that unreacted comer and middle 
adatoms adjacent to the reacted rest atoms appear electronically very similar. 
Rest atoms are found to be most reactive, middle adatoms are next most 
likely to react, and corner adatoms are least reactive. 

The preference for reaction at rest atoms is a surprise. It may be that 
adatoms have a significant bonding interaction with the atoms directly below 
them, and as a result are not as reactive as expected. Different degrees of 
lattice strain associated with reaction at corner and middle adatoms presum- 
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FIG. 30. (a) Topograph of the unoccupied states of the clean 7 x 7 surface (above) andatom 
resolved tunneling spectra (below). Curve A is the spectrum over a restatom site, curve B the 
spectrum over a corner adatom site, and curve C is the spectrum over a middle adatom site. 
Negative energies correspond to occupied states, while positive energies indicate empty states. 
(b) Topograph of the unoccupied states (above) and atom resolved tunneling spectra (below) for 
the NH, reacted surface. Curve A is the spectrum over a reacted restatom site, curve B (dashed 
line) the spectrum over a reacted corner adatom, while curves B (solid line) and C are the spectra 
over unreacted corner and middle adatoms respectively. Taken from Ref. 98. 
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ably leads to differentiation between these two sites. No specificity toward the 
faulted or unfaulted side of the unit cell, as occurs for room temperature Pd 
deposition and 0, adsorption, was observed. Rather featureless I- V curves 
resulted over the corner atoms both before and after reaction, and no 
comment could be made regarding corner atom reactivity. 

H Absorption. The reaction of hydrogen with the surface of Si( 1 1 1) has 
been studied extensively with a wide number of surface probes. Despite this 
concentrated effort, the detailed nature of the reaction of H with the Si( 1 1 1)- 
7 x 7 is yet unknown, principally due to the difficulty that area averaging 
probes have in isolating reactions which can, of course, be mediated at 
multiple sites. In situ hydrogen reactions are brought about generally by the 
exposure of clean Si surfaces to H, gas, some fraction of which is cracked into 
the atomic species using a hot filament within line-of-sight of the sample. 
After a measured exposure the H-reacted surface is then examined under 
UHV conditions. 

Boland” has carried out extensive work on hydrogen gas reactions with 
silicon surfaces. For the 7 x 7DAS surface he postulates that much of the 
confusion regarding the saturation coverage, - 1.25 ML, is due to the fact 
that the large number of strained bonds inherent in the reconstruction allow 
the H atoms a greater number of potential reaction sites. When these bonds 
are relaxed by hydride formation, this opens up new bonds for further attack, 
continuing, ideally, until the entire rest atom layer is 1 x 1 termined with H 
atoms, with the former adatoms herded into new 1 x 1 H-terminated 
terraces. The presence of the partial stacking fault tends to inhibit the process 
at lower temperatures ( c 5OO0C), as is shown in Fig. 3 1 .99 The H-terminated 
areas may be increased upon further annealing under a hydrogen back- 
ground pressure, but as the sample temperature is raised, competition 
between hydrogen adsorption and desorption occurs, resulting in a 7 x 7 
surface as temperature is increased beyond 75OoC.’Oo Under no set of anneal- 
ing conditions has the ideal H-terminated surface been observed. Neither of 
these STM investigations find any evidence for the etching of the silicon 
surface by atomic hydrogen; adatoms which appear to be missing at lower 
bias conditions ( c 2.0 V) reappear as the applied bias is increased. This is 
simply a manifestation of the rearrangement of the DOS around the Fermi 
level when the hydrogen begins to adsorb on individual adatoms, similar to 
that seen for oxygen adsorption discussed next. 

0 Absorption. The initial stages of oxidation of silicon surfaces is an area 
of great interest to the semiconductor device industry, both because of the 
need to produce clean surfaces and to grow high quality oxide films for 
devices. A great deal remains unknown about the oxidation process on the 
atomic scale, including such fundamental questions as the geometric struc- 
ture, kinetics, electronic structure, and site reactivity. These questions make 
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FIG. 3 1 .  STM topograph of the Si(l11)-7 x 7:H surface recorded after a room temperature 
saturation of H atoms. The sample bias is +Z.OV and the image scale is 230 x 130A. Taken 
from Ref. 99. 

the vacuum STM a natural choice for probing the low-coverage, initial stages 
of the growth of SiO, on silicon at the atomic level. 

The STM was first used by two different groups to study the in situ 
oxidation of Si( 1 1 1)-7 x 7.10’,’02 Both exposed the sample to molecular 
oxygen while scanning, making determination of the exposure and therefore 
the sticking coefficient problematic. Despite these drawbacks the tunneling 
images showed a reacted Si adatom site which was generally found near 
defective areas of the silicon sample, suggesting that these may serve as 
nucleation sites. 

Shortly thereafter, Pelz and Kochlo3 examined the same system with the 
STM but exposed the samples to measured amounts of molecular oxygen 
with the tip removed from the surface so as not to influence the dosing 
process. Figure 32 shows the appearance of one area of the 7 x 7 surface 
during successive oxygen exposures.lo3 Noting the changes in adatom con- 
figuration and appearance that occur as the exposure in increased, Pelz and 
Koch determined that at  least two reaction states exist, S, and Sz, which they 
suggest are related by a t  least a two-stage reaction process. The SI states are 
manifest as “bright” or higher adatoms, while the later S2 states are charac- 
terized by “darker” or lower adatoms. This is generally true for all bias 
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FIG. 32. Gray scale topographs measured at V,,,, E 2.0V of the Si(lll)-7 x 7 surface for 
oxygen exposures of (a) 0 L, (b) 0.3 L, (c) 0.4 L, and (d) 0.6 L total 0, dose. Sites marked “a” 
and “b” in (c) refer to S, adatom sites with different contrast levels. Image scales are 
-200 x 200A. From Ref. 103. 

conditions between - 3.0 V and + 3.0 V, indicating that the S ,  state has 
somewhat enhanced state density near EF, while the S2 state has decreased 
state density relative to unreacted adatoms. As the oxygen exposure is 
increased, more Sz adatoms are noted, and the bulk of both are located on 
the faulted half of the 7 x 7 unit mesh, suggesting increased reactivity at this 
point, similar to that found in experiments where Pd was deposited at room 
temperature. Statistics obtained from the images also indicate some prefer- 
ence for corner adatoms over middle adatoms, as was found in studies on 
NH, absorption on Si(ll1)-7 x 7. These authors also point out that the 
spatial distribution for the S, final state is more uniform than for the S , ,  
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indicating that S2 may be reached by alternate paths. Without exposing to 
further amounts of oxygen, this conversion from SI to S, may be accelerated 
by gently annealing the sample to -650°C for short periods of time. The 
authors suggest a model of successive binding of oxygen to different bonds 
in the adatom structure, but point out that none of the models considered are 
adequate to explain all of their data. Similar STM observations of this 
process have been published by another set of investigators.’M 

While the previous dis- 
cussion has concerned the adsorption of simple gases on silicon surfaces in 
situ, it is also possible to absorb atomic hydrogen on Si(ll1) surfaces by using 
wet chemical methods. The interest here is the simplicity of the procedure 
when compared to UHV methods, while a flawless termination of the semi- 
conductor surface with hydrogen would result in complete passivation. Both 
of these qualities make this procedure attractive from a device manufacturing 
viewpoint.The cleanliness and surface morphology of Si( 1 1 1) prepared by 
wet chemical HF  etching methods varies a great deal depending on the 
process used. Higashi et ul.”’ have developed an etching recipe which results 
in smooth, well-defined defined Si( 1 1 1)-H surfaces as measured using IR 
vibrational spectroscopy. In order to check the surface models and roughness 
measurements, Becker et ~ 1 . ” ~  used The STM under UHV conditions to 
image these H-terminated surfaces. The Si( 1 1 1)-H surfaces were prepared 
outside the UHV chamber containing the STM, then transferred in using 
conventional load-locking methods. Without any further surface prepara- 
tion, the tunneling images revealed a well-ordered 1 x 1 surface with con- 
tamination in the form of “white balls” covering -0.01 of the surface. 
Previous STM studies of HF-etched Si( 1 1 1)  had failed to detect any atomic 
features,’” most likely due to the small corrugation amplitude of 0.07A. 
Spectroscopic measurements showed a 1.2 eV energy gap with no prominent 
features out to 2.0 eV on either side of EF, indicating that surface-derived 
states had been removed by the H-termination (all dangling bonds were 
eliminated). Since the surfaces had been prepared in ambient conditions, the 
relative reactivity vis-a-vis conventional, clean semiconductor surfaces was 
many orders of magnitude attenuated. Even more interesting were in situ 
desorption experiments performed on the H-terminated surface using the 
STM tip as a local electron source. These investigators showed that the 
hydrogen could be selectively desorbed, from areas as small as - 40 A in 
extent, by exposing the sample to a short pulse of electrons with kinetic 
energies of 2-10 eV. The resulting areas were transformed irreversibly to the 
2 x 1 z-bonded chain upon desorption of the hydrogen, as determined both 
by examining the tunneling images and performing spectroscopy on both 
H-terminated and desorbed areas. A clue to the reaction mechanism may be 
gleaned from the data in Fig. 33, which shows the normalized 1 x 1 * 2 x 1 
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FIG. 33. Reduced 2 x 1 conversion area vs. end-point bias for the electron stimulated desorp- 
tion of atomic hydrogen from the Si(ll1)-l x I:H surface. The different symbols refer to 
different data runs with the error bars derived from the statistics of the number of 2 x 1 sites. 
The lower abscissa indicates the bombarding electron kinetic energy. Taken from Ref. 106. 

conversion area as a function of incident electron kinetic energy.'06 A peak 
is visible at N 6 eV, with an upturn in efficiency as the kinetic energy is 
increased beyond 10 eV. The peak is resonant with the indirect gap between 
Si-H bonding and antibonding bands, indicating that the reaction path is one 
of promoting an electron from the bonding to the antibonding band. Of 
course, the cross-section for this is quite low; approximately 10' electrons are 
required for each surface site converted. This work demonstrated that the 
STM could be used as a tool to instigate local chemical reactions. 

Morita et ~ 1 . ' ~ '  have also used the STM under UHV conditions to examine 
the H-terminated surface of Si( 1 1 1)  using dilute (1 %) HF etches. They have 
found regions with triangular symmetry similar to those reported by Becker 
et al., but with a spacing a between surface sites of 2.2 A, rather than the 3.9 A 
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observed in the earlier work. They speculate that these features are due not 
to a Si-H monohydride species but to a trihydride termination of the surface 
atoms; each of the bright points in the STM images correspond to the 
terminating H atoms. This conclusion is not confirmed in IR spectroscopy 
measurements carried out on this system. 

5.1.3.2 Metals. A large number of metals have been deposited on 
Si( 11 1)-7 x 7 including the noble metals Ag, Au, Pd, the group I11 elements 
B, Al, Ga, and In, group V materials As and Sb, transition metals Cu and Ni, 
Group IV metals Sn, and alkali metals such as Cs, Li, and K. The results of 
some of these experiments are now described. 

Silver-induced reconstructions on Si( 1 1 1) have been studied exten- 
sively with many surface probes, with no consensus reached as to the details 
of the atomic structure. Much of this is related to the fact that the introduc- 
tion of a small amount of Ag on the clean Si(ll1) surface at elevated 
temperatures causes a significant amount of subsurface rebonding. It is 
therefore quite likely that the Ag atoms themselves are not isolated to sit 
upon the surface of the silicon, but are incorporated into a more complex 
structure in the near surface region. This has led to the proposal of a number 
of structural models variously described as honeycomb, hexagonal, and 
trimer'09 to explain the f i  x f i  symmetry typically displayed by Ag 
coverages of - 1 ML deposited at temperatures of 200 to 500°C. Other 
surface structures exist at various combinations of coverage and temperature, 
but the Si( 1 I I)-Ag ,,6 is the most widely investigated. 

The first STM studies of the Si(1 1 1)-Ag system were by Wilson and 
Chiang"' and Van Loenen et al."' Both studies reported nearly identical 
images of the @ x f i  reconstruction, but concluded that the STM data 
supported different models for the surface structure, namely Ag-honeycomb 
and embedded trimer respectively. Wilson and Chiang initially prepared their 
samples by depositing - 2 ML of Ag at room temperature, then subsequently 
annealing at 480°C for a few minutes to produce the f l  structure. Upon 
annealing at even higher temperatures (-6OO"C), regions of local 1 x 3 
symmetry were imaged, but not at atomic resolution, thus precluding a 
detailed structural model. Tunneling images of the $ x f l  areas showed 
them as six-membered rings of protrustions, suggesting a honeycomb struc- 
ture for the surface. In contrast, Van Loenen et al. held a clean Si(ll1)-7 x 7 
sample at 460°C and deposited Ag at 0.5ML/min until LEED showed a 
sharp f i  x f i  diffraction pattern. Using the previously discussed CITS 
technique, they acquired a number of current difference images and used 
these to argue for the embedded trimer structure capped by a honeycomb of 
Si atoms. This configuration was based on arguments pertaining to charge 
transfer and chemical bonding. In essence, both the Almaden and Yorktown 
Heights groups agreed that the STM images closely resembled a honeycomb, 
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with the former arguing that these were surface Ag atoms and the latter 
surface Si atoms. Unfortunately, the STM has great difficulty in distinguish- 
ing elemental species. 

Not content to let matters rest at this stage, Wilson and Chiang carried out 
further experimentsII2 on the Si(l1 I)-Agfl system. In this later work, they 
held a clean Si(ll1)-7 x 7 sample at 500°C while depositing silver. Limiting 
the coverage to - 0.1 ML, they were able to produce a number of regions 
where the 7 x 7 and f i  x $3 phases coexisted. By imaging the phase 
boundary at high resolution, and then projecting the known surface lattice 
positions as determined by the DAS 7 x 7 structure out over the &Ag 
regions, they established that the tunneling images failed to support the 
embedded trimer model proposed by Van Loenen et al. but were consistent 
with either the simple honeycomb or at missing-top-layer honeycomb model 
proposed by Kono et al.Il3 Some doubt has been cast over the validity of this 
projection method, since one of the figures in Ref. 112 extends the Si surface 
lattice across terraces separated by one atomic step in height. Yet the lattice 
may be seen to fit the protrusion network everywhere in the image, despite 
the expected phase shift in position encountered in vertical displacements of 
one double-layer. 

Gold has long been an attractive material for deposition on silicon 
surfaces both for the ease of carrying out the evaporation and the prolifera- 
tion of gold contacts in the electronics industry, along with the wide variety 
of surface phases displayed as a function of both coverage and thermal 
treatment. Measurements carried out with traditional surface probes have 
reported structures with symmetries of 5 x 1, 5 x 2"4,115*116,'17, f i  x 8, and 
6 x 6,'18 depending on the coverage and annealing process. For the 5 x 1 and 
5 x 2 phases, the reconstruction is described as rows of Au atoms oriented 
along a (101) with a 5a spacing, while the f i  x f i  and 6 x 6 structures 
have had a number of models invoked to explain their symmetry. These are 
related to the similar three-fold phases seen for Ag on Si(ll1) and consist 
of the honeycomb structure,"' the hexagonal structure,12' and the trimer 
structure. ''I 

The first STM studies of Au-induced reconstructions on Si(ll1) were 
reported by Salvan et ~ 1 . l ~ ~  of the 8 x f i  phase. In this study the authors 
concluded that the weight of the data favored the simple hexagonal model. 
In a later study by Dumas et ~ l . , ' ~ ~  0.6ML of Au was deposited on a 
Si(1 I1)-7 x 7 surface while the sample temperature was held at 7OO0C, 
resulting in sharp 8 LEED patterns. Tunneling images of this structure, 
taken tunneling from occupied sample states at 0.45V bias, shows a trian- 
gular array of entities with - 0.7 A relief rotated at  30" to the orientation of 
the starting Si(ll1)-7 x 7 surface. The authors noted a somewhat triangular 
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shape to the entities, which led them to conclude that a trimer arrangement 
of Au atoms was responsible for the STM images. 

Subsequent to these experiments, Hasegawa et used the STM to 
examine this system under a wider variety of conditions. As in the earlier 
measurements by Dumas, these workers started with a clean 7 x 7 surface, 
but had no way of determining the Au coverage on the silicon sample after 
deposition, so the experiments simply proceeded from lowest to highest 
coverage. At the lowest coverages, a 5 x 5 arrangement of protrustions was 
seen between terraces of nearly clean 7 x 7. As the coverage was increased, 
a 5 x 2 structure was observed, with the 5a direction running along (710). 
These consisted of two somewhat resolved rows with bright protrusions 
arranged approximately periodically along these rows. At still higher 
coverages a f l  x $ was seen, similar in appearance to that reported by 
Dumas et ~ 1 . l ~ ~  In this study, no triangular shape was detected for the 
protrusions, leading the authors to equivocate as to whether the data sup- 
ported any of the previously suggested structural models. In a further 
s t ~ d y , ” ~  these same investigators used the STM to examine the initial tran- 
sition from the clean 7 x 7 surface to the Au-induced 5 x 1 or 5 x 2, where 
they concluded that only a small amount of Au ( < 0.1 ML) was required to 
cause the Si( 1 1 1) surface to reorder to 5 x 2 symmetry. In a similar manner, 
Baski et a1.126 examined the transition at  higher coverages between the 5 x 1 
and the f i  x 4 surface structures. As has been the case for the Ag-induced 
phases, the STM is not able to distinguish metal atoms from silicon in the 
tunneling images, making detailed conclusions difficult at best. 

Palladium, another noble metal, has also been deposited on Si( 1 1 1)- 
7 x 7 and the resulting sequence of growth imaged with the STM. Unlike the 
Ag and Au systems, where the introduction of the metal adsorbate at elevated 
temperatures induced a radically different surface phase, the deposition of Pd 
at room temperature tends to promote the growth of PdzSi material with the 
electrical characteristics of a silicide. Kohler et al.’27 have examined this 
system at successive stages of evolution and find a number of interesting 
features. First, the Pd atoms selectively adsorb to the faulted portion of the 
Si( 1 1 1)-7 x 7 unit mesh, with nuclei containing - 13 Pd atoms. Figure 34 is 
an STM image showing these Pd nuclei on the 7 x 7 DAS structure, with a 
schematic depicting the approximate heights in the STM images.’27 This 
selection of the faulted side of the unit mesh strongly suggests a greater 
chemical reactivity, which is related to the small electronic differences 
between the two halves of the DAS structure. This tendency was also 
observed in the 0’ adsorption experiments of Pelz and Koch.lo3 Further 
deposition does not lead to an increase in the number of nucleation sites, but 
rather, a lateral growth of the existing nuclei in an essentially two-dimensional 
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FIG. 34. STM topograph of a 1 I5 x 92 A are of Si(l11)-7 x 7 with 0.25 ML Pd deposited at 
room temperature (upper panel). The grid indicates the 7 x 7 superlattice (center panel). 
Schematic of the DAS 7 x 7 with the location of the PdSi, nuclei indicated (bottom panel). Cut 
through the long diagonal of the 7 x 7 structure showing the vertical extension of the silicide 
nuclei. Taken from Ref. 127. 

manner. The authors also report that surface defects such as atomic steps do 
not appear to affect this adsorption process. 

The first four elements in Group I11 of the periodic table 
have all been deposited on the Si(ll1) surface under various conditions. 
These materials have the common trait that all exhibit a structure with 

x d symmetry, along with other phases peculiar to each of them. Boron 
exhibits only a 4 surface phase, while aluminium takes up both a $ and 
a fl surface phase. Gallium shows the f i  symmetry, a less understood 
“6.3 x 6.3” phase, and others that are even more poorly understood. Indium 
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displays a number of phases, including one of ,b symmetry and one of 4 x 1 
symmetry. All of these have been examined with the vacuum STM. The fact 
that a phase with f i  symmetry is formed by all of these elements suggests 
that a common structure may account for this phase. Both from theoretical 
considerations, and experimental evidence, the 8 phases are suspected as 
simple adatom phases, with the metal atoms arranged on an otherwise 1 x 1 
Si double-layer with each adatom bonding to three surface Si atoms. This 
geometry is quite similar to that displayed by the adatoms on the Si(ll1)- 
7 x 7 surface, where the presence of the additional restatoms gives a 2 x 2 
unit mesh with four surface atoms against a ,b x ,bmesh with three surface 
atoms. 

Hamers and Demuth investigated the Si( 1 1 1)-A1 f i  surface with STM, 
and also reported on a related phase having x f i  symmetry.’” They 
found that the tunneling images were consistent with a simple adatom phase 
where the A1 atoms are arranged in f i  symmetry on an otherwise 1 x 1 
silicon substrate. They noticed that two distinct species of adatoms existed, 
with the minority appearing brighter (higher) than the remainder at one 
polarity, and conversely darker (lower) in the other, denoting a shift in 
surface state occupation at these sites. This minority species was inferred as 
substitutional Si adatoms in an otherwise A1 adatom matrix. All of the 
adatoms were placed on T, sites in accordance with total energy calcula- 
t i o n ~ . ~ ~  Based on spectroscopic measurements over both types of adatoms, 
they suggested that the defective adatoms were consistent with creation of a 
localized donor-acceptor set of states, rather than a simple shift in the DOS 
due to the presence of the additional bond for the Si adatoms. While appeal- 
ing in some aspects, this explanation is not that well supported by the 
available data, and is not offered in explanation of similar substitutional 
features seen in the Si(1 1 1)-Ga and Si(1 1 1)-In systems. In further work, 
adatom-like areas with local 8 x $ symmetry were observed and ascribed 
to essentially the same model. 

The Si( 1 1 I)-Ga system has been examined by at least two different groups. 
Nogami er af.’29 deposited 0.3 ML of Ga on Si(ll1)-7 x 7 at room tem- 
perature, then annealed to 475°C to get a well-ordered ,b x f i  structure. 
Similar to the previous work by Hamers and Demuth using aluminium, the 
Si( 1 1 1)-Ga surface appeared as a simple adatom phase on a 1 x I substrate. 
Left open was whether or not the predominantly Ga adatoms were located 
on H, or T, sites. This question was answered by reducing the amount of 
surface Ga until mixed phase regions of 7 x 7 and ,b x $were found, then 
using the relative registry of the DAS 7 x 7 to determine the simple adatom 
sites, which were consistent with the T,. Another phase in the Si(1 1 1)-Ga 
system, the so-called “6.3 x 6.3” phase130 was studied by Chen et ~ f . ’ ~ ’  with 
the vacuum STM. This odd phase is achieved by depositing additional Ga 
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beyond the 1/3 ML required for the @ x @ structure and annealing at 
300-500°C. The tunneling images revealed a surface consisting of some 
regions of the aforementioned Ga adatom phase interspersed with areas of 
hexagonally close-packed “supercells.” These supercells are - 24 A in lateral 
extent, and consist of a triangular array of protrusions with 4.1 A nearest- 
neighbor spacing. The lateral extent of the supercells accounts for the 6 . 3 ~  
periodicity, while the boundaries appear as misfit dislocations. The authors 
suggest that the supercells are a “graphitic” phase, made up of co-planar 
interpenetrating Si and Ga lattices, that is weakly bonded to the substrate 
below. They point out that x-ray standing wave measurements of this struc- 
ture indicate a contraction of the outer crystal layer by - 0.5 A, which may 
allow for the lateral expansion of - 0.3 A from the bulk Si lattice spacing. 

Moving one row down in the periodic table but staying in Group I11 we 
have the Si( 1 1 1)-In system. Like the A1 and Ga systems previous, this metal 
exhibits a 8 x @ symmetry when the surface coverage is -0.3ML. 
Nogami et have examined this phase, and a related 4 x 1 phase with the 
STM. Like the metals before it, the @ phase is consistent with a T, adatom 
phase. The best surfaces were obtained with In coverages of 0.3-0.5 ML and 
an anneal at 450’C after deposition at room temperature. By increasing the 
coverage 0.7-1.1 ML with the same annealing conditions, a 4 x 1 phase is 
produced. This consists of double-ridged rows spaced 4a apart in the lateral 
direction, with a la periodicity along the rows. Although the STM data rules 
out constructing the 4 x 1 from pairs of 2 x 1 subunits, no atomic model was 
suggested by the authors for the 4 x 1. In this study, epitaxial growth of In 
islands on the 4 x 1 was observed upon continued deposition of In metal. 

At the top of the Group 111 column is boron, an element which serves as 
the chief dopant for p-type silicon, since it possesses a very high solid 
solubility. While the other elements in this group, usually at a coverage of - 1/3 ML, show a simple adatom 8 phase, boron was not expected to 
follow suit because of the much smaller size of the atom than the metals Al, 
Ga, and In. In the T, binding sites characteristic of the simple adatom phases, 
free energy is reduced by trading three dangling bonds on the surface layer 
for one on the adatom, but at some strain energy cost for distorting the 
surface bonds from their normal pz  character. The effect of this is to pull in 
the three atoms the adatom bonds with, and rotate the adatom bonds from 
tetrahedral 108’ internal angles to something closer to 90’. Given the small 
size of boron, the stress introduced by “pulling in” the substrate top-layer 
atoms makes the simple adatom reconstruction energetically unstable. For 
these reasons, the existence of a Si( 1 1 1)-B $ phase was unexpected. This 
structure was examined in detail using x-ray diffraction methods by Headrick 
et u I . , ’ ~ ~  who concluded that an adatom structure was responsible for the 
phase, but the adatoms were silicon rather than boron. These workers instead 
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Substitutional Atomic Sites 
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FIG. 35. Substitutional sites on Si(1 I I )  surfaces. Shown are (left to right) top T4 site, bottom 
B, site, and the top double-layer substitutional site. 

suggested that the boron atoms occupied the site directly beneath the T, 
silicon adatoms, and referred to this site as B, (bottom, five fold coordinated). 
Figure 35 shows a side view schematic of typical (1 11) surface sites, with T,, 
B,, and substitutional indicated. STM images of the Si( 1 1 1)-B $ 
~ur face ’~~ . ’~ ’  were consistent with this structure since they showed a uniform 
,b lattice bearing strong resemblance to the previous simple adatom surface 
phases. Both groups of investigators published theoretical total energy cal- 
culations which supported the B, boron site over the conventional T, site. In 
addition, the presence of dark adatoms in the tunneling images was noted 
and explained as Si adatoms with a Si atom in the B, site rather than the 
majority boron atoms. Lyo et ~ l . , ’ ~ ~  by steadily increasing the substrate Si 
temperature as the boron was deposited, showed images which suggest that 
the boron initially occupies the top T, site, moving to the energetically 
favorable B, site at higher temperatures. Thibaudau et ~ 1 . l ~ ~  also presented 
tunneling images showing the Si( 11 1)-B 4 structure but suggest instead the 
boron atoms occupy a subsurface site adjacent to and in between, the T, 
silicon adatoms. This configuration is neither supported by theoretical work, 
nor ion scattering data, on this system. 

One of the more challenging problems in surface science is the 
creation of an ideal surface. The principal requirement of the ideal surface is 
that it have extremely low, or infinitesimal, reactivity. Elsewhere in this 
chapter we have demonstrated that the truncation of the bulk structure 
necessarily generates a large number of unsatisfied bonds (essentially one per 
surface site) which are diminished by reconstruction of the surface atoms. As 
we have seen, even this process does not eliminate all dangling bonds-the 
(111) and (001) surfaces of silicon are yet quite reactive with lifetimes 
measured in hours even under UHV conditions. A number of methods have 
been introduced to further reduce the reactivity of these surfaces. One is to 
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terminate the surface bonds with some suitable chemical species, such as 
hydrogen, as was previously discussed. Another is to substitute the surface 
silicon with another element, so that the resulting electronic configuration 
leads to reduced reactivity. 

Bringans et ~ 2 1 . l ~ ~  showed that a nearly ideal passivation of the Si(l11) 
surface may be brought about by replacement of the outermost Si atoms with 
As. These As atoms bond to three equivalent Si substrate atoms, put their 
remaining two electrons into a lone pair state, creating a filled band and 
eliminating the Si . dangling bond surface states. This substitutional site is 
shown in Fig. 35. This substitution results in a 1 x 1 Si(1 11)-As surface with 
reactivity several orders of magnitude less than that of silicon itself. These 
surfaces are prepared by exposing clean Si( 1 1 1)-7 x 7 surfaces to As, flux at 
a substrate temperature of 700°C. STM images of this surface phaseI3’ clearly 
show an array of protrusions with apparent height of - 0.lA spaced N 3.9A 
apart, i.e. 1 x 1. There were no discontinuities evident in the tunneling 
images, which may have signaled the continued existence of a partial stacking 
fault left over from the starting 7 x 7 DAS structure. Tunneling spectroscopy 
performed on this surface showed the introduction of a surface state energy 
gap of N 2.0eV compared with the small (< 0.5 eV) or nonexistent energy 
gap displayed by the starting Si(l11)-7 x 7 surface. These authors also 
presented a theoretical calculation of the surface band energies including the 
quasiparticle corrections, which are required to achieve a realistic energy gap. 
The calculations predicted an indirect surface state energy gap of 
2.2 0.2eV, in good agreement with the STM measurements, confirming the 
substitutional Si( 1 1 ])-As model. 

The transition metals, nickel and copper, are responsible for 
inducing reconstructions on Si(l1 I )  that have not yet been resolved. Small 
amounts of elemental nickel (< 0.1 ML) cause Si(ll1) to form a structure 
with f i  x 0 symmetry. Given the radical effect trace amounts of this 
material have on the Si(ll0) surface, or even the Si(OO1)-2 x 1, this is not 
particularly surprising. The Si( 1 1 I)-Cu system is even more interesting, 
having been the object of several STM investigations with very different 
model structures. 

Wilson and Chiang have examined the effects of small amounts of elemen- 
tal nickel on the Si(ll1)-7 x 7 with the tunneling micro~cope.’~~ Their tun- 
neling images show a surface phase that strongly resembles the regular array 
of ring-like lOA structures packed in a hexagonal manner. Every other 
three-fold “doughnut junction” has a bridge-like structure; these tend to be 
missing in defective areas. In support of the STM images, and the relatively 
small amount of Ni required to induce the reconstruction, they propose a 
model whereby an embedded six-fold coordinated Ni atom causes six Si 
adatoms to cluster about it in a fashion that intermixes metallic and covalent 
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bonding. The bridge sites are then conventional T4 Si adatoms located 
between every other ring feature junction. 

The Si( 1 1 1) surface annealed in the presence of - 1 ML of copper displays 
a LEED pattern that is nominally “5 x 5.” Close examination of the diffrac- 
tion pattern reveals the presence of both 115 and 1/6 order spots; a number 
of measurements have settled on a value for the principal surface lattice 
vector of - 5.551. Several STM investigations of the Si( 11 1)-Cu system have 
been carried out. Wilson et ~ 1 . ’ ~ ’  showed tunneling images which depicted this 
surface as a disordered array of discrete 5 x 5 meshes arranged loosely with 
5-7a lateral spacing. These images led the authors to suggest the Si( 1 11)- 
5 x 5Cu structure as a set of incommensurate 5 x 5 cells separated by 
domain walls. Demuth et ~ 1 . ’ ~ ’  subsequently examined this system with the 
STM, using Fourier filtering methods to decompose the complex tunneling 
and CITS images into their component features. They report that the 5 x 5 
is incommensurate with the underlying Si lattice, with at  least three distinct 
surface phases present in the reconstruction. These consisted of two electron- 
ically distinct “1 x 1” CuSi subcells separated by, and coordinated with, a 
network of slightly depressed regions (“craters”). Demuth et al. argued that 
these features were due to the existence of two distinct silicide phases with 
markedly different strain fields. The network resulted from arranging the 
various regions in a manner that reduced the overall strain energy of the 
surface. This proposal is similar to, but somewhat more complicated than, 
the model proposed by Chen et ~ 1 . ’ ~ ’  for the Si(ll1)-“6.3 x 6.3”Ga system. 
More recently, M ~ r t e n s e n ’ ~ ~  has studied the Si-Cu “5 x 5” using the STM. 
At low bias conditions (< 0.5 V) tunneling out of occupied sample states, the 
surface appears as a regular array of - 12 A “balls”; these then appear to 
have a random arrangement in a network at  higher bias conditions ( N 2.0 V). 
Not only are the bright features random in location, but they undergo 
movement at the room temperature tunneling conditions employed in this 
study. Based on junction I- V characteristics, Mortensen suggests these 
features are purely electronic and not associated with distinct geometric 
features on the surface. Further, he argues that the overall 5 x 5 appearance 
is a Moirt effect of a nominally CuSi graphite-like lattice incommensurate 
with the underlying Si( 11 1)-1 x 1 bulk. This argument is bolstered by x-ray 
standing wave and diffraction measurements which suggest a contraction of 
the outermost surface layer (containing the Cu atoms) toward the bulk, 
together with a lateral expansion of - 10% and a rotation of 3.3”. These 
features collectively give a lateral periodicity of - 5 . 5 5 ~ .  The 3.3” rotation 
gives rise to two distinct domains which, in turn, create domain boundaries. 
He interprets the bright balls as electronic features of the domain boundaries 
which move because of collective relaxation fluctuations at the boundaries. 
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In essence, the CuSi domains are “frustrated” in their attempt to form the 
lowest free energy configuration due to the ground state degeneracy. 

5.1.4 Epitaxy, Diffusion, and High Temperature Work 

The unrivaled ability of the vacuum STM for observation of surface 
features at atomic length scales has provided an unprecendented method of 
glimpsing the mechanisms of processes that are fundamental to much of 
technology. Chief among these is epitaxial growth, which is just emerging as 
an arena of experiment for the STM. Other significant areas are studies of 
surface diffusion (a difficult to measure quantity) and high temperature phase 
transitions, which are at the forefront of investigation. 

5.1.4.1 Homoepitaxy of Silicon 
Si( 7 7 71. The epitaxial growth of Si on Si( 1 1 1)-7 x 7 substrates has been 

explored with the STM by Kohler et ~ 1 . l ~ ~  They find a variety of features at 
submonolayer coverage as a function of substrate temperature during the 
deposition process. At low temperatures, - 20°C, STM images show the first 
fraction of a monolayer grows in an amorphous manner, with nucleation 
appearing at the restatom sites of the unit mesh. As the substrate temperature 
is raised to - 25OoC, ordering begins to appear, in that the islands gain 
lateral extent, with some of them showing adatom-like features characteristic 
of the starting 7 x 7 surface. As the temperature is increased to -350°C, 
growth becomes predominantly epitaxial, with irregularly shaped quasi- 
7 x 7 islands forming. As the growth temperature is further raised to 
-500°C, these islands become triangular and display a tendency to form 
(n2) step risers with near perfect registry of the 7 x 7 meshes between the 
growth islands and the substrate. At these elevated temperatures, the dif- 
fusion is sufficient to create denuded zones around substrate steps, demon- 
strating that these are sinks for deposited Si atoms. The authors also noted 
a significant tendency for the growth islands to nucleate at substrate defects, 
such as 7 x 7 domain boundaries, and suggested that this was due to the 
increased dangling bond density at these sites. The observed tendency to 
begin second-layer growth before the first layer was complete is also consis- 
tent with such an explanation, for the growth islands have a much greater 
density of domain boundary defects than the substrate surface. 

Factors affecting the growth of epitaxial silicon have been 
studied most productively with the STM. Examination of island shapes and 
the effects of deposition temperature and annealing have provided insight 
into the roles of anisotropic diffusion and inequivalent step edges. 

Individual silicon atoms diffuse freely on the Si(OO1) surface at room 
temperature and are never observed in STM images; the smallest unit seen is 
the dimer. Islands formed at deposition temperatures (i.e., the temperature of 

Si(OO1). 



SILICON 209 

the crystal) of up to 570°K are found to be needle-like in appearance, with 
aspect ratios of 30 to 1 or Figure 36 shows typical elon- 
gated islands formed at  low deposition temperatures. Since the type A step 
is less energetic than the type B step,80.ss it might be assumed that the observed 
island shapes are simply a manifestation of this fact and represent the 
equilibrium configuration. However, the aspect ratio of the shapes depends 
on the deposition temperature, and, elongated islands may be annealed to a 
more nearly round shape with aspect ratios near 2 to 1 if held at 600°K for 
several minutes.I4' Islands after annealing are shown in Fig. 37. The long 
islands arise as a result of strongly anisotropic growth conditions and are not 
equilibrium shapes. Anisotropic diffusion across terraces and an anisotropic 
probability of sticking to growing islands, play a role in determining the 
shapes. 

Anisotropic sticking has been clearly demonstrated in a series of experi- 
ments by Hoeven et al.'499's0*'s'~152 Figure 38 shows a two domain surface (i.e., 
single atomic stepped with alternating 2 x 1 and 1 x 2 terraces) with a 0.5" 
vicinal angle after a 0.2 monolayer dose of silicon at 750K deposition 
temperature. As is typical in these experiments, the crystal was cooled to 
room temperature before imaging. Before deposition the terraces were of 
roughly equal area, but after deposition the type B terrace (the upper terrace 
of a type B step) has grown at the expense of the type A terrace. It is apparent 
that the majority of incoming atoms are incorporated at the type B step edge. 
Note at this deposition temperature, islands, which are unstable with respect 
to step edge incorporation, are not commonly observed. On increasing the 
coverage to 0.5 monolayer, the surface becomes essentially single domain. 
This nonequilibrium surface, grown under kinetic control, reverts to the 
single step structure upon annealing. 

Diffusion coefficients are notoriously difficult quantities to determine, for 
the self-diffusion of silicon, estimates of activation energies have varied 
widely.IS3 Recently, Brocks, Kelly, and Car have used first-principles total- 
energy calculations to study the diffusion of silicon atoms on the dimer 
reconstructed Si(OO1) ~urface."~ The calculated total energy surface covering 
the 2 x 1 unit cell is shown in Fig. 39(a). The solid circles are the dimer 
atoms, dimer bonds run in the X direction. The absolute minimum point on 
the energy surface, M ,  is the preferred binding point of an adatom. The 
corresponding geometry is shown in Fig. 39(b). The adatom is bound to two 
atoms, of two different dimers, and the dimers are in the same row. The 
adatom is asymmetrically located between dimer rows and does not interact 
with dimers in the adjacent row. Point H on the energy surface is a local 
minimum with a total energy 0.25 eV higher than the absolute minimum. 
Points B and D are saddle points with total energies of 1.0eV and 0.6eV 
higher than the absolute maximum. Diffusion along a row is predicted to 
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FIG. 36. STM image of the Si(OO1) surface after deposition of 0.1 monolayer silicon at a 
deposition temperature of 580K. From Ref. 144. 
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FIG. 37. STM images of island shapes after annealing structures such as those shown in Fig. 
36 for two minutes at 600 K .  From Ref. 148. 

proceed in a C-shaped path, starting at point M ,  the adatom moves to point 
H ,  then to the half-way point D,  and then on to Hand finally M in the next 
unit cell. The effective activation energy is 0.6eV. Proceeding more directly 
in the row direction (the Y-axis) leads to a barrier of 0.8 eV. To hop across 
rows, an adatom must overcome a barrier of I .O eV on passing through point 
B, predicting that diffusion is highly anisotropic. 

Mo et al. argued, based on silicon island shapes, that diffusional aniso- 
tropy is small.148.149 Mo et al. later studied denuded zones formed after Si 
deposition and concluded, from this more direct evidence, that diffusion 
anisotropy is quite c~nsiderable.~’~ Most recently Mo et al. have attempted 
to measure the activation barrier to diffusion through an analysis of the 
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FIG. 38. Vicinal Si(OO1) with a micut of 0.5" after deposition of 0.2 monolayers of silicon at 
750'K. From Ref. 149. 

number density of islands formed during depo~ i t ion . '~~  The activation energy 
and pre-exponential for diffusion along rows were determined to be 
0.67 i- 0.08 eV and approximately 

5.1.4.2 Phase Transitions at Elevated Temperature. From the begin- 
ning of vacuum STM observations in 1982, up until very recently, tunneling 
images were acquired at  or below room temperature in all investigations. 
However, since 1990, a number of investigators have begun to explore the 
fertile ground that may be accessed by examining samples at elevated tem- 
peratures, enabling direct access to a number of important processes ranging 
from diffusion to chemical reactions. One must bear in mind that the STM 
is a relatively slow mechamism; the events that are observable will be those 
that take place on time scales greater than or equal to the framing time of the 

cm'/s respectively. 
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a 

b 

FIG. 39. (a) Perspective view and contour plot of the total energy surface covering a 2 x 1 unit 
cell. The first contour is at 0.1 eV with respect to the absolute minimum (M) and the contour 
spacing is 0.2eV. The interval on the vertical energy axis is 1 eV. The X axis is chosen to pass 
through a dimer. (b) Perspective view of the equilibrium binding configuration showing the first, 
second, and third layer substrate atoms. Bond lengths are shown in Angstroms, the open circle 
represents the adatom. From Ref. 154. 

instrument. Since most interesting processes at  elevated temperatures occur 
quite rapidly, the development of faster scanning devices is crucial to this area 
of investigation. 

The fundamental phase transition on the clean 
Si(l11)-7 x 7 surface is the transformation of the stable, DAS 7 x 7 rever- 
sibly to a “1 x 1” structure at temperatures of - 875°C. As with most other 
surface phenomena, this process has been studied using other techniques, 
with no consensus as to the structure of the 1 x 1 phase. Previous STM 
observations were carried out below this transition temperature, leaving the 
study of the 7 x 7 0  1 x 1 outside the realm of atomic scale real-space 
imaging. Using reflection electron microscopy (REM), Osakabe et ~ 1 . ‘ ~ ~  

Si(7 7 7)-7 x 7 to 7 x 7. 
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demonstrated that upon cooling from the 1 x 1 phase, the 7 x 7 nucleated 
at the upper edges of step risers and proceeded inwards along the upper 
terrace, Low energy electron microscopy (LEEM) measurements showed 
triangular regions of 7 x 7 existing on samples quenched from high tem- 
perature,’” but made no determination of when this structure appeared. 

Recently, Miki et ~ 1 . ” ~  published tunneling images taken at temperature 
showing the 7 x 7 0  1 x 1 transition upon slowly cooling from the 1 x 1 
phase. They find that, as in the REM data, the 7 x 7 nucleates at the upper 
terrace at a step riser, straightening the step riser through incorporation into 
the reconstruction as previously r e p ~ r t e d , ~  and is never seen in domains 
smaller than six unit meshes. Figure 40 shows a tunneling image of the 
Si(ll1)-1 x 1,7 x 7 surface at temperature, along with a schematic depicting 
the features in the data.’” The tunneling images show triangular regions with 
acute top angles ( < 60°), and the authors speculate that this is related to the 
slow scanning speed of the STM, compared to the fluctuation rate of the 
domains. Fluctuations occurring more rapidly than the acquisition time of 
the instrument will tend to draw out the triangular shapes when the fast 
scanning direction is perpendicular to the general direction of the step riser. 
While this explanation accounts for the ragged nature of the step risers 
adjacent to the 7 x 7 domains, it is not an entirely satisfactory explanation 
for the acute top angles. The minimum domain size of six mesh units is likely 
due to an interaction between the free energy gained by forming the DAS 
structure, against that lost by creating a domain boundary between the 1 x 1 
and the 7 x 7. By carefully observing the fluctuation of 7 x 7 domains with 
changing temperature, the authors determine a critical temperature of 868°C 
for the transition. 

Another interesting temperature-depen- 
dent phase transition on Si( 11 1) is the conversion of the 2 x 1 n-bonded 
chain, found on the cleavage surface, to the DAS 7 x 7 phases characteristic 
of samples treated by thermal processing under UHV conditions. Over the 
years, this process has been extensively studied using LEED. A related DAS 
phase, the 5 x 5, may also be found on this surface under certain con- 
ditions.” The 5 x 5 has been imaged with the STM,3’ and established as a 
smaller example of the well-studied 7 x 7. Examination of the DAS 7 x 7 
schematic (Fig. 2) shows that it may be expanded/contracted to form a series 
of structures of (2n + 1) x (2n + 1) symmetry, where n = 1, 2, 3, . . .. 
Examples of this structure having a 9 x 9 configuration were also reported 
in Ref. 31. Since it is well known that the 2 x 1 cleavage phase transforms 
irreversibly to the 7 x 7 upon annealing, an investigation of the mechanism 
of this at the atomic scale may prove instrumental in understanding both this 
process, and the stability of the 2 x 1 at room temperature. 

Recently, Feenstra and LutzIm employed the STM in a study of the 

Si( 7 77)-2 x 1 to 5 x 5, 7 x 7. 
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FIG. 40. Tunneling image taken at temperature of the %(Ill)  surface during the 
“1 x 1 ”  + 7 x 7 phase transition. The upper panel shows an atomic step and several domains 
of 7 x 7 superstructures. The bottom panel is a schematic of the data in the top panel indicating 
the 7 x 7 meshes and partial meshes imaged. Taken from Ref. 159. 
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FIG. 41. Large-scale STM image obtained from a cleaved Si(l11) sample, annealed at 425°C 
for 20 s. A series of domain boundaries in the original 2 x 1 structure are indicated by tick marks 
at the edge of the image, with the transformed regions growing out from those boundaries. 
Taken from Ref. 160. 

2 x 1 ==- 7 x 7 phase transition. They found that two different reaction paths 
existed, depending on the relative density of nucleation sites (steps or domain 
boundaries) on the surface. For a sufficiently lar-e concentration of nuclea- 
tion sites, a path of 2 x 13%' 1 x 1,5 x 5,7 x 7% 7 x 7 dominates, whereas 
in the absence of nucleation sites (the centers of large terraces, etc.) a second 
path 2 x 13%' 5 x 5%' 7 x 7 prevails. The existence of two distinct paths, 
depending on the roughness of the starting surface, is consistent with the past 
variable observation of the 5 x 5 phase. Figure 41 shows a tunneling image 
of the partially transformed Si(ll1)-2 x 1 surface, with 2 x 1 and 5 x 5 
regions indicated, along with tick marks designating 2 x 1 grain boundaries. 



SILICON 217 

FIG. 42. STM image obtained from a cleaved Si( 1 I I )  surface annealed at 300°C for 900 s. The 
image shows a typical example of the structures formed during annealing, and regions of 
differing structure are indicated. Taken from Ref. 160. 

It is immediately clear that the 5 x 5 areas (of lighter shade) are growing out 
from the domain boundaries, which serve as nucleation sites. Figure 42 is a 
smaller scale image showing the details of the 2 x 1, 5 x 5, and disordered 
areas referred to as amorphous 1 x 1. Careful study of a number of images 
similar to those in the figure led the authors to conclude that the number 
density of additional surface atoms were crucial to the phase transition, i.e., 
the 2 x 1 and DAS 5 x 5 have the same number density of surface atoms, but 
the DAS 7 x 7 has a 4.1% higher density, while a simple adatom structure 
such as that comprising the 1 x 1 areas possesses a 12.5% higher density. The 
structures observed from point to point are driven by a trade-off between 
surface diffusion and free energy. The 7 x 7 has a slightly lower free energy 
than the 5 x 5, but requires more surface atoms to form. Without a con- 
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FIG. 43. Tunneling image of a laser-annealed Si(l11) surface. Dashed lines enclose regions of 
c4 x 2 reconstruction and solid line delineate 2 x 2 regions. The gray scale is keyed to height, 
with a range of - 4 A. The two lighter gray terraces are one double-layer up from the central 
region containing the c4 x 2. The image scale is 95 x 105 A. This image was taken at a tip bias 
of - 0.5 V at 1 .O nA. Taken from Ref. 164. 

venient source for the atoms (step, grain boundary), formation is impaired, 
and the 5 x 5 is created instead. In both cases the 5 x 5 is an intermediate 
stage in the transition with the number density of surface atoms serving as a 
kinetic barrier in the process. 

A long-standing source of 
controversy concerned the nature of the surface formed on Si(ll1) upon 
exposure to Q-switched laser pulses.16’ One suggestion was that the high 
temperatures created during laser illumination in conjunction with the subse- 
quent high cooling rate may have allowed the previously mentioned high 
temperature 1 x 1 phase to remain “frozen in” at room temperature.’62 
Further studies by other researchers led to different conclusions regarding 

Si( l7  1)-7 x 7 to Laser Annealed 1 x 7. 
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FIG. 44. Tunneling image of laser-annealed Si( I 1  1 )  surface subsequently thermally annealed 
at 600°C. The dashed lines indicated partial 7 x 7 meshes while the solid line surrounds a 9 x 9 
mesh. A small $ region is visible at the upper left. Image scale is - 95 x 105 A with the gray 
scale keyed to height. Taken from Ref. 164. 

this surface, the consensus settling on a “disordered 7 x 7” s t r ~ c t u r e . ’ ~ ~  The 
high specificity and direct space imaging of the STM made this question a 
natural candidate for study. 

Becker et a[.’@ showed tunneling images demonstrating that the laser- 
annealed Si( 1 1 1) surface consists of a random 2 x 2 adatom array, exhibiting 
surface phases that are the building blocks of the Ge(lIl)-c2 x 8. A typical 
region of the laser-annealed surface is shown in Fig. 43 with 2 x 2 and c4 x 2 
regions outlined.’@ These are distributed over the various twinned configura- 
tions possible on the ( 1  1 1) surface. When the laser-annealed sample is later 
gently annealed for - 1 minute at 6OO0C, the STM reveals that a number of 
intermediate DAS structures are formed, with 5 x 5,7 x 7, and 9 x 9 meshes 
observed. These features are evident in Fig. 44. Here a 9 x 9 DAS mesh is 
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outlined. This is consistent with the aforementioned results of Feenstra and 
Lutz on the 2 x 1 =. 7 x 7 phase transition, bearing in mind that the laser- 
stabilized surface has many more sources for adatoms to create the various 
DAS structures. Upon further annealing to 800°C for several minutes, the 
pristine 7 x 7 surface is recovered, albeit with an order of magnitude less 
surface relief than the starting sputtered and annealed surface. The great 
attenuation of the surface relief strongly argues for the complete melting of 
the surface during the laser pulse. These authors further suggest that the 
room temperature structure of the laser-stabilized surface is representative of 
the phase seen at elevated temperatures, with the quench rate exceeding the 
ability of the high-temperature phase to achieve long-range order. 

This particular work underlines a tremendous advantage of the STM over 
other area-averaging surface probes: the ability to image and draw conclu- 
sions from structures as small as a single unit mesh. 

5.1.5 Conclusion 

As has been demonstrated throughout this chapter, the atomistic view- 
point of the vacuum tunneling microscope is a powerful tool for the examina- 
tion of structures and processes on the scale of atoms. In the barely ten years 
of existence allocated to the STM, several long-standing questions in silicon 
surface physics have been answered, and equally important questions raised 
in many other areas of research. 
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5.2. Germanium 

Russell Becker 
AT&T Bell Laboratories, Murray Hill, New Jersey 

5.2.1. Introduction 

While silicon has dominated the solid state electronics industry as the 
semiconductor of choice for device applications for more than 30 years, it is 
interesting to recall that the first transistor was constructed of germanium. 
Located two levels below carbon, and just below silicon in the fourth column 
of the periodic table, germanium has a lattice constant five percent larger 
than that of silicon, with a consequently smaller bandgap of 0.7 eV compared 
to the 1.17eV of silicon. Both germanium and silicon are indirect gap 
materials with otherwise remarkably similar band structure. Germanium 
forms tetrahedrally coordinated covalent bonds and takes the diamond 
crystal structure in its solid phase, like both carbon and silicon. Germanium 
has a lower melting point than silicon, 937°C versus 1410OC. However, in 
contrast to silicon, the oxide of germanium is water soluble, rendering it 
much less useful from a technological standpoint, to the point that its 
availability from semiconductor vendors was imperiled as little as ten years 
ago. In the past few years, scientific and commercial interest in germanium 
has been increasing as heteroepitaxial growth methods improve' resulting in 
attractive Ge-Si alloy structures with applications in bandgap engineering 
for optoelectronic devices. There are some indications that a suitably ordered 
alloy of germanium and silicon may prove to be a direct gap semiconductor 
with enormous implications for the integration of optical and electronic 
devices, given the relative experience and familiarity of the commercial 
electronics industry with the manufacture and engineering of silicon and 
germanium compared to 111-V materials. 

Of no less importance than silicon in the understanding of chemistry and 
physics at semiconductor interfaces are the equivalent surfaces of ger- 
manium. Considerable insight into the nature of processes at silicon surfaces 
may be obtained by studying those same processes on the equivalent ger- 
manium surfaces. Unfortunately, while a quick perusal of the literature 
reveals a considerable body of work on silicon surfaces, there exists signifi- 
cantly less on germanium surfaces. Nonetheless, a thorough understanding 
of the native reconstructions of the low index germanium surfaces, together 
with their simple surface chemical reactions is of fundamental importance in 
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understanding the role of atomic geometries, steps, point defects, and related 
phenomena in semiconductor surface physics. In the short time that the STM 
has been available as an accepted tool of the surface scientist, the majority 
of studies on both metal and semiconductor surfaces has been limited to 
imaging their surface structure, although some relatively recent studies have 
been carried out in fields such as atomic-scale lithography, electrochemistry, 
surface dynamics of epitaxy, and surface chemistry. Most of the existing 
work on germanium surfaces is concerned with the details of the fundamental 
surface atomic geometry. 

Chronologically, the Ge( 1 1 1) surface with its c2 x 8 reconstruction was 
the second semiconductor surface imaged by the STM,’ three years after 
Rohrer and Binnig presented real-space images of the Si( 1 1 1)-7 x 7 ~ur face .~  
This early work showed that the Ge(lll)-c2 x 8 was less ordered than the 
7 x 7, and was composed of simpler subunits, of 2 x 2 and c4 x 2 symmetry, 
that, when appropriately arranged, described one of the three equivalent twin 
domains of the c2 x 8. While the existence of three twinned domains had 
been derived from earlier low energy electron diffraction (LEED) studies, the 
presence of smaller building blocks was unsuspected, as the subunits’ diffrac- 
tion spots were superimposed on those of the c2 x 8. The next STM study 
carried out on germanium was by Kubby and co-workers4 who used the 
microscope to determine both the spatial symmetry and electronic charac- 
teristics of the Ge(OO1) surface. Structurally, the (001) face is most similar to 
Si(OOl), with both surfaces exhibiting a 2 x 1 reconstruction described by 
dimerization of neighboring surface atoms, decreasing the surface energy 
principally by reducing the number of dangling bonds by half. A comprehen- 
sive study of Ge(lll)-c2 x 8 was carried out by Becker et d.* where the 
various surface features found on germanium were compared to the dimer- 
adatom-stacking fault6 (DAS) 5 x 5, 7 x 7, and 9 x 9 reconstructions of 
Si(l1 l), and the simpler adatom structures imaged on the laser-annealed 
Si(ll1) surface. They concluded that the c2 x 8 is a pure adatom structure, 
with germanium adatoms occupying the top T4 sites on a nominally 1 x 1 
substrate, rather than the hollow H, sites. These adatom sites are the same 
as those occupied on the Si(ll1)-7 x 7. This model was confirmed in a recent 
study by Feenstra and Slavin who started from the cleaved Ge(ll1)-2 x 1 
surface and annealed to get the c2 x 8.’ Subsequently, the surfaces of ger- 
manium have been involved in a variety of STM studies and experiments. 
Both the (1 1 1) and (001) germanium surfaces terminated by a monolayer of 
arsenic have been studied with the STM, and contrasted to related 
Si( 11 1) : As and Si(OO1) : As systems.* Heteroepitaxy of germanium on Si(OO1) 
has been studied by Mo et al.’ Their STM images suggest four distinct stages 
in the Stranski-Krastinov growth of the germanium islands, and that the 
orientation of the silicon substrate has little effect on island orientation. The 
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interaction of molecular oxygen with Ge( 1 1 1) has been examined in detail 
with the STM in a series of consecutive exposure images of one sample 
region.” The images in this study show that the nucleation of the oxygen 
absorption is non-homogeneous in the initial stages. There have also been 
reports on the atomic-scale modification of the electronic characteristics of 
the Ge( 1 1 1) surface on exposure to atomic hydrogen.’ The Ge( 1 1 1) surface 
has even been utilized in in situ atomic scale surface modification exper- 
iments.” Finally, an elevated temperature study of the Ge( 1 11) surface 
around the c2 x 8 to 1 x 1 phase transition at - 3OOOC shows that the c2 x 8 
“melts” progressively from the domain boundaries as the transition tem- 
perature is approached.” 

The rest of this chapter will review the STM results on the clean (1 1 1) and 
(001) germanium surfaces, the GeSi(l11) surface, both Ge(ll1) and Ge(OO1) 
terminated with an arsenic monolayer, DAS phases induced by sub- 
monolayer tin on Ge(l1 l), adsorption of molecular oxygen on Ge(l1 l), and 
the heteroepitaxy of germanium on silicon. 

5.2.2 Clean Surfaces of Ge and Alloys 
5.2.2.1 G e ( l l l ) - c 2  x 8. The clean surface of Ge(ll1) has a native 

reconstruction characterized by c2 x 8 symmetry. Early LEED studies had 
suggested an 8 x 8 symmetry for the Ge( 1 1 1) surface, but an analysis of the 
“missing beams” in the diffraction pattern arising from sputtered and 
annealed samples suggested the existence of multiply twinned 2 x 8 
domainsi4 rather than a three-fold symmetric structure, such as the 7 x 7 on 
Si(ll1). Further investigations pointed out that the LEED patterns were 
better explained by twinned domains of c(2 x 8) ~ymmetry.’~ Angle resolved 
ultraviolet photoemission spectroscopy (ARUPS) experiments performed on 
both the Si( 1 11)-7 x 7 and the Ge( 1 11)-c2 x 8 systems show similar surface 
bands, with both systems indicating a basic periodicity of two lattice 
spacings. l 6  The evidence from the photoemission studies suggested that, 
although the symmetry of the diffraction patterns from Si( 1 1 1) and Ge( 1 1 1) 
were different, the basic structural elements were similar. Adding more 
confusion to the issue was an experiment by McRae et al.” where the surface 
of a 2000A epitaxial layer of Ge grown on Si(ll1) displayed the 7 x 7 
reconstruction native to silicon, not the c2 x 8 of germanium. 

The first study of the Ge(ll1) surface with the STM was performed in 1985 
by Becker et al.’ Figure 1 is a constant current tunneling image of the 
sputtered and annealed Ge(lll)-c2 x 8 surface. This figure has undergone a 
linear transformation to remove the thermal drift. In this image, rendered as 
a gray scale where dark regions are lower in apparent height than bright 
regions, a variety of reconstructions, manifest as protrusions, are visible. In 
the lower-right is a region of c(2 x 8) symmetry, while the upper-left part of 
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FIG. 1 .  Tunneling image of Ge( 11 1) c2 x 8, and c4 x 2 reconstructions taken from Figure 2 
of Ref. 2. The demanded tunneling current is 0.8 nA at a tip bias of - 2.0 V with respect to the 
sample. 

the image shows an array of protrusions in 2 x 2 ordering. A small region in 
the upper-right is consistent with protrusion ordered similarly to the 2 x 2 
phase; these are in local c(4 x 2) symmetry. While this study could not 
determine the nature of the protrusions (single or multiple atom clusters), 
fundamental aspects of the surface structure were readily apparent in the 
STM images. First, the 8 x symmetry of the Ge( 1 1 1) surface was clearly due 
to twinned domains of c2 x 8 unit cells. Second, domains of local 2 x 2 and 
c4 x 2 symmetry coexisted with the c2 x 8. The existence of these secondary 
surface structures had gone undetected since they shared the same half-order 
LEED beams with the c2 x 8. Third, the c2 x 8 was constructed of a 
coherent stacking of 2 x 2 and c4 x 2 cells, alternating row by row, to create 
one domain of c2 x 8 symmetry. This last feature points to a major advan- 
tage of the STM over large area sampling probes in surface studies where two 
or more phases may coexist. 

Following the initial study, a more comprehensive study of the Ge( 1 11) 
surface structures, and their relation to analogous structures on Si( 11 1) was 
published in 1989 by Becker et af.' New techniques employed in this study 
were the use of dual polarity tunneling images and interrupted feedback-loop 
current-voltage ( I -  V )  characteristics,'8 both of which are described in 
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FIG. 2. Tunneling image of the Ge(l1 I )  surface, 300A x 300 A, taken from Figure 1 of Ref. 
5. The grey scale rendering is keyed on local height, with a dynamic range of - 1 A. The principal 
crystallographic directions are indicated, as are local regions of 2 x 2, c4 x 2, and c2 x 8 
symmetry. Two atomic steps are seen to run across the image, which was acquired tunneling into 
empty sample states at a bias of 1.OV at 40pA demanded tunneling current. 

Chapter 4. Most important, however, was the detailed comparison of dual 
polarity images of the surface structures on Ge( 1 1  1) to the 5 x 5 ,  7 x 7, and 
9 x 9 DAS structures found on Si( 1 1  I), along with the simpler 2 x 2 struc- 
tures found on non-equilibrium, laser-stabilized Si(l1 l ) . I 9  Figure 2 shows a 
constant current tunneling image of the unoccupied electron states on a 
Ge( I 1 1) surface over a region approximately 300 A in extent. In this image 
regions of 2 x 2, c4 x 2, and c2 x 8 symmetry are seen, along with two 
double-layer atomic steps running laterally across the image. The thin lines 
designate 2 x 2, c4 x 2, and c2 x 8 unit cells, while the thick lines indicate 
three twinned domains of c4 x 2. The uppermost terrace is almost entirely 
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FIG. 3. Normalized conductivity (dI/dV)(/I/  V ) ,  for the tunnel junction I-V characteristics 
over (a) Ge(l11) c2 x 8 and (b) Si(l11)-7 x 7. This data is taken from Ref. 5 .  

single domain c2 x 8. The most striking feature of this image, paralleling the 
earlier study: is the tendency for Ge(ll1) to display multiple phases, in 
contrast to Si( 1 11)-7 x 7, despite the similarity in both appearance and 
apparent height (- 1 .O A) of the protrusions dominating both surfaces. A 
further observation is that the atomic steps in Fig. 2 do not follow principal 
crystallographic directions, nor are they obviously reconstructed as is the 
case for Si(lll)-7 x 7.*' Together, these features imply that the substrate 
atomic arrangement below the protrusions are very different for the Ge( 1 1 1) 
and the Si( 1 1 1) surfaces. 

Figure 3 shows the junction I-V characteristics for the Ge(lIl)-c2 x 8 
surface, and, for comparison, the Si( 1 1 1)-7 x 7. The normalized conductiv- 
ity, (dZ/dV) / (Z/V), has been suggested as a qualitative measure of the elec- 
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tronic state density” (see Chapter 4). Positive values of the bias voltage 
represent tunneling from the tip into unoccupied sample states, while 
negative values correspond to tunneling from occupied sample states into 
unoccupied tip states. The data for the silicon surface is essentially the same 
as that reported for Si(ll1)-7 x 7 by Wolkow and Avouris.” In that work 
and earlier work by Hamers et al.” the peaks have been assigned, going from 
left to right, as an occupied adatom back bond state, occupied rest atom 
state, occupied adatom state (near OV), empty adatom state, and stacking 
fault state.23 These state assignments are consistent with UPS studies, and the 
accepted model for the 7 x 7 reconstruction, the DAS of Takayanagi et a1.6 
In this model, there are 19 dangling bonds in each 7 x 7 unit cell; 12 adatom, 
6 restatom, and 1 corner hole restatom. Theoretical calculations using similar 
adatom geometries with smaller cells24 suggest that an electron transfer takes 
place, completely filling the restatom band, and depressing it to -0.8eV 
below EF.  This leaves a partially occupied adatom band pinning the Fermi 
level, accounting for the two adatom states detected near OV bias. For the 
Ge( 1 11) surface, the situation is different. Two occupied states, at - 0.8 V 
and - 1.3 V are seen, with a single empty state at + 0.6V. The unoccupied 
states are close to features reported in ARUPS at -0.85 and - 1.4V.I6 
Following the assignments for silicon, the peaks at - 1.3 and - 0.8 V are 
assigned to adatom backbond and restatom occupied states, while the single 
unoccupied state is assigned to an unoccupied adatom dangling bond. Unlike 
Si(l1 I),  no occupied adatom states are detected. Rather, a clear gap is seen, 
suggesting that the Ge( 1 1 1) surface is semiconducting. 

The situation regarding the surface atomic structure of Ge(l11) can be 
resolved by examining dual polarity tunneling images taken just above and 
below the surface energy gap. Before this discussion is undertaken, an ex- 
planation of the site nomenclature on silicon and germanium (1 1 1) surfaces 
is in order. Figure 4 shows an atomic model illustrating the two adatom sites 
that are the most energetically feasible. The T4 (top, four-fold coordinated) 
geometry is shown on the left, with the similar H, (hollow, three-fold coor- 
dinated) shown on the right. In the T, configuration the adatom is located 
directly above a backbond atom (the lower of the two in the surface double 
layer). It is bonded to three top layer restatoms (the “surface” atoms in the 
surface double-layer) and forms a fourth bond with the backbond atom 
directly below, causing these two to relax somewhat away from each other. 
In the H, geometry, the adatom is located above a “hollow” in a surface 
six-membered ring formed by three restatoms and three backbond atoms. 
Here, the adatom bonds to the three restatoms in the ring. The afore- 
mentioned DAS model for the Si( 11 1)-7 x 7 fixes the silicon adatoms in T4 
sites on the surface double layer. Somewhat surprisingly, total energy cal- 
c u l a t i o n ~ ~ ~  favor the T4 site over the H, for both f i  x G a n d  2 x 2 subunits. 
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(111) Adatom Sites 

FIG. 4. Diagram of T4 and H, adatom sites on Ge(lI1) surfaces. Adatoms, restatoms, 
backbond atoms, and second layer atoms are indicated. 

At first glance, the hollow H, site seems favorable, with no first double-layer 
atom directly below the adatom. However, by forming a bond between the 
adatom and the backbond atom directly below, the T4 adatom is able to 
relieve some of the strain inherent in forming the three restatom bonds by 
pulling them in laterally towards itself, and then relaxing itself and the 
subsurface backbond atom away from each other. 

Figure 5 shows both the c2 x 8 surface, and a region consisting of both 
2 x 2 and c4 x 2 symmetry, along with their domain boundaries. The x’s, 
designating high points in the unoccupied state images, fall between apparent 
high points in the simultaneously acquired occupied state images. Further, it 
is clear that, unlike the case for Si(l1 I), there is a complete separation 
between the apparent high points for images taken tunneling into unoccupied 
states (left panel) and tunneling out of filled states (right panel). Electron 
states on either side of the surface energy gap do not have the same spatial 
position, in fact they have the positions expected for adatoms occupying T4 
top sites on a 1 x 1 substrate. This registry may be determined by measuring 
the bulk orientation using Laue x-ray methods. The difference in symmetry 
imposed upon the pair of STM images by the choice of T, and H, adatom 
sites is demonstrated in Figure 6 where atomic models of the c2 x 8 utilize 
both “flavors” of adatom site. Turning back to the data in Fig. 5, the high 
points in the unoccupied state image correspond to the Ge adatoms, while the 
high points in the occupied state images register the substrate restatoms. This 
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FIG. 5. Dual polarity tunneling images for the Ge(llI)-c2 x 8 surface (upper) and the 
2 x 2, c4 x 2, and @ x 4 domains (lower). The x’s designate equivalent spatial positions in 
both sets of images. The solid lines denote a single c2 x 8 mesh in the upper set of images. The 
unoccupied state image (a, left panels) was acquired at f2.OV bias, while the occupied state 
images (b, right panels) at -2.OV bias, both with 1 nA demanded tunneling current. The grey 
scale is keyed on apparent height, with a range of 0.8 A in the unoccupied state images, and 0.5 A 
in the occupied state images. This data is taken from Ref. 5. 

correspondence holds for the c2 x 8 regions, as well as the 2 x 2 and c4 x 2 
subunits. Where there are small regions of $ x $ symmetry (generally at 
domain boundaries), the high points in the images coincide exactly, as would 
be expected for T, adatoms on a 1 x 1 ~ubstrate.’~ The complete separation 
between tunneling images taken at opposite polarities is due to the fact that 
all of the phases found on Ge( 1 11) have equal numbers of rest- and adatom 
dangling bonds in this simple adatom model. This equality allows for a nearly 
complete transfer of charge from an adatom to the nearby restatoms, 
emptying the adatom surface band and depressing the restatom surface band 
as occurs for Si( 1 11)-7 x 7, resulting in a semiconducting surface. The 
images in Fig. 5 and the I-Vdata in Fig. 3 contradict a proposed dimer-chain 
model.25 which employs substrate reconstruction similar to that found at  the 
dimer walls on the DAS 7 x 7. For the dimer-chain geometry there are no 
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FIG. 6. Schematic of the c2 x 8 adatom reconstruction for Ge( 1 1  1) using (left) T, sites and 
(right) H, sites. 

restatoms, only adatoms, implying a partially filled adatom surface band as 
exists on the DAS 7 x 7. As in the 7 x 7, this requires superposition dangling 
bond states in dual polarity tunneling images and no surface energy gap, 
contradicting the experimental evidence. 

In a recent series of experiments, Feenstra and Slavin have been using the 
STM to examine the structure of cleaved and annealed Ge( 1 1 l).7 They have 
shown that single domains of c2 x 8 with extent greater than 500 A may be 
obtained by this method. Further, they demonstrated, by imaging the surface 
post-cleave in the 2 x 1 phase, and after annealing to create the c2 x 8 phase, 
that double-layer “holes” are created on large terraces far removed from 
steps. Figure 7 shows a 1.6 micron square region of the Ge(lll)-c2 x 8 
surface prepared in this manner. The area of the holes (9.8% 1.6%) agrees 
well with the 12.5% greater surface atom density of the c2 x 8, 2 x 2, and 
c4 x 2 phases over the 2 x 1 n-bonded chain, suggesting these (and nearby 
steps) as a source for the adatoms in the former phases. This experiment, 
together with the previous work, confirms the simple adatom phases as 
accounting for the Ge( 1 1 1) surface structure. 

Feenstra has also studied the c2 x 8 to 1 x 1 transition on Ge(ll1) by 
imaging the surface at temperatures a short distance above and below the 
phase transition temperature of - 300”C.’3 He finds that the transition is not 
first order, but consists of a progressive “melting” of the c2 x 8 at domain 
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FIG. 7. Long-range tunneling image of the flat Ge(lIl)-c2 x 8 surface showing the “holes” 
resulting from transformation from the 2 x 1 reconstruction. The c2 x 8 structure in this image 
was created by annealing from the cleaved Ge(l11)-2 x I surface. Taken from Ref. 7. 

boundaries, extending further into adjacent domains as the phase transition 
temperature is approached. 
5.2.2.2 Ge(001)-2 x 1. Unlike the Ge(ll1) surface, whose c2 x 8 

reconstruction is markedly different from the 7 x 7 found on Si(l l l) ,  the 
clean Ge(OO1) surface is very similar to the Si(OO1) in that both display a 
2 x 1 LEED pattern at  room temperature. Early investigatorsz6 suggested 
that this symmetry was a consequence of the dimerization of neighboring 
surface atoms, reducing the number of unsatisfied dangling bonds by half. 
This arrangement results in an odd number of electrons per surface atom, 
generating a partially filled surface band. Theoretically, the surface energy 
may further be reduced by substituting asymmetric dimers for the symmetric 
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FIG. 8. Schematic of the dimer reconstructions found on the Ge(001) surface. First layer 
atoms, second layer atoms, symmetric, and asymmetric dimers are indicated. 

ones in the 2 x 1 ,‘? This distortion, or buckling, where half the surface atoms 
move towards the substrate and half recede, reduces the energy in the 
occupied part of the band, further lowering the free energy and opening up 
a gap between the filled and empty surface bands. Various local arrangements 
of asymmetric dimers may produce local higher order reconstructions (such 
as p2 x 2, c2 x 2, c4 x 2, etc.). These configurations have been investigated 
theoretically for Ge(O01).28 In this study, the p2 x 2 and c4 x 2 configura- 
tions were calculated to have a significantly lower free energy (60 meV/unit 
cell) than the symmetric 2 x 1 and various N x 1 combinations, but are 
within a few meV/unit cell of each other. 

Figure 8 is a schematic atomic model of a dimerized Ge(OO1) “2 x 1” 
surface showing both symmetric and asymmetric dimers, and the larger unit 
cell, lower symmetry reconstructions (c4 x 2, p2 x 2) that result from the 
allowed pairings of the asymmetric dimers, both inter-row and intra-row. A row 
of symmetric 2 x 1 dimers is shown for comparison. Other asymmetric dimer 
arrangements such as c2 x 2, 4 x 1, 8 x 2, and others are not illustrated 
since these have not been observed on either Si(OO1) or Ge(OO1). 

The first investigation of the Ge(001) surface using the STM was by Kubby 
et d4 In this work, the Ge(001) samples were cleaned by ion sputtering 
followed by an anneal at 800 to 85OOC for 1 to 20 minutes, and then slowly 
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FIG. 9. Stepped terrace region of Ge(001). The contrast has been enhanced by light sourcing 
to show all terrace levels. Individual terraces are separated by monatomic (1 10) and <loo) 
steps. The dirner rows run along the ( 1  10) direction. Taken from Ref. 4. 

cooled to room temperature. Figure 9 shows a l50A extent stepped 
region of the Ge(OO1)-2 x I surface. In this figure, resolution was not 
adequate to resolve the individual dimers in each row. Several 1.4A 
high steps are visible, delineating regions of nominal 2 x 1 symmetry from 
the adjacent terrace of 1 x 2 symmetry, analogous to that seen in STM 
studies of the Si(OO1) surface.29 The presence of two domains of 2 x 1 
symmetry on the (001) surface is a consequence of the bulk structure of 
germanium. Several different step configurations are visible in this image, 
with step terminations both on and between dimer rows in the lower terrace, 
and running along both (1 10) and (100) surface directions. As was found 
for Si(OOl),29 two different atomic configurations for these steps exist, de- 
pending on whether the atoms forming the lower step riser participate in 
dimer bonding or not. Inspection shows that both are visible in this image. 

Figure 10 shows the result of interrupted feedback tunneling spectroscopy 
performed on the Ge(OO1) surface. The normalized conductivity shows one 
occupied state at - 0.9 eV, and two unoccupied states at  + 0.3 and + 1 .O eV, 
with the peak at  + 0.3 not seen in all of the spectra. The peak at - 0.9 eV 
agrees in principle with valence band photoemission results3' and corres- 
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FIG. 10. Normalized conductivity for Ge(001). Taken from Ref. 4. 

ponds to the D,, band in self-consistent calculations by Pollman et aL3' While 
the peak at + 1 .O eV agrees less favorably with the calculated position of the 
Ddown unoccupied band, this may be due to the quasiparticle self-energy 
correction, suggested by Hybertsen and Louie,32 to the density functional 
calculations for Ge(O0 I ) .  Both the calculation, and this interpretation of the 
spectroscopy data are consistent with buckled dimer model, where some 
charge transfer occurs between the down dimer atom and the raised, or up, 
dimer atom. 

Figures 1 I(a) and (b) show a set of dual polarity tunneling images depicting 
a typical region of the Ge(OO1) surface at a resolution showing individual 
dimers. The dark lines are used to indicate the registry between the two 
tunneling images. It can plainly be seen that both asymmetric and symmetric 
dimers are present, but both this figure, and Fig. 9 show that the missing 
dimer defects that are present in large numbers on Si(OOl),29 and have been 
suggested as playing a role in stabilizing that surface, are not present in 
similar numbers on Ge(OO1). More extensive work on preparing Si(OO1) 
surfaces33 demonstrates that a missing dimer defect density of - 1 % may be 
realized, but it is clear that the Ge(OO1) surface has a lesser tendency to form 
this structure. When the unoccupied states tunneling image (1 la) is super- 
imposed with the simultaneously acquired occupied state tunneling image 
(1 lb), the dimer rows are seen to occupy identical spatial positions. This is 
in contrast to similar work on Si(OOl), where a 180" phase shift in the 
direction of dimerization exists between the occupied and unoccupied state 
tunneling images. This difference is not currently well understood, but may 



FIG. 5. (Chapter 3) Chemical potential image of a cleaved MoS, surface (red or 
bright spots) superimposed on a simultaneously recorded STM image (green or dark 
spots). The chemical potential signal is high over the sulphur atoms and low over 
the molybdenum atoms, in direct contrast to the STM image. 



FIG. 8. (Chapter 5 ,  Section 3) Combined color STh4 images of the GaAs( 110) 
surface, showing the Ga atoms (blue) and As atoms (red). The blue image 
was acquired by tunneling into empty states that are localized around surface 
Ga atoms, and the red image was acquired by tunneling out of filled states that 
are localized around surface As atoms. [From Ref. 41. 
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FIG. 1 1 .  Dual polarity tunneling images of Ge(001). The left image (a) is of unoccupied 
sample states at + 2.0 V bias, while the right (b) is of occupied sample states at - 2.0 V bias, both 
at I nA demanded tunneling current. The dark lines denote equivalent spatial positions in both 
images. 

be related to the differences in core electronic structure between germanium 
and silicon. Curiously, the image phase shift between up and down dimer 
atoms is similar for both materials. 

Further studies comparing step structures for vicinal Ge(O0 l), comparing 
the images to those for similar Si(O0 1) surfaces34, show generally similar 
features, with a reduced tendency to form double steps. This observation 
implies that the energy required to form the double step configuration on 
Ge(OO1) versus a pair of single steps is relatively greater than that for the 
Si(O0 1) system. 

5.2.2.3 GeSi(l11)-5 x 5. Along with the native (1 11) and (001) faces, 
an alloy of silicon and germanium has also been imaged at atomic resolution 
with the tunneling microscope. Early investigations of germanium-silicon 
alloys showed that the surface of GeSi at roughly a 50-50 stoichiometry 
exhibited a 5 x 5 reconstruction that was qualitatively similar to that dis- 
played by the 7 x 7 of silicon.35 Since the c2 x 8 of germanium bore little 
resemblance to the tunneling images of the 7 x 7, it was not clear what the 
configuration of the 5 x 5 would display. Further, if the 5 x 5 was a smaller 
example of the 7 x 7 structure, it would be more amenable to theoretical 
treatment having half as many atoms per unit cell. Insights gained from 
modeling the smaller structure might then be applied to the larger with more 
confidence. 

Figure 12 shows an unoccupied state image of the GeSi(ll1)-5 x 536 
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FIG. 12. Tunneling image of GeSi(ll1)-5 x 5 surface reconstruction. The grey scale is keyed 
to apparent height, with a dynamic range of 0.5 A. The black lines denote a unit mesh, with the 
length scale indicated. Taken from Ref. 36. 

surface taken at bias conditions similar to those used by various groups for 
Si( 1 1 1)-7 x 7. We see that the 5 x 5,  as indicated in the figure, is qualitatively 
similar in appearance to the 7 x 7. The unit cell, 19.2 A on edge, consists of 
a hexagonal array of depressions surrounded by six protrusions. Close 
examination of the protrusion heights around each depression shows that 
they alternate in apparent height, with neighboring clusters oriented such 
that the three protrusions in one half of the rhombus are higher than those 
in the other half. In terms of relative size and appearance of the protrusions, 
the images are exactly what would be expected for the DAS structure 
accounting for the 7 x 7 images of silicon scaled down to 5 x 5 .  In this 
model, the six protrusions in the unit cell are the six adatoms predicted by a 
5 x 5 version of the DAS model. 

The authors concluded that the height variation among the adatoms was 
likely due to surface segregation of germanium and silicon adatoms. In 
retrospect, it is unclear whether an ordered surface alloy is in fact needed to 
account for the STM images. A later series of studies using the STM to 
compare the features of silicon and germanium adatom surfaces included a 
study of Si(ll1)-5 x 5,’ which may be created using low temperature anneal- 
ing schedules. In that study, the 5 x 5 structures of silicon demonstrated the 
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characteristic DAS stacking fault state seen in occupied state images of the 
Si(l11)-7 x 7, with considerably less modulation in the corresponding unoc- 
cupied state image. It may well be that this modulation of the unoccupied 
state image due to the partial stacking fault is more pronounced for GeSi, or 
that both surface segregation and electronic state density are in fact respon- 
sible for this feature. Nonetheless, it is quite clear that the DAS structure 
accounts for the features of the GeSi(ll1)-5 x 5 phase. 

5.2.3 Metal Overlayers on Ge 
5.2.3.1 Ge( 1 1 1 ) : As-I x 1. A common problem in semiconductor 

technology is the fact that the native surfaces of both silicon and germanium 
are highly reactive under ambient conditions. A large part of the chemistry 
developed for processing is designed to mitigate unwanted reactivity of the 
exposed substrates, principally to minimize contamination that leads to poor 
device characteristics. As mentioned earlier, the fact that the oxide of ger- 
manium is unstable contributed to its supplantation in the early 1950s by 
silicon as the semiconductor of choice. Much of the effort in surface science 
over the last 30 years has been devoted to searching for methods to reduce 
the reactivity of free surfaces. One method has been to satisfy dangling bonds 
by termination with hydrogen or bromine. Another method, demonstrated 
recently,37 is to eliminate surface dangling bonds by substituting the semicon- 
ductor surface atoms with an appropriate chemical species, leaving a non- 
reactive surface. 

In the diamond lattice of silicon and germanium, where each atom is 
four-fold coordinated, substitution with arsenic results in an extra valence 
band electron. In the bulk, this results in n-type doping, whereas at the 
surface a different result may occur. In principle, arsenic may substitute for 
the topsite atom in the Ge(ll1) surface doublelayer, using three of its five 
valence electrons to bond to the backbond germanium atoms. The other two 
electrons may be combined into a “lone pair” state, dropping their energy 
down into resonance with the bulk valence band, and eliminating the 
dangling bonds which drive the adatom reconstruction of Ge(ll1). Ultra- 
violet photoemission studies on both the Si( I 1  1) : As-1 x 1 and Ge(ll1) : As- 
1 x 1 systems are consistent with this simple We note that the 
chemical substitution of arsenic for germanium, which eliminates a dangling 
bond at each surface site, is more efficient in the destruction of surface 
dangling bonds than the adatom reconstruction discussed earlier for 
Ge( 1 1 I)-c2 x 8, where each adatom saturated three surface bonds, leaving 
one restatom dangling bond and one adatom dangling bond in place of four 
dangling bonds. 

Figure 13 shows a constant-current tunneling image of the Ge( 1 1 I )  : As- 
1 x 1 surface, with the inset showing details of the 1 x 1 terraces. The surface 
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FIG. 13. (Left) Large-scale unoccupied state tunneling image of the Ge(1Il):As-I x I 
surface. Domain boundaries are seen as a network of lines oriented along ( 1  lo) directions as 
indicated. Two double-layer steps are seen at the upper left. (Right) Small scale tunneling image 
showing both the 1 x 1 details of the terraces, and a domain boundary intersection. The 
large-scale image was taken at + 2.25 V and 0.1 nA, while the small image was acquired at  
+ 2.OV and 0.1 nA demanded tunneling current. Taken from Ref. 8.  

electronic characteristics of the arsenic terminated surface is consistent with 
quasiparticle  calculation^,^^ which predict a larger surface energy gap than 
the native reconstruction. The surface energy gap for Ge(l11):As is - 1 .O eV, in good agreement with predictions of 0.8 eV. These calculations 
also suggest that the unoccupied state image (1 3b) depicts the location of the 
backbond Ge atoms, while the occupied state image (1 3a) registers the topsite 
As atoms. While the terraces are nominally 1 x 1, the most striking feature 
of the large scale image is the division of the surface into hexagonal domains, 
separated by double-layer deep “trenches.” The trenches consist of a pair of 
(n 2) and ( 1 12) steps separated by three lattice constants. This appearance 
of the Ge(ll1) : As surface may be contrasted with that of Si(ll1) : As,39 
where the STM images showed a 1 x 1 surface containing, and possibly 
stabilized by, a large number of point defects. 

In a comprehensive study with the STM, Becker and co-workers8 showed 
that the division of the surface into domains - 150 A in extent was due to the 
fact that the incorporation of arsenic into the topsites on the Ge( 11 1) surface 
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caused a lateral contraction of 0.025 A k 0.013 A per 1 x I unit cell. When 
the As is substituted for the topsite Ge atoms in the surface double-layer, it 
relaxes outward and pulls in the three Ge backbond atoms putting the surface 
into tension. This accommodates both the increased Ge-As bond length and 
the free configuration of the arsenic bonds, which are closer to 90" rather than 
the 108" of germanium. This effect has been suggested both by recent cluster 
calculations for Si( 1 11) : As@ and surface stress calculations for Ga, Ge, and 
As substituted into Si(l1 Both calculations also showed topsite As atom 
relaxing outward from the surface, as reported in medium energy ion scatter- 
ing and x-ray standing wave (XSW)43 experiments. In the STM 
study,' the details of the domain boundaries were compared to simple cal- 
culations of arsenic lone pair superposition for several geometries. No 
rigorous conclusion was reached, since the occupied state images were 
somewhat ambiguous in support of any given model geometry. The authors 
felt that the weight of the evidence supported a rebonded geometry for the 
( n 2 )  step riser, with a simple arsenic termination for the (1 12) riser. 

5.2.3.2 Ge(001) :As. The elimination of dangling bonds by arsenic 
termination has also been investigated on the (001) surfaces of silicon4 and 
germanium45. In a similar manner as described for the (1 11) surfaces, the 
arsenic forms dimers on the (001) surfaces using two electrons to bond to the 
substrate silicon or germanium, one electron to bond to the other arsenic in 
the dimer, and the remaining two are combined into a lone pair. Tunneling 
images for both Si(OO1) :As and Ge(001) : As are consistent with this picture, 
and nearly indistinguishable from each other.4s Figure I4 shows a set of dual 
polarity images for Ge(OO1) : As. Both tunneling into unoccupied states 
1.5eV above EF and out of occupied electron states 1.5V below EF show 
symmetric dimers, similar to those imaged on Si(OO1) : As surfaces. The line 
in the figure register the two images, showing no phase shift along the 
direction of dimerization, in accordance with the earlier observation for the 
native Ge(OO1) surface. This is presumably related to the different core 
electronic structure, which modulates the charge transfer between the arsenic 
and the substrate, of the two semiconductors. 

The deposition of metals on germanium, as for 
other semiconductors, may produce a wide variety of surface phases, depend- 
ing on the relative amount of material and the deposition conditions (rate, 
temperature, etc.). Tin, lying just below germanium in the periodic table, is 
capable of substituting in the diamond lattice, and as such, might be expected 
to form surface structures beyond simple intermixed layers. 

A wide variety of surface phases have been reported for tin deposited on 
germanium. One phase investigated with the STM46 has been the DAS 7 x 7 
that exists for a range of 0.25-0.4 monolayer of tin deposited on a clean 
Ge( 1 1 1) surface at 200°C and subsequently annealed to 6OO0C4'. Figure 15 

5.2.3.3 Ge(l11) : Sn. 
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FIG. 14. Tunneling images of the Ge(001) : As-2 x 1 surface. unoccupied states images 
(a) and occupied states images (b) both show symmetric dimers, with individual dimers resolved 
in the occupied states images. 

shows a constant current tunneling image of the snGe(l11)-7 x 7 surface. 
Inspection of the image in the figure shows that there are two populations of 
adatoms, with the second population -0.4A lower in apparent height. 
Simply counting the adatoms reveals that 30% of the adatoms on the 
SnGe(ll1) surface are low. Rutherford backscattering spectroscopy (RBS) of 
this sample determined a tin deposition of 2.1 x lOI4 / cmz corresponding to 
0.29 monolayers. The lack of order in the adatom populations suggest that 
the tin is incorporated into the germanium surface layer in several sites. 
Further work with the STM on the unoccupied state electronic structure 
showed that the SnGe( 1 1 1)-7 x 7 surface was identical to the Si( 1 1 1)-7 x 7, 
suggesting the electronic characteristics of both were derived from a common 
geometric structure, the DAS model proposed by TakayanagL6 

5.2.4 Gas Adsorption on Germanium 
5.2.4.1 Oxygen on Ge(ll1).  Gas adsorption studies on elemental 

surfaces is a subject that is nearly as old as the study of the intrinsic clean 
surfaces themselves. Of particular importance is the interaction of molecular 
oxygen with clean semiconductor surfaces for both fundamental and tech- 
nological reasons. A considerable body of literature exists on oxygen 
reactions with silicon surfaces, including several recent STM studies!' Since 
germanium has been technologically less useful, correspondingly less infor- 
mation exists on oxygen reaction with this semiconductor. A recent study 
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FIG. 15. SnGe(ll1)-7 x 7 tunneling image. A 7 x 7 mesh is outlined and the scale indicated. 
Taken from Ref. 46. 

with the STM was performed by Klitsner et al. where 0, was reacted with the 
Ge( 1 1 1)-c2 x 8 surface both at room and elevated ternperature~.''~ This work 
showed that oxygen nucleation on Ge( 1 1 1) was non-homogeneous, occurring 
primarily at  domain boundaries of the c2 x 8, and not at either the step risers 
or the reconstructed c2 x 8 surface. 

STM images indicate that the oxygen adsorption at the domain boundaries 
resulted in disordering of the germanium adatoms in, and adjacent to, these 
areas. The domain boundaries on the c2 x 8 surface represent regions where 
there are a higher number of unsaturated restatom dangling bonds than on 
the reconstructed surface. By inducing further disordering, the oxygen ad- 
sorption should effectively increase the amount of the surface available for 
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FIG. 16. Ce(1 I I)-c2 x 8 surface before (a) and after (b) exposure to 10 L of molecular oxygen 
(L = Langmuir = 1 x 10-6Torr-sec). The black line designates a phase boundary, where much 
of the initial reaction takes place. Taken from Ref. 49. 

reaction. It is unclear, however, if the presence of adsorbed oxygen adjacent 
to the newly disordered areas affects their further reactivity. In the exposure 
range studied, no evidence for this was detected. Figure 16 shows tunneling 
images of the Ge(ll1) surface before and after exposure to 10 L of 02. Here 
it is clear that the step risers are relatively unaffected, as are the c2 x 8 
domains, while the domain boundaries themselves, as indicated by a dark 
line, are strongly reacted. STM images taken over the same region of the 
surface after further gas adsorption show that the reacted areas continue to 
grow at  the expense of the neighboring c2 x 8 domains. This accounts for 
LEED observationsSo that demonstrated that the c2 x 8 beams were unaf- 
fected by small amounts of oxygen. 

Oxygen adsorption on Ge( I 1 1) was also investigated at elevated tem- 
peratures (300°C) by these authors. They found that the fundamental differ- 
ence between the elevated and room temperature studies was the fact that the 
c2 x 8-1 x 1 phase transition rendered the surface effectively as one large 
domain boundary. Oxygen nucleation was then homogeneous, and, upon 
cooling to room temperature, prevented the c2 x 8 from forming, leaving the 
surface an array of disordered adatoms, accounting for the observed 1 x 1 
LEED pattern. 
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5.2.5 Epitaxy with Germanium 
5.2.5.1 Germanium on Si(OO1). The detailed chemistry and physics of 

semiconductor epitaxy has been under intense study for a number of years, 
due principally to the technological importance of this field in device process- 
ing. More recently, a large amount of interest has been shown in the hetero- 
epitaxy of germanium on silicon, since superlattices of these materials may be 
promising as a basis for optoelectronic devices. By using consecutive hetero- 
epitaxial layers of silicon and germanium with appropriate thicknesses, the 
bandgap and conduction band minimum of these materials may be varied 
over a range suitable for these devices. In a series of studies with the STM, 
Mo and co-workers at  the University of Wisconsin have investigated the 
microscopic details of silicon epitaxy on Si(OO1). They have recently extended 
these experiments to the epitaxy of germanium on silicon,’ and found 
remarkable differences between this and their earlier work on silicon-silicon 
epitaxy.” 

In this STM work on the transition from 2D to 3D growth for germanium 
on Si(OO1) they find that an intermediate growth phase exists, where the 
germanium forms small clusters (“huts”) with precise facet crystallography 
and orientation with respect to the silicon substrate. Figure 17 shows a 
perspective and plan view of a tunneling image of one of these clusters. These 
hut clusters consist of four reconstructed { lOS} planes, orienting the clusters 
along two orthogonal (100) surface directions. Due to the widespread 
appearance of the hut clusters before the transition to macroscopic clusters, 
the authors suggest that the hut cluster are an intermediate stage in the 
heteroepitaxy of germanium on Si(OOl), providing a more favorable site for 
accommodation of the incoming germanium atoms than spontaneous 
nucleation of macroscopic clusters. They go on to speculate that the hut 
clusters are themselves nucleated at  steps forming on the strained 
Ge(OO1) : Si(OO1) surface, since these are a likely spot for strain relief during 
the epitaxial process. From this kind of work, it is quite clear that the STM 
will make a significant impact in understanding the details of complex 
processes during growth. 

5.2.6 Conclusion 

In the nine years since the introLxtion of the vacuum tunneling micro- 
scope, a wide variety of germanium surfaces have been imaged by a growing 
number of investigators. While the number of experiments has been less than 
that for silicon, as in other fields of surface science, the scope has been nearly 
as great, with the major features of both clean and adsorbate-covered ger- 
manium surfaces brought to light. Recent experiments in the heteroepitaxy 
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FIG. 17. “Hut” cluster of germanium on Si(OO1) in perspective (a) (upper) and plan (b) (lower) 
view. These form during heteroepitaxy of germanium on silicon. The scan area is 400 8, x 400 8, 
for (a) and 2500A x 25008, for (b). Taken from Ref. 9. 
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of germanium on silicon show that interest in this material is increasing after 
many years of taking a second seat to silicon in basic investigations. 
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5.3.1 Introduction 

Among the 111-V semiconductors, GaAs has been extensively studied with 
the STM, with most of the effort to date focusing on the (1 10) surface which 
can be easily prepared by On other 111-V materials, work has 
now appeared on InP, InSb, and GaP ~ur faces .~~-~’  GaAs is of the zincblende 
structure, which has fcc translational symmetry with a two atom basis; a Ga 
atom at (0, 0, 0), and an As atom at (1/4, 1/4, 1/4) of the nonprimitive fcc unit 
cube, as shown in Fig. 1. There are four nearest neighbor bonds of length 
0.245 nm to each atom, with the bonds separated by the tetrahedral angle of 
109.47’. GaAs cleaves easily on the (1 10) family of planes exposing a “non- 
polar” crystal face; so-called because it contains equal numbers of Ga and As 
atoms, as shown in Fig. 2. Alternatively, the (100) surface is a “polar” 
surface, which can be terminated ideally by pure Ga or As atoms (see Fig. 1). 
In reality, the termination is varied and depends on the precise surface 
preparation, which can alter the ratio of surface Ga to As atoms. The (1 1 1) 
face of GaAs is also polar. In the bulk crystal, out of the eight (1 11) planes 
there are four (1 11) planes containing only Ga atoms, sometimes known as 
the ( 1  11A) planes as shown in Fig. 3. The other four planes are comprised of 
As a toms, the (1  1 1 B) planes. Thus, a (1 1 1 ) oriented wafer will have a (1 1 1A) 
face on one side, and the other parallel face will be a (1 1 1B) face (note this 
occurs because to generate the alternate face below one layer requires the 
breaking of three bonds versus one). Sometimes these are also referred to as 
(1 1 I )  and (111). The stoichiometry of the (1 11) face can also be varied by 
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I A . 
FIG. 1. Conventional unit cube for GaAs, with a volume A3 that is four times larger than that 

of a primitive unit cell. [From Ref. I.] 

preparation, producing a variety of surface structures depending on the exact 
termination. 

The bonding in GaAs, and 111-V semiconductors in general, can be des- 
cribed as mixed ionic and covalent in character. The 4s and 4p subshells 
contribute eight electrons per GaAs unit, three from Ga and five from As. 
The partially ionic character results from the difference in electronegativity 

FIG. 2. Bisection of the GaAs unit cube (Fig. 1) by the (110) plane. [From Ref. I.] 
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FIG. 3. Truncation of the GaAs unit cube by the ( 1  1 1 )  plane. Note that a plane of this family 
contains only one kind of atom. [From Ref. 1 .] 

of Ga and As and can be seen clearly in the calculated charge density 
contours shown in Fig. 4. From a number of procedures the charge transfer 
is estimated to be somewhere between 0.3-0.4 electrons from Ga to As. In the 
surface properties, the electronegativity difference can be used to formulate 
an empirical “electron counting” rule, which seeks to minimize the number 
of dangling bonds by filling missing bonds of the more electronegative 
 specie^.^ The partially ionic character of the surface bonds leads to marked 
voltage dependence in the STM imaging, demonstrated on the (1 10) surfaces. 
This selective imaging of the Ga or As species depends on tunneling into 
empty states, versus tunneling from filled states of the GaAs? as discussed in 
Chapter 1 of this book. 

The transfer of charge from Ga to As atoms on a GaAs surface leads to 

FIG. 4. Valence charge density for GaAs. The contours are in units of ( e lk ) ,  where Oc is the 
volume of the primitive unit cell. [From Ref. 2.1 
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FIG. 5. Schematic view of buckling on a semiconductor surface. Surface atoms with half-filled 
bonds (a), form a half-filled band of surface states (b). Charge transfer from one bond to the 
other (c), splits this band of states into a filled band and an empty band (d). [From Ref. 6, 
reprinted by permission of Kluwer Academic Publishers.] 

the formation of relatively large surface state band gaps. To  understand this 
effect, consider two atoms on the surface, which may be two isolated atoms 
or two members of a chain of atoms on the surface, as illustrated in Fig. 5. 
We suppose that in the non-relaxed surface, each of these atoms has a 
dangling bond, and each bond is occupied by a single electron, as shown in 
Fig. 5(a). A two-dimensional set of such bonds will form half-filled band of 
states at the surface, as pictured in Fig. 5(b). A more energetically favorable 
situation is for one of the dangling bonds to transfer charge, creating one 
filled bond and one empty bond, as shown in Fig. 5(c). This transfer of charge 
results in a splitting of the band of states into a filled band and an empty 
band, separated by a band gap, as pictured in Fig. 5(d). Accompanying the 
charge transfer will be some possible relaxation in the positions of the atoms 
on the surface. If the two atoms are initially inequivalent (e.g., a Ga and an 
As atom), then the energy of their dangling bonds is necessarily different, and 
some buckling of the surface always occurs. If the two atoms are equivalent 
(e.g., two atoms of the same chemical species forming a symmetric dimer), 
then the buckling may or may not occur depending on the energetics of the 
situation. It is important to note that an entire electron may not be trans- 
ferred from one dangling bond to another. In reality, all the states on the 
surface are composed of linear combinations of both dangling bonds, and the 
amount of charge transfer depends on the concentration of spectral weight 
from the associated bonds. 

The buckling of the surface as just described provides a close description 
of the GaAs(ll0) surface, which is considered to be a theoretically prototypi- 
cal surface as discussed in Section 5.3.2.1."' The other GaAs surfaces are 
more complicated since extensive reconstruction occurs, as discussed in 
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Sections 5.3.2.2 and 5.3.2.3.’&’’ The resulting band gap for the (1 10) surface 
turns out larger than the bulk band gap (2.4 versus 1.4 eV).899 This unique 
situation provides one with some enhanced spectroscopic capabilities on this 
surface. The size of the bulk band gap can be measured, together with its 
variation due to changes in the bulk semiconductor composition, e.g., by 
forming the mixed compound AlGaAs. Also, by growing adjoining layers of 
the semiconductors, one can hope to measure the relative positions of their 
band edges, thereby obtaining the “band  offset^."'^ Measurements of this 
type are discussed in Section 5.3.3 below. Using the STM spectroscopy, one 
can perform measurements of the position of the conduction and valence 
band edges (relative to the surface Fermi level) in the vicinity of surface 
adsorbates, as was already discussed in Chapter 4. Also, the introduction of 
states within the band gap due to the presence of individual atoms of small 
clusters of atoms can be sensitively measured, without any background 
effects arising from states that exist over the entire surface. This subject is 
discussed in Section 5.3.4 below. We consider the effects of various metals, 
including Sb, Au, and Fe, on the GaAs(l10) ~ur face . ’~-~*  A characteristic 
spectrum of states is found to be introduced into the band gap by these metal 
atoms and clusters, and this spectrum is interpreted in terms of evanescent 
states of the semiconductor. 

5.3.2. Imaging 
5.3.2.1. GaAs(110). While GaAs(1 lo) is not the surface most common 

in technological applications, it has been the 111-V surface in which most 
theoretical and experimental work has been carried out on. It is the only 
nonpolar surface and can be easily prepared by cleavage, as described earlier. 
The creation of an ideal (1 10) surface leaves two dangling bonds per unit cell 
directed out of the surface, which results in two electronic states within the 
fundamental band gap (see Figs. 2 and 5). It was known very early that the 
ideally terminated surface is energetically ~ n s t a b l e . ~  Common to all the 111-V 
( 1  10) surfaces, the Group V atoms move out of the surface plane and the 
Group 111 atoms move toward the bulk; this can be characterized by a 
rotation angle w of about 30” for all 111-V( 1 10) surfaces, as shown in Fig. 6 .  
As described earlier, this relaxation is intimately connected with an electronic 
rearrangement forming an empty dangling bond at  the surface Ga and a 
doubly occupied dangling bond at  the surface As. This results in a surface 
band gap of 2.4eV, which is substantially larger than the 1.4eV bulk band 

Cleavage of GaAs produces (1 10) surfaces that are visually almost perfectly 
flat, and are found with the STM to be devoid of steps over distances on the 
pm scale. Figure 7 shows an STM image of the GaAs(ll0) surface. Typical 
corrugations are on the order of 0.1 A, but can be observed to be much larger 
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FIG. 6. [IT01 cross-sectional view of the GaAs(l10) surface, illustrating the relaxation of the 
surface atoms with buckling angle a. Ga atoms are shown by open circles, and As atoms by 
closed circles. 

at low positive sample bias on p-type material. The most noticeable property 
of the image in Fig. 7 is the fact that only one maximum appears in the unit 
cell that contains two atoms, as shown in Figs. 2 and 6. The appearance of 
only one maxima in the unit cell results from the energy-selective nature of 

FIG. 7. STM image of the p-GaAs(l10) surface showing (a) original line scans, and (b) 
gray-scale top view. The peak to valley corrugation is - 1.1 A. The sample voltage was 1.5V. 
A schematic top view of the atomic positions is shown in (b), where the open circles represent 
Ga atoms and the closed circles represent As atoms. The rectangle indicates a surface unit cell. 
[From Ref. 5.1 
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FIG. 8. Combined color STM images of the GaAs(l10) surface, showing the Ga atoms (blue) 
and As atoms (red). The blue image was acquired by tunneling into empty states that are 
localized around surface Ga atoms, and the red image was acquired by tunneling out of filled 
states that are localized around surface As atoms. [From Ref. 4.1 (See color insert.) 

tunneling microscopy, which is discussed in Chapters 1 and 4 of this book. 
For GaAs( 1 lo), the surface relaxation previously described results in the 
filled states mainly localized on As sites and the empty electronic states 
localized on Ga sites. Thus, tunneling out of filled states yields maxima- 
selecting As states; Ga state images are obtained by switching the voltage 
polarity and tunneling into empty sample  state^.^.^ The registry of the As and 
Ga state images can be obtained by recording simultaneous filled and empty 
state images by interlacing scan lines at alternate biases, as described in 
Section 4.1. By overlapping the two images, one ends up with a composite 
image showing the registry between filled and empty states with two atoms 
now in the surface unit cell, as shown in Fig. 8. 

Upon examining the spatial separation between filled and empty states in 
Fig. 8, one finds a separation perpendicular to the GaAs chains (along the 
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FIG. 9. Shift in lateral position between occupied and unoccupied states (A) vs buckling angle 
(w). Experimental bounds for A are shown by the horizontal dashed line. Theoretical curves are 
given by the solid lines, which are quadratics fitted to the calculated points shown, for constant 
state densities of (curve a) lo-* and (curve b) lo-" electron/bohr3. The vertical dashed lines then 
give the deduced mean values for the buckling, with an uncertainty bound shown by the vertical 
dotted line. The arrow indicates the angle (34.8') where the Ga bonds become planar. [From Ref. 
4.1 

[OOl] direction) larger than the physical separation of the atoms (2.1 versus 
1.4 A). This interesting effect arises from the fact that the details of the STM 
images show spatial extents of surface electronic properties, and in this 
particular case, the spatial separation is intimately connected with the surface 
relaxation indicated above. This interplay is described in Fig. 9, which shows 
the calculated spatial separation between the valence and conduction band 
states as a function of buckling angle. For small angles, the separation is 
about 1.2 A which is close to the physical separation between the atoms. With 
increasing buckling, the filled and empty surface states move apart in energy, 
thereby increasing the surface band gap. As shown in Fig. 9, this is also 
reflected by an increase in the spatial separation between the filled and empty 
states. In comparison with the experimental separation, we deduce a buckling 
angle in the range of 29-31', which is in agreement with other experimental 
measurements. Similar phase shift measurements have also been applied to 
InSb( 1 lo), which yielded similar values for the buckling angle.24 The signifi- 
cance of these STM measurements is that we determined what is more or less 
a vertical displacement, which is not the norm for STM, but was accom- 
plished by an inversion of electronic structure information. 
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FIG. 10. STM image of the GaAs( 100)-2 x 4 surface showing a 165 x 13Okf' area including 
small islands one plane up (light) and one plane down (dark), each having the same structure 
as the main plane. Disorder in the pairing of arsenic atoms can be seen at X. A superposition 
of the 2 x 4 structure is shown in the lower-left corner, with the As atom positions marked with 
filled circles and the missing atom sites marked by open circles. The image was acquired with a 
sample bias of - 2.3 V, and the gray scale cover a vertical height of 7 A. [From Ref. 10.1 

While GaAs( 1 10) shows nearly perfect surfaces, due to the cleavage pro- 
cedure, the same is not true for the other low index surfaces, which display 
a variety of surface reconstructions depending on preparation as described 
next. 

5.3.2.2 GaAs(l00) .  Epitaxial growth of GaAs and other 111-V 
compounds is generally performed on the (100) crystal face. Thus, it is of 
particular importance to understand the geometric structures of this surface. 
From the viewpoint of the STM field, however, progress on this surface 
occurred some years after comparable studies of Si and GaAs(ll0) 
surfaces."." The main reason for this delay is due to the difficulty in prepar- 
ing the (100) face: growth in a molecular beam epitaxy system is necessary to 
achieve high-quality surfaces. In addition to the preparation difficulties, the 
surface geometry is complicated by the fact that different structures can form, 
depending on the relative concentration of Ga to As on the surface. Here, we 
describe the first STM study of the GaAs( 100) surface, performed by Pashley 
and co-workers." The sample was grown in an MBE chamber, and was 
capped with a thick layer of arsenic. The sample was then transported 
through air into the STM chamber, where the excess arsenic was desorbed by 
heating at 370°C. Surfaces prepared in such a manner tend to have an excess 
of As remaining on the surface, thus having the 2 x 4 or c(2 x 8) diffraction 
patterns characteristic of the As-terminated surface. 

In Fig. 10 we show an STM image of the GaAs (100) surface, and a 
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0 TOP As LAYER 0 TOP Ga LAYER 0 2ND As LAYER 

FIG. 11. (a) The structure of the unreconstructed GaAs(100) arsenic-rich surface. (b) The 
missing-dimer model for the GaAs( 100)2 x 4 surface. The two types of missing-dimer boundary, 
in-phase (IP) and antiphase (AP), are shown giving rise to 2 x 4 and c(2 x 8) structures. 
Disorder in the arsenic pairing (X) with three missing arsenic atoms (dashed circles) is also 
shown. [From Ref. 10.1 

structural model is shown in Fig. 1 1. The surface is seen to consist of a series 
of rectangular shaped corrugation maxima, separated in the [IT01 direction 
by dark bands. Each corrugation maxima can actually be resolved in other 
STM images into three dimers," and the dark bands correspond to missing 
dimers in the surface layer. In the structural model, the dimers are believed 
to be composed completely of As. With one missing dimer out of every four, 
the electron counting at the surface results in a completely filled surface band 
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(composed primarily of the dangling bonds from the As d i m e r ~ ) . ~  Depending 
on the precise arrangement of the missing dimers, the surface structure is 
either 2 x 4 or c(2 x 8), as shown in the structural model. 
5.3.2.3 G a A s ( m ) .  In addition to the (100) surface, MBE growth can 

be accomplished on other GaAs surfaces. For the (111) surfaces a 2 x 2 
diffraction pattern is observed during and after growth in As-rich conditions. 
Subsequent annealing results in a transition to a (fi x f i) - R23.4" 
reconstruction. These structures have been studied using STM by Biegelsen 
and co-workers.'* For the 2 x 2 structure, they propose a model based on 
As-trimers, with the As atoms in a trimer bonding amongst themselves and 
to As atoms in the underlying layer. These trimers then form an hexagonal 
array with 2 x 2 symmetry. It is found that the electron-counting rule works 
for this surface, with the As dangling bonds being all completely saturated. 

Upon annealing to 500°C for about 10 minutes, the 2 x 2 surface converts 
to a f i  x f i  structure. STM images of this surface, and a structural 
model, are shown in Fig. 12. A large area scan is shown in Fig. 12(a), where 
the dark triangular shaped patches are 3.3 A (a bilayer step) lower than the 
surrounding regions. A higher magnification image is shown in Fig. 12(b), 
and in 12(c) the structural model is overlaid on the STM image. The struc- 
tural model consists of hexagonal rings of atoms, with six As atoms in the 
uppermost layer, and twelve As atoms in the next layer. The ring of As atoms 
gives rise to the circular shapes seen in the STM image. Since the f i  x f i  
structure necessarily contains an odd number of atoms, the electron-counting 
rule cannot be completely satisfied for this surface." However, for such a 
large unit cell (as for the case of Si(ll1)-7 x 7), the half-occupied dangling 
bond which is left over introduces only a relatively small amount of state- 
density into the band gap, and thus such a structure can still be energetically 
favorable. 

5.3.3 Cross-Sectional Imaging 

With the ability to easily prepare the GaAs(ll0) surface by cleavage in 
vacuum, one can immediately consider the possibility of cross-sectional 
imaging of structures. Superlattices, consisting of layered arrangements of 
different 111-V compounds (such as GaAs and Al,Ga, -,As), are generally 
grown in the (001) direction, and viewing of a (110) face then permits an 
examination of the structures in cross-section, exposing the interface between 
the two materials. From such studies one can gain structural information 
concerning the superlattice, such as the extent of interdiffusion at the inter- 
faces. Also, since the clean (1 10) surface is free of surface states in the band 
gap region, one can also use STM spectroscopy to reveal the bulk band gaps 
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FIG. 12. G a A s ( n )  n x n reconstruction. (a) Filled-state image 120-nm-square scan; (b) 
4.9-nm-square-scan; (c) same as (b) with overlay of threefold As atoms from unrelaxed model; 
(d) detailed model; large open circles denote top As atoms; medium closed circles denote 
second-layer Ga atoms, and small open circles denote third-layer, threefold-coordinated As 
atoms. The image was acquired with a sample bias of - 1.8V. [From Ref. 12.1 

and the relative placement of the band edges in adjacent layers, i.e., the band 
offsets. 

The major problem encountered in performing cross-sectional imaging is 
to physically locate the STM probe-tip over the region of interest on the 
cleavage face. This requires having both the ability to conveniently move the 
sample laterally, and some means of large-range imaging to determine when 
the tip is correctly placed. These requirements were fulfilled in the work of 
Salemink and co-workers by using a conventional STM “louse” for sample 
motion, and a UHV scanning electron microscope for tip p~sit ioning.’~ 
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FIG. 13. (a) STM image of MBE-grown GaAs-AlGaAs layers and their interface, imaging the 
As atomic lattice. Note the very clean GaAs and the presence of oxygen patches on the AIGaAs. 
The image width is 10.5 nm. The interface is indicated by arrows. (b) Profile ofcorrugation along 
section indicated in (a). The interfacial width, as observed in the local density-of-states, is one 
to two unit cells. [From Ref. 13.1 

Figure 13 shows an STM image and cross-sectional scan obtained from a 
cleaved superlattice with x = 0.38 A1 concentration. The AlGaAs material is 
seen near the top of the image, and the GaAs materials is seen at  the bottom. 
The AlGaAs region appears to be topographically slightly lower than the 
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FIG. 14. Current-voltage characteristics in GaAs (curve 1 )  and in AlGaAs (curve 2), both 
taken approximately 5nm from the interface. Curve 2 is displaced vertically by 0.03nA for 
clarity. The GaAs band gap is 1.43 eV and its valence band edge is very near the Fenni level (OV). 
The measured AlGaAs band gap is 1.80 eV. The measured position of the Fermi level relative 
to the AlGaAs valence band edge is 0.35 eV. The valence band (VB) and conduction band (CB) 
are indicated. [From Ref. 13.1 

GaAs, probably owing to the larger band gap of the AlGaAs as discussed 
later. In addition, the AlGaAs regions are found to be more inhomogeneous 
and “patchy” compared to the GaAs, which is attributed in this experiment 
to the preferential adsorption of oxygen onto the AlGaAs. The STM image 
of Fig. 13 was acquired at negative sample bias of - 2.3 V, so that As atoms 
are seen in the image. We see in the image that the registry of the atoms is 
maintained across the AlGaAs-GaAs interface; the transition from one 
material to the other occurs over a width of 1-2 unit cells. 

Tunneling spectra acquired on both sides of the AlGaAs-GaAs interface 
are shown in Fig. 14. Each of the Z- V curves was acquired about 5 nm from 
the interface. Curve 1, taken on GaAs, is typical of highly-doped p-GaAs, 
with a gap close to 1.43 eV, and the Fermi located at the bottom of the gap. 
Curve 2, taken on the AlGaAs, shows a larger gap of about 1.80 eV, close to 
the 1.90eV expected for this material. The surface Fermi level (OV) in the 
AlGaAs is found to be located 0.35 eV above the valence band edge, as shown 
in Fig. 14. This value is significantly larger than one expects for an ideal 
superlattice structure in the absence of any surface  effect^.'^ This discrepancy 
is attributed to the presence of the oxygen adsorbates on the AlGaAs, which 
are known to induce some surface states that push the Fermi level towards 
mid-gap. Thus, at this stage the direct measurement of the relative positions 
of the GaAs and AlGaAs band edges has still not been obtained, but 
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additional work may yield that quantity for this AlGaAs-GaAs system and 
perhaps for other superlattice systems as well. 

5.3.4 Spectroscopy of Metals on GaAs(ll0) 

All of the spectroscopic work performed to date with the STM on GaAs 
have been done on the ( I  10) crystal face.‘’-’’ As discussed earlier, this face is 
unique in that the dangling bond states occur at energies outside of the bulk 
band gap, so that the introduction of states within the band gap due to 
adsorbates can be conveniently studied. Prior to the development of the 
STM, such studies were performed primarily by photoemission spectro- 
s c ~ p y . ~ ~  Such measurements provide a measure of the spectrum of both 
valence-band and core level states, and one can also extract the position of 
the surface Fermi level relative to the valence band maximum. However, for 
the case of states introduced by sub-monolayer coverage of metal adsorbates, 
photoemission is unable to directly discern any clear spectrum of states in the 
band gap region, presumably because the density of such states is too low. 
Nevertheless, movement of the surface Fermi level in the gap is observed, and 
it is generally found the Fermi level moves from the band edges to the middle 
of the band gap as the metal coverage increases up to about a monolayer. 
This so-called “pinning” of the Fermi level is attributed to the existence of 
states in the gap, but the nature of such states remains unknown, and a 
variety of models have been postulated to describe the 

With the advent of the STM, one has the capability to observe very low 
densitities of states within the band gap. Moreover, by acquiring spatially 
resolved spectra, these states can be associated with definite geometric struc- 
tures on the surface. Such studies have been performed on GaAs(ll0) for a 
variety of metal adsorbates, and we focus in this section on the results for Sb, 
Au, and Fe. An introduction to the spectroscopic techniques has already 
been given in Chapter 4, in which the spectroscopy of clean and oxygen 
covered GaAs(ll0) surfaces is discussed. For the metal adsorbate systems, as 
for oxygen, at a coverage of greater than about 0.01 monolayer 
(ML = 8.85 x 10’4atoms/cm2) some amount of band bending exists over the 
entire surface, so that the “dopant induced” contributions to the tunnel 
current, seen on the totally clean surface, disappear. Thus, on or near the 
metal adsorbate we observe their characteristic state-density, and far from 
the adsorbates we observe zero current in the band gap region of the semicon- 
ductor. Charging of the metal adsorbates can occur for low semiconductor 
doping densities, and this can lead to significant problems in passing current 
through the metal clusters into the bulk material.17 High-doping concentra- 
tions of 1019-1020 cm-3 are used to overcome that limitation. Alternatively, 
one can deposit enough metal so that an interconnected network of clusters 
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(a) TOP VIEW 
1 i o  

(b) SIDE VIEW 0 As 

FIG. 15. Schematic diagram of the surface geometry for GaAs(ll0)l x I-Sb as determined 
by low-energy electron diffraction (Ref. 8). (a) Top view. (b) Side view. [From Ref. 16.1 

exists over the surface, and the current can then propagate continuously 
along the surface. 

In Figs. 15 and 16 we show a structural model and STM image for a 
monolayer of Sb on the GaAs( 1 10) ~urface.’~-l~ In the model, the Sb atoms 
occupy positions close to those expected by an extension of the bulk lattice. 
Deposition of Sb at room temperature produces large flat terraces; Fig. 16 
shows a portion of such a terrace. A well-ordered part of the Sb layer, 
displaying 1 x 1 corrugation, appears in the lower part of the image. The 
black area appearing in Fig. 16 is a hole extending down to the GaAs 
substrate, and some small Sb clusters residing on top of the ordered Sb layer 
are also visible in the image. The Sb-GaAs system is one of a class of 
overlayers known as “passivating” (other members of this class include 
arsenic on Si( 1 1 1) and Si( 100)). In such systems, formed typically by column- 
V adsorbates on nonpolar semiconductor faces, the adsorbate layer has one 
additional electron per atom compared to the bulk terminated semiconductor 
surface. In that case, the overlayer contains enough electrons to fully saturate 
the surface dangling bonds. Following these arguments for buckling of a 
clean surface, we then expect a relatively large surface band gap for such 
systems. Indeed, it is found for Sb on GaAs(Il0) that the width of the 
surface-state band gap is very close to that of the bulk band gap.I6 

Spatially resolved spectroscopy for Sb-GaAs is shown in Fig. 17. The STM 
image shows an ordered portion of the Sb monolayer, with a hole extending 
down to the GaAs substrate. Spectra were acquired at the points indicated 
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FIG. 16. 120 x 120A2STM image of antimony on the GaAs(ll0) surface, acquired with a 
sample bias of - 2 V. The Sb coverage is 5 I .O ML. The topographic height is displayed by a 
gray scale, ranging from OA (black) to 5A (white). [From Ref. 15.1 

by the checkered markers in the image; points (a) and (b) are located at the 
edge of the Sb terrace, and points (c) and (d) are located on the well-ordered 
portion of the Sb layer. In the latter two spectra, a band gap region where 
the conductivity is close to zero is observed, with edges marked by E, and E, 
in Fig. 17. The width of this region is about 1.4 eV. This band gap arising 
from the Sb overlayer is found to be positioned almost identically with the 
bulk band gap.16 At the terrace edges, spectra (a) and (b), an intense state 
located at about 0.8 V is observed within the band gap region. The surface 
Fermi level (OV) occurs about 0.2V above the bottom of the band gap. 
Similar spectra have been acquired from other Sb partial monolayers and 
isolated clusters, and the general appearance of the spectra is the same as seen 
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FIG. 17. Normalized conductivity versus voltage, measured on top and on the edge of an Sb 
terrace. The associated 120 x 80A’STM image is also shown, with the locations at which the 
spectra were acquired indicated by checkered markers. The valence band maximum and conduc- 
tion band minimum are marked by E, and Ec, respectively. [From Ref. 17.1 

in Fig. 17. A band gap state is observed at about E, + l.OeV, and, in some 
cases, a tail of states extending out of the valence band is also seen. The Fermi 
level is located at a minimum in the conductivity, pinned between these two 
sets of states. 

The spectra displayed in Fig. 16, and similar observations at other Sb 
coverages, were the first observation of the band gap states which pin the 
Fermi level for a disordered metal overlayer on GaAs(ll0). In terms of 
geometry, it is clear that these states arise from the edges of the Sb terraces, 
but beyond this nothing more definite can be said concerning the geometry. 
Thus, it was desirable to find another system in which the formation of the 
band gap states could be studied, and for that reason the Au on GaAs system 
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FIG. 18. 90 x 60A2STM images of 0.25-MLAu on the GaAs(l10) surface, acquired with a 
sample bias of -2 .5V.  The gray scale corresponds to (a) surface height, and (b) surface 
curvature. A top view of the atomic positions is pictured in (c). with a 2.2 x expanded lateral 
scale. [From Ref. 19.1 

was s t ~ d i e d . ' ~ . ~ ~  There, at a few tenths ML coverage, individual Au atoms 
and small groups of atoms can be observed in the STM images, as shown in 
Fig. 18. The image of Fig. 18(a) is shown using a conventional gray-scale 
corresponding to surface height, and the Au adsorbates have a typical height 
of about 2 A. In Fig. 18(b) the contrast of the image is enhanced by plotting 
the curvature of the surface. The corrugation of the bare surface is then 
clearly visible, and it reflects the positions of the As atoms for the sample bias 
of - 2.5 V used. A grid of points is overlaid on Fig. 18(b) located at the As 
atom positions, and the Au atoms are seen to be located equidistant between 
four As atoms. Thus, it is found that the Au atoms are located about 1.4 A 
away from surface Ga atoms, indicating that the Au adsorbate bonds to the 
Ga atoms. 

Spatially resolved spectroscopy on the small Au clusters is shown in Fig. 
19. The portion of the surface pictured there is actually the same as that in 
Fig. 18, although the probe-tip appears to be somewhat blunter in Fig. 19. 
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FIG. 19. Normalized conductivity versus voltage, measured on and off the Au clusters. The 
100 x 55 A2STM image of the surface is shown in the top part of the figure, acquired at a sample 
bias of - 2.5 V. Checkered markers give the locations at which the spectra were acquired. [From 
Ref. 19.1 

Four spectra, acquired at the location indicated by the checkered markers, 
are shown. Spectrum (d), acquired on the clean GaAs surface, shows a band 
gap region with width of about 1.4 eV. Spectra (a) and (b), acquired on top 
of a small Au cluster, display an intense peak within the band gap, and also 
an enhanced state-density in the valence band which extends up into the band 
gap region. Similarly for spectra (c), although the band gap state is slightly 
shifted in that case. It was found that the band gap state induced by the Au 
adsorbates has significant tails that extend spatially away from the Au 
atom.” Subsidiary maxima are observed on neighboring Ga atoms, indicat- 
ing that “unbuckling” of the GaAs lattice in the vicinity of the adsorbate may 
be involved in the formation of the band gap  state^.'^^^^ Overall, the appear- 
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FIG. 20. STM image, 400 x 384 A', of 0.1 A Fe-p-GaAs( I 10). The sample bias was - 2.5 V. 
The image is displayed using a gray scale keyed to the gradient of the surface height to increase 
the dynamic range. [From Ref. 22.1 

ance of the spectra on the Au adsorbates is remarkably similar to that seen 
at the edge of the Sb terraces, even though the chemical identity of the 
adsorbates and geometry of their bonding is quite different. 

A third metal on GaAs(ll0) which has been studied in detail is Fe.2'v22 
When deposited onto the surface, the Fe is relatively mobile and forms 
three-dimensional clusters, as shown in Fig. 20. Spectroscopic measurements, 
as a function of cluster size, have been performed. It was found that clusters 
consisting of greater than about 35 atoms tend to have metallic character. 
Detailed, spatially resolved spectroscopy have been performed near such 
clusters. Figure 21 shows an image of an Fe cluster, and I-V characteristics 
acquired at the points indicated by the circles are shown in Fig. 22. I-V 
normalization of the spectra has not been performed here, but the spectral 



272 GALLIUM ARSENIDE 

FIG. 21. STM image, 100 x IOOA’, of Fe clusters on p-GaAs(l10). The sample bias was 
- 1.8V. I-V characteristics were recorded at each pixel in the image. The circles denote the 
positions of the I-V curves shown in Fig. 12. [From Ref. 22.1 

features are still evident directly from the raw I-Vcurves. Curve (e), acquired 
far from the cluster, displays a band gap region with width of about 1.5 eV. 
Curve (a), acquired on top of the cluster, shows an almost linear characteris- 
tic near OV, indicating metallic behaviour. Curves (b), (c), and (d), acquired 
at successively increasing distances away from the cluster, show the decay of 
the metallic state-density with lateral distance. It is found that the state- 
density decays exponentially away from the cluster, with decay length that is 
energy dependent. These observed decay lengths are in qualitative agreement 
with a one-dimensional model of the evanescent states (with imaginary 
wave-vector) in the semiconductor band gap. It is also noteworthy that curve 
(b) in Fig. 22 clearly shows a spectral bump at about 0.9V, which, in 
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FIG. 22. Tunneling current versus voltage, at various distances from the Fe cluster indicated 
in Fig. 1 I .  Curve (a) is on the cluster. Curves (b)-(e) correspond to distances from the cluster 
edge of (b) 3 .7A,  (c) 6.7& (d) 9.6& and (e) 14.3A. These tunneling characteristics were 
obtained with a tip-sample separation decreased by 1 .O A relative to that used for the topograph. 
The valence and conduction band edges are at - 0.25 and 1.25 V, respectively. [From Ref. 22.1 

derivative form, would correspond exactly with the feature seen at 0.8 V in 
the Sb and Au spectra. Thus, very similar spectra are found for the band gap 
states induced by all of the Sb, Au, and Fe systems. 

Phenomenologically, the observation by STM of the band gap states 
induced by metal adsorbates on GaAs( 110) provides an explanation for the 
Fermi-level pinning phenomena observed on this surface. At low coverage, 
the spectrum of states consists of an intense state located near E, + l.OeV, 
together with a tail of states extending out of the valence band. The Fermi 
level is pinned between these two sets of states. This spectrum appears to be 
remarkably independent of chemical species or geometry of the metal-the 
same spectrum is observed at the edge of Sb terraces, on or near small Au 
clusters, and near larger Fe clusters. For such disordered systems, we 
conclude that the spectral density of band gap states is relatively independent 
of structure. This result is in complete accordance with the photoemission 
observation that the Fermi level tends to be pinned near mid-gap, indepen- 
dent of the metal species deposited on the surface.26 Of course, whenever a 
two-dimensionally ordered arrangement of atoms forms on a surface (such as 
the ordered Sb terraces), then the spectrum may change, in accordance with 
whatever bonding arrangement occurs in the ordered layer. Even in those 
cases, however, it should be noted that a band gap will often form in the 
surface state spectrum, and the final location of the surface Fermi level is still 
determined by some disorder-related feature on the surface. 

Let us now consider the connection, if any, between the STM results and 
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the various models which previously existed for Fermi-level pinning at 
surfaces. First, with regard to the “unified defect model” of Spicer and 
co-workers,26 we find that the presence of particular surface defects, such as 
an anti-site defect, is not necessary in order to produce the Fermi-level 
pinning. Indeed, the presence of such defects is inconsistent with the observed 
STM structures. For the case of the Sb overlayers, the structural model of an 
Sb monolayer with no defects or disruption of the underlying GaAs is quite 
well established from both STM and low-energy electron diffraction 
~ tud ie s . ’~”~  For Au adsorption, some intermixing between Au and GaAs may 
occur at higher coverages, but for the individual adsorbates and small 
clusters discussed here no disruption of the GaAs is seen in the STM images. 
The spectrum of states observed by STM is generally consistent with that 
assumed in both the “disorder induced gap states” model” and the “metal 
induced gap states” model.’* The latter case applies to the case of a fully 
formed metallic overlayer, such as found for the larger Fe clusters described 
previously. It is noteworthy that the same spectrum of states observed near 
the edge of the Fe clusters is also found for the small Au clusters and at the 
edge of Sb terraces. For the latter two cases, the adsorbate overlayers are not 
metallic, yet they still induce states in the band gap which are characteristic 
of the evanescent states of the semiconductor. 

The STM results described earlier provide us with a good phenomenologi- 
cal understanding of Fermi-level pinning at surfaces. Nevertheless, some 
questions remain concerning the observed spectra. In particular, it is not clear 
how such widely different structures (edge of Sb terraces, small Au clusters, 
and edge of Fe clusters) can give rise to similar spectral densities. Focusing 
on the case of Au for a moment, it was observed that the Au atoms bind to 
Ga, thus forming a Au-Ga bond which would be occupied by a single 
electron. Spectroscopically, such a half-occupied level should form a state 
located at the Fermi level, yet in the spectra one observes a minimum in the 
state-density at the Fermi level. A possible explanation for this would be a 
relatively large intra-atomic Coulomb repulsion term, which would split the 
first and second electron states of this le~e1.I~ Indeed, the location of the 
Fermi level at a minimum in the state-density is a very general feature of the 
spectra on all the metal-GaAs systems, thus indicating that such a Coulomb 
repulsion term might be present in many cases. Shifting our attention to the 
Fe spectra, the observation of the decay of the state-density, with lateral 
distance from the cluster, provides a clear connection with the evanescent 
states of the semiconductor.” However, the similarity of the Fe spectra with 
those of Sb and Au would then lead one to conclude that these evanescent 
states play a rather important role in all of the spectra. Finally, we comment 
on the observed feature located near E, + 1 .O eV in all the spectra. It was 
found for both Au and Fe cases that this state displayed subsidiary maxima 
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on neighboring Ga atoms near the metal clusters, suggesting that unbuckling 
of the GaAs lattice may be involved in the formation of the band gap 
~ t a t e s . ’ ~ ” ~  We feel that a more complete understanding of all of these points 
will be obtained by further experimental and theoretical studies of the metal- 
GaAs systems. The STM results have prompted a number of theoretical 
 work^,^^.^' and good progress has been achieved towards a complete un- 
derstanding of the band gap states induced by metal adsorbates on the 
GaAs( 1 10) surface. 
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6. METAL SURFACES 

Young Kuk 
Seoul National University, Seoul, Korea 

6.1. Introduction 

When a surface is created by cleavage or annealing, the total energy of the 
system increases by the surface energy. While some surfaces undergo recon- 
struction in order to lower their surface energy, many other surfaces reveal 
bulk-like terminations at  room temperature. I For the last two decades, 
reconstructed metal surfaces with or without adsorbates have been widely 
studied in surface science. Most of the reported results have been studied by 
measuring order parameters (short or long-range) by macroscopic surface 
science tools and fitting the measured results to models. These tools measure 
surface-sensitive quantities averaged over areas determined by the size of 
(electron, ion, photon) beam spots. Scanning tunneling microscopy, which 
was invented by Binnig, Rhorer and co-workers,2 has become a powerful 
surface science tool, since it can directly image a surface area of up to several 
pm x pm with atomic resolution. In scanning tunneling microscopy, the 
three-dimensional variation of charge density at a surface is probed via 
electron tunneling between a sharp tip and a sample. Therefore not only 
geometric, but also electronic surface structures can be mapped, since the 
electron tunneling depends on the electronic density-of-states of the sample 
and the tip. 

While large charge density corrugations (- 1 A) are often observed on 
semiconductor surfaces due to the presence of dangling bonds,3 those on 
(1 x 1) metal surfaces are small ( < 0.1 A), as measured by helium diffraction 
experiments, unless they are reconstructed or foreign atoms are chemisorbed 
on them.4 Metal corrugations are thus 50-100 times smaller than those 
observed on the Si( 11 1)-(7 x 7) surface, for example. Atomic imaging of 
(1 x 1) metal surfaces, therefore, requires high lateral and vertical resolution 
as predicted by t h e ~ r y . ~  Soon after the well-publicized Si(ll1)-(7 x 7) 
image,6 the reconstructed Au(l lo)-(] x 2), a well-understood metal surface, 
was imaged by the inventors’ group,7 confirming the previously proposed 
“missing row structure.” Structures of reconstructed and chemisorbed 
surfaces were studied in earlier days, but bulk terminated (1 x 1) results were 
frequently reported with development of scanning tunneling microscope 
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(STM) instrumentation. In this chapter, the role of the tunneling tip will be 
discussed to explain the measured corrugation amplitude on metal surfaces. 
Scanning tunneling spectroscopy (STS) on metals will be compared with that 
on semiconductors. Examples of STM studies on metal surfaces including 
surface structures, chemisorbed surfaces, practical surfaces, and dynamics on 
metal surfaces will be given. Not all the examples on metal surfaces are 
included, and examples used in this chapter are not necessarily representative 
collections. 

6.2. Corrugation Amplitudes and the Tunneling Tip 

It has been known that a one-atom tip is required to obtain a well-resolved 
STM image of a bulk-terminated metal surface. However, the role played by 
the tunneling tip is not well understood. The size, shape, and chemical 
identity of the tip influences not only the resolution and shape of an STM 
scan, but also the measured electronic structure. Experimentally, tips have 
been prepared by mechanical grinding or chemical etching from a variety of 
materials, most often W. Since a bcc crystal has a lower surface energy on the 
{ 1 lo} faces, [loo] and [l 1 11 oriented tips (single crystal wires) can be shar- 
pened by annealing in the presence of a high electric field:-“ producing a 
pyramid shape of { 1 lo} facets. When tip annealing and high electric field are 
not available, a high tunneling current (100 nA-10 PA) is known to often 
improve the characteristics of a tunneling tip. These techniques are supposed 
to produce a sharp, clean, and symmetric tip, but asymmetric or double tips’* 
may still be formed, resulting in misleading sample topographics. 

One experiment has been reported’ in which a field ion microscope (FIM) 
was used to examine the geometry of a tunneling, although other combina- 
tions of STM and FIM have since been a~semb1ed.l”’~ By taking FIM images 
of the tunneling tip before and after an STM scan, the character of the STM 
topograph can be correlated to the tip structure. The dependence of the 
measured corrugation amplitude on the size of the tunneling tip has been 
experimentally examined. Figure l(a) shows an FIM picture of the tunneling 
tip used in the STM scan of the clean Au(OO1)-(5 x 20) surface (this surface 
structure will be discussed later) with corrugation width of 14.4A [Fig. l(b)]. 
The corrugation amplitude was estimated theoretically’ as 

A a exp[- P(R + 81, (1) 
where p z (1 /4)~- ’  GZ. R is the tip radius of curvature (approximated as a 
hemisphere), S is the gap distance, K-’ is the electron decay length in the 
vacuum, and G is the smallest surface reciprocal wave vector (2a/ai, where ai 
is the largest corrugation width). Average measured corrugations of the 
Au( 100)-(5 x 20) and the Au( 1 lo)-( 1 x 2)  reconstruction^'^ as a function of 
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FIG. I .  (a) FIM image of the W(100) tip before and after the STM scan. the arrow indicates 
the scanning direction with respect to the tip. Filled circles are the first layer atoms. (b) STM 
topograph of Au(001). Rows along the closed-packed [ITO] are separated by * 14A. Figure from 
Ref. 9. 
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M 
SIZE OF CLUSTER ON TIP 

FIG. 2. Dependence of measured corrugation on size of tip for Au(001)-(5 x 20) (solid line 
and filled circle), Au(1lO)-(1 x 2) (broken line and triangle), Si(I11)-(7 x 7) (---), Si(l1I)- 
(2 x 1) (dotted line), and most ( 1  x 1)  metals (----). Figure from Ref. 15. 

the tip size are summarized in Fig. 2. The measured corrugation for the 
Au(l00) and Au( 110) are in good agreement with the values predicted by Eq. 
1. Tip size versus measured corrugation for several other surfaces is shown. 
Broken horizontal lines in Fig. 2 indicate STM noise levels, due to mechani- 
cal vibration or electronic noise, for two hypothetical STMs. The significance 
of the tip size is now apparent from Fig. 2; the tip must be terminated by a 
single atom in order to detect any reconstruction with the noisier STM. On 
the other hand, the corrugations of the Au(100), Au(l10), and Si(ll1)- 
(7 x 7) surfaces could be detected by a 20 A tip, with an STM noise level of 
0.05A. In order to image most metals with a small reconstruction unit cell 
or (1 x 1) surfaces with typically a corrugation level of 0.01-0.05 A, both a 
very sharp tip and low STM noise level are required. 

6.3. Tunneling Spectroscopy of Metal Surfaces 

While STM images of semiconductor surfaces are maps of charge density 
contours of mainly p-states (valence, conduction band electrons, and 
dangling bond states), those on metal surfaces can be dominated by s-, p-, d-, 
and f-state electrons. Because the decay lengths vary with the electronic state, 
scanning tunneling microscopy and spectroscopy on metals may show sub- 
stantial variation depending on the governing electron states. Sometimes a 
surface state can dominate the spectroscopy, other times chemisorption 
induced states (bonding or antibonding states) can result in a change of the 
spectroscopy. In this section, tunneling measurements of the local barrier 
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D I S T A N C E  (A) 

FIG. 3. The tunneling current and local barrier height as a function of gap distance in semilog 
plot for a Au(100)-(5 x 20) surface. A contact point is defined as 0. The tip voltage is 50meV. 
Figure from Ref. 17. 

height and electronic density of states will be described to emphasize the 
difference between metal and semiconductor surfaces (see also Chapter 4 for 
a discussion of tunneling spectroscopy with the STM). 

6.3.1 Current Versus Gap Distance 

One direct indication of metal-vacuum-metal tunneling is the exponential 
dependence of the tunneling current with the tunneling gap.16 Similar ex- 
ponential dependencies have been reported on semiconductor surfaces, but 
more results have been reported on metal surfaces. The continuous exponen- 
tial variation over four orders of magnitude has been demonstrated by Binnig 
et aL2 with a good vibration isolation. They reported an average barrier 
height of - 3.2 eV for the junction between a W tip and Pt plate, demonstrat- 
ing a clean junction. 

The I-S relation on a well characterized surface was studied by Kuk and 
Silverman.” Figure 3 shows I-S and 4-S spectra on a Au(l00)-(5 x 20) 
surface. As reported earlier by Gimzewski et al. on an Ag film’‘ and Durig 
on an Ir film,” a near exponential dependence of the tunneling current as a 
function of the tunneling gap is shown. The contact point (x  = 0 in Fig. 3) 
is defined at the abrupt increase in the tunneling current. From the gap 
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distance dependence of this slope, the local barrier height can be obtained 
from, 

4 = 0.952(dlnZ/dS)2, (2) 

where S is in A. The result is in good agreement with the theoretical work by 
Lang2’ (see Chapter 1) for a one-atom Na tip. For S > 5 &  the barrier 
between the tip and sample is treated as a small perturbation of two indepen- 
dent metallic states, and the local barrier height, the slope in 1nZ-S, remains 
constant. But for S < 5A the perturbation is substantial, and the local 
barrier height may not remain constant. Mechanisms of unusually high 
corrugation heights measured on closed packed metal  surface^^'-^' may be 
closely related to the strong perturbation with low barrier heights. From the 
contact of the sample and tip, the contact resistance is estimated to be - 24 kR in good agreement with theoretical predict i~n.~’?~~ The local barrier 
height and contact resistance are found to be strong functions of the shape 
and size of the tip, as estimated from the topography after the contact was 
made.” It was reported that the slope variation in InZ-S near contact are 
different for soft metal” and hard meta1.I9 

6.3.2 Electronic Structure in Differential Conductivity Measurements 

The relation among tunneling current, gap distance, and bias voltage in 
vacuum tunneling can be simplified by treating both electrodes as free elec- 
tron-like metals. The vacuum tunneling between the tip and sample can then 
be divided into two regimes. When the bias voltage is smaller than the work 
function, the tunneling current is approximated by, 

Z - V exp( - 1.054). (3) 

When V > 4, the tunneling current dependence on the bias voltage is des- 
cribed by a Fowler-Nordheim relation.25 In the field emission regime, the 
tunneling electron experiences the positive kinetic-energy region of the 
vacuum gap, as shown in Fig. 4. At several bias voltages, the tunneling 
electrons form standing waves in the positive kinetic energy region, resulting 
in oscillatory transmission probabilities with bias voltage. Figure 4 shows the 
oscillations in dZ/dVfrom 5-18 V with a constant tunneling current of 1 nA.26 
The measured result shows good agreement with the calculated oscillatory 
transmission probability with two planar conducting plates. Recently, field 
emission resonances have been studied in detail by Kubby et aL2’ and 
Coombs et a1.28 to understand the role of topographic features and light 
emission from a tunneling junction. 

While a normal STM image is a convolution of geometric and electronic 
information of a surface, the electronic structure can be separately 
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GAP BIAS VOLTAGE 

FIG. 4. dl/dV (closed circles: experimental, solid curve: theoretical) and gap distance vs. bias 
voltage at tunneling current of 1 nA. Figure from Ref. 26. 

With the tunneling tip poised over a region of interest and the 
gap fixed by opening the feedback loop momentarily, the bias voltage can be 
ramped to measure the tunneling current as a function of applied voltage. 
This measurement can also be performed at each point of topography scan,31 
resulting in spatially resolved I- V relations. Interpretation of these spectra is 
quite similar to that on metal-insulator-metal tunneling, replacing the in- 
sulator with a finite vacuum gap, For small bias voltage ( V  c $), the tunnel- 
ing current can be written as, 

I- s,'v p(E)D(E, V >  dE, (4) 

where p ( E )  is the sample local density-of-states and D(E, V )  is the transmis- 
sion coefficient of the barrier at voltage V.  D can be estimated by the WKB 
method for a free electron model; the result is shown in Fig. 5. The transmis- 
sion coefficient can be approximated by, 

D ( V )  = av+ yv3 + ' . .  ( 5 )  

where the cubic correction term is more apparent at larger voltages in Fig. 
5. The local density-of-states can be deduced from dl/dV (differential con- 
ductance) in the low voltage limit by, 

d l l d v  - p ( r ,  V M V ,  (6) 
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VOLTAGE ( V )  

FIG. 5. D(V)-Vat 3 different gap distances calculated by WKB method. Figure from Ref. 15. 

where p(r, V )  is the local density-of-states of the sample evaluated at the 
center of the tip (r). The relation dZ/dV versus V is proportional to the 
electronic density of states in the low voltage limit in metal-insulator-metal 
tunneling.32 A plot of dlnZ/dlnV versus V reduces the parabolic dependence 
introduced by the cubic term in Eq. 5 ,  so the position of the peak in the curve 
corresponds approximately to resonances in the tip and sample density-of- 
states, although the exact strength and position of the peaks will still vary 
slightly with gap d i ~ t a n c e . ~ ~ , ’ ~  When the tunneling gap is small (c 5A), the 
perturbation in the transfer Hamiltonian approach’ is too large to use Eq. 6 ,  
where the bases are two independent solutions of the tip and sample Hamil- 
tonians. As stated earlier, large corrugations observed on several closed- 
packed metal surfaces may not be explained by this approach. 

A series of dlnZ/dlnV-V curves measured on well characterized Au( 100)- 
( 5  x 20) at various gap distances is plotted in Fig. 6.17 The gap distances are 
estimated from the I-S relation taken after the Z-V, The scanning tunneling 
spectra at different gaps show resemblances, but the peak widths and heights 
vary slightly with the gap distance. An earlier photoemission measurement 
for this surface3’ showed a peak near - -0.7eV, near the Brillouin zone 
boundary. A slight shift of the tunneling peak positions versus the photo- 
emission spectroscopy data has often been observed by several groups, but 
the reason is not fully understood. The - 0.7 eV peak has been ascribed to 
the bulk sp-band. Although there are other peaks with high intensity from 
d-bands in photoemission data, there is little evidence of d-band contri- 
bution, which would be strongly dependent on gap distance since the 
electron decay length is much shorter than that in the sp-band. Comparison 
of scanning tunneling spectroscopy (STS) data to (inverse) photoemission 
demands special care, since the surface states, overwhelmed by bulk states in 
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FIG. 6. V/I*dl/dV-V spectra obtained on Au(100)-(5 x 20) at various gap distances: 6.0 
(filled circle), 6.6 (filled triangle), 7.5 (open square), 8.1 (open triangle), and 8.6A (open circle). 
Figure from Ref. 17. 

(inverse) photoemission, can still be probed by tunneling spectroscopy. In 
addition, STS measures the local density-of-states summed over k vectors 
with varying weighting factors due to different decay lengths.’ Tunneling 
spectroscopy of the Au(l11) shows a state at -0.4eV below the Fermi level. 
The peak height and width of the surface state vary spatially over the surface. 
For example, the peak is smaller near the step edge, as shown in Fig. 7. By 
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FIG. 7. dI/dV on terraces of the Au(lI1) surface and near a step edge. Figure from Ref. 35. 
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scanning at the bias voltage near the surface state, better image of the 
Au(lI1) stacking fault reconstruction could be obtained.'6 As these two 
examples demonstrate, most surface states on metals are not as localized as 
those on semiconductors, which is mainly due to directional dangling bond 
states. 

6.4. Clean Metal Surfaces 

The scanning tunneling microscope was intitially used to simply image 
surfaces. As tunneling spectroscopy becomes widely used, STS data are 
employed to refine surface structural models derived from STM images 
alone. By adding adsorbate sources (gas or solid phase) and temperature 
control, the study of dynamics on metal surfaces becomes possible. 

6.4.1 Surface Structures 

One of the most notable achievements of scanning tunneling microscopy 
is the elucidation of the atomic arrangements of various surfaces. Many 
disputed surface structural models, which have been studied by various 
experimental techniques and theoretical calculations, have been resolved by 
the direct imaging capability of the scanning tunneling microscopy. the first 
STM study of a metallic surface was performed on the Au( 110) ~ur face .~  The 
{ 1 lo} surfaces of Au, Pt, and Ir have been studied by many surface science 
techniques37-'"' to exhibit a missing-row type reconstruction, resulting in a 
(1 x 2) structure. Direct imaging of the surface by scanning tunneling micro- 
scopy confirmed the previously proposed missing-row s t ruc t~ re .~*~ '  

Among several low miller index Au facets, the surface energy on the { 11 l} 
facet is the lowest. By forming the missing-row structure { 11 l} micro-facets 
are exposed, such that the surface energy can be lowered. Although the STM 
has high vertical resolution, it is sometimes not suitable to measure absolute 
atomic displacements, because the measured corrugation is strong functions 
of the tunneling tip radius and the electronic structure of the sample. The 
topograph of Au(l10) (Fig. 8) shows the (1 x 2) reconstruction with alter- 
nate [I101 missing rows. It has been reported in LEED studies4* that as the 
sample temperature increases, the (1 x 2) structure undergoes a phase tran- 
sition to a bulk-like (1 x 1) structure. Theoretical and LEED 
indicated that this is an order-disorder transition of a 2-D Ising universality 
class. In the disordered (1 x 1) phase, the top layer atoms are still commen- 
surate with bulk lattice sites, but disordered; the surface is disordered in the 
lattice-gas sense.42 By diffraction methods, the transition temperature for the 
Au( 1 10) was found to be - 700 K and is very sensitive to surface impurities. 
Figure 9 shows a topograph of the quenched Au( 1 10) surface after annealing 
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FIG. 8. 240 x 190-A2 gray scale topograph of the Au(1 10)-(I x 2) surface after annealing at 
600 K. Figure from Ref. 41. 

within 1OK of the phase transition temperature in which annealing tem- 
perature was determined by the LEED patterns." On this sample, although 
the STM topograph shows that (1 x 2) reconstruction with small domain sizes 
is still present, the half-order spots change to diffused streaks in the corres- 
ponding LEED pattern. This is not surprising since the average domain size 
is 20-40 A, far less than the usual coherence length of an electron diffraction. 
The domains are separated not only by steps but also by (1 x 3)- or (1 x 4)- 
type missing-row structures. The corresponding diffraction pattern of the 
observed STM topograph can be calculated by a Fourier transformation. 
Figure 10 shows the calculated diffraction intensities on samples annealed 
just below the phase transition temperature. Since the (1 x 2) reconstructions 
in adjacent terraces results in the displacement of the half-order peak from 
the normal position and a split of the (1, 0) peak. A similar result was 
observed by x-ray diffraction and explained by the presence of steps." Since 
this experiment was done on a quenched sample, there is a possibility of 
re-ordering during quenching. Changes in the LEED pattern have to be 
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FIG. 9. 225 x 10O-A2 gray scale topograph of the Au(1 lo)-( 1 x 2) surface after annealing at 
700 K. Figure from Ref. 44. 

carefully monitored before and after quenching. The images quenched from 
the temperature above T, shows disorder, confirming LEED results. 

The closed-packed { 11 1 } plane of fcc metal surfaces such as Au(l1 1)2'*22 
and Al(11 1)23 have been imaged with atomic resolution (Fig. 11). Unrecon- 
structed (1 x 1) structures of other surfaces have been reported.4547 Very 
high spatial resolution and large corrugations have been observed on these 
surfaces that cannot be explained by the presently accepted transfer Hamil- 

700 K 

MOMENTUM @*/a) <loo> 

FIG. 10. Diffraction intensity along the [IOO], calculated from the STM image of Fig. 9. Figure 
from Ref. 44. 
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FIG. 1 1 .  34 x 34-A’ gray scale topograph of the clean Al( I 1  1) surface. Figure from Ref. 23. 

tonian approach for tunneling.’ The corrugation predicted by Eq. 1 is on the 
order of 0.01 A at a tip-sample distance of around 5 A. This can be compared 
to corrugation values on the order 0.5-1.0& which has been observed at 
small tunneling resistances approaching tip-sample contact:’ Several me- 
chanisms have been proposed to explain these anomalous values: 1) localized 
surface states present near Fermi level, 2) the presence of an atom with an 
unusual electronic state (for example, an atom with a pz state) on the apex of 
the tunneling tip,49 3) the influence of atomic forces between the tip and 
sample. However, these large corrugation values may well be explained by a 
tunneling theory that includes a strong perturbation, since the large corruga- 
tion values are observed at tunneling distances where tunneling resistances 
are of lo5 ohms. Experiments at normal resistances of lo9 ohms, where the 
Tersoff -Hamann theory is operable, have shown that normal corrugation 
values are observed at the 0.01 A level,” but of course this level of measure- 
ment is a challenge that not all microscopes can achieve. 

Figure 12 shows a topograph of the Au(ll1) surface with atomic resolu- 
tion. The surface exhibits not only the 1 x 1 unit cell characteristic of the 
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FIG. 12. 3000 x 2000-A* gray scale topograph of the Au(ll1)-(22 x J3),  shown as a herring- 
bone pattern. Figure from Ref. 22. 

(1 1 1) fcc lattice, but also a long range reconstruction of (22-23 x J3), which 
is caused by stacking faults between fcc and hcp ordering, with the two 
stackings connected by Shockley dislocations on the surface. These disloca- 
tions are found to play an important role in providing nucleation centers as 
seen in studies of Ni and Fe on Au(l1 l).50*5i The {loo} surfaces of Au and Pt 
are known to reveal “(5 x 20)” and “(5 x 12)” reconstructions, respect- 
ively. These reconstructions are caused by the closed-packed first layer 
which resembles { 11 l} surfaces. An earlier study by Binnig et dS2 proposed 
a “(26 x 68)” structure, based on the length calibration of the surface, but 
recent topographies by the author’s group (Fig. 13)41 show atomic images of 
the surface, suggesting four domain structures represented by 

[i :01”: 200]3[2: :I>[:” :I. 
The domains are separated by regularly arranged misfit dislocations and 
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FIG. 13. 160 x 40-A2 gray scale topograph of the Au(100) surface. Figure from Ref. 41. 

slight buckling of atomic rows caused by the higher atomic density in the first 
layer than in the bulk. Higher atomic density in the first layer requires 
out-diffusion of bulk Au atoms toward the surface layer. It is known 
that the Au(l00)-("5 x 20") reconstruction loses the long-range order above 
600OC. The out-diffusion may accelerate above the phase transition tem- 
perature and the additional segregated layer results in disorder.'" STM 
images above the phase transition temperature shows roughened surface, 
confirming the model. Pt( 100) shows very similar domain structure,53 since 
the driving force is the same. In this reconstruction, domains are usually 
separated by steps instead of forming a phase boundary on a single terrace. 

Atomic resolution is not required, nor even desirable, in all scanning 
tunneling microscopy studies. There are many important and interesting 
applications for scanning tunneling microscopy with nanometer resolution 
on practical surfaces. Roughness measurements of metallic layers were 
studied by some g r o ~ p s . ~ ~ . ~ ~  For example, silver films condensed at room 
temperature and 90°K exhibit a difference in roughness, (Fig. 14) that can be 
explained by diffusion limited aggregation. 

6.4.2 Dynamics 

Phase transition of metal surfaces can be induced by changing the sample 

FIG. 14. 600 x 550-A* topograph of Ag films condensed at (a) 80K and (b) 300K. Figure 
from Ref. 54. 
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FIG. 15. 400 x 400-A2 topograph of Au(l11) surface taken every 8 minutes. The indentation 
was made at frame 1 by the tunneling tip. Figure from Ref. 57. 

temperature and introducing adsorbates. Surface phase transitions are 
receiving increased attention as equilibrium surface structures are better 
understood. Structural, order-disorder, magnetic, melting, and roughening 
transitions have been studied by a variety of surface sensitive techniques, 
which probe long-range orders.56 Measurement of short-range order has also 
relied on scattering or diffraction averaged over the beam spot size. In order 
to study the dynamics by scanning tunneling microscopy, the scanning speed 
must be shorter than the characteristic time constant of the microscopic 
atomic motion, and the STM should be operable at the temperature of 
interest. At present, studies of structural phase transitions, surface diffusion, 
and absorbate induced transitions have been reported. 

Surface diffusion with atomic resolution has been studied by FIM. From 
these studies activation energies between atomic sites can be deduced on 
small terraces (usually < 20-30 A wide) of the FIM tips. Since STM can 
image wider viewing areas than FIM, not only activation energies but also 
macroscopic diffusion constants can be obtained. The diffusion of step edges 
on Au(ll1) surfaces was observed in UHV and in air.57 A series of time-lapse 
STM topographs of indentations or protrusions created by the tunneling tip 
shows movement of step edges in Fig. 15. With known markers (a circle or 
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a line), the surface diffusion coefficient can be deduced. Since the hopping 
motion of individual atoms between neighboring sites is faster than the STM 
scanning speed, the scratch-decay m e t h ~ d ~ ~ . ' ~  can be used at  room tem- 
perature to measure diffusion constant on most metals. At low temperature, 
it is possible to deduce local activation barrier among sites by tracking 
individual atoms. 

Similarly, close observation of step edges by scanning tunneling micro- 
scopy at elevated temperatures, permits study of surface roughening tran- 
s i t i o n ~ . ~ ~  Above a critical temperature, roughening appears as step meander- 
ing and step height variation. In many diffraction techniques, determination 
of the roughening temperature and even proof of its existence is very difficult 
because of the smooth change of the line shapes. In scanning tunneling 
microscopy, however, the topography of step edges can be imaged directly. 
Figure 16 shows gray scale STM images of Ag( 1 15) surfaces at 20,58,98, and 
145°C. in images at 20 and 58"C, there are large (1 IS) terraces with low step 
densities. Above 98°C all steps have a large number of thermally generated 
kinks. The meandering of steps clearly indicates that the Ag( 1 15) surface is 
already in the roughened state. Although this study only shows snapshots at 
various temperatures, it demonstrates the feasibility of the study of phase 
transitions by scanning tunneling microscopy. 

6.5. Adsorbate on Metal Surfaces 

The study of adsorbate covered surfaces has been one of the important 
subjects in surface science for many decades.60 Metallic overlayers on metals 
have been studied to develop net materials with new magnetic, catalytic, 
electronic, and geometric characteristics. Information obtained by STM have 
helped to understand structures and processes of chemisorption. 

6.5.1 Metallic Adsorbate 

Initial stages of epitaxial growth on metals and semiconductors have been 
widely studied by STM. These results have yielded not only the structural 
information of overlayer films but also the dynamics of growth when the 
overlayer diffusion is sufficiently slow. One example is a commensurate Au 
overlayer on the Ni( 1 10) surface. While the details of the Au overlayer on 
Ni( 110) could not be determined by other surface science techniques, 
the (7 x 4) structure with a c(2 x 4) subunit structure was clearly resolved by 
scanning tunneling microscopy, as shown in Fig. 17.60 A short-range interac- 
tion yields the local registry of Au on the Ni(ll0) results in the c(2 x 4) unit 
cell, while the (7 x 4) long-range structure originates from a lattice mismatch 
between Au and Ni. Instead of forming a periodic misfit dislocation, [OOl] 
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FIG. 16. Gray scale images of the Ag(115) surfaces taken at (a) 20°C (585 x 220-A2), (b) 58°C (1180 x 375-A’), (c) 98OC (450 x 120-AL), and 
(d) 145°C (465 x 280-A’). Figure from Ref. 59. 
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FIG. 17. 120 x 120-A2 gray scale topograph of the Au on the Ni(ll0) surface. A unit cell of 
the (7 x 4) structure is shown. Figure from Ref. 61. 

missing rows appear at every 7d,,,,, distance to relieve the stress in the Au 
film. 

The initial stages of Ag overlayer growth on the Au( 1 1 1) have been studied 
by two groups recently.61.62 Since the lattice mismatch between Au and Ag is 
very small (0.24%), the growth is nearly homoepitaxial. Although the 
Au(lI1) substrate surface exhibits a 22-23 x ,/3 reconstruction, the Ag 
overlayer does not show this reconstruction. The Ag layer nucleates around 
defects, such as voids or step edges. At room temperature, the growth pattern 
shows a diffusion limited aggregation with local smoothing (Fig. 18). From 
the study, the surface diffusion coefficient of the Ag overlayer was estimated. 
In contrast, the early stage of Ni growth on the Au( 11 1) surface shows unique 



296 METAL SURFACES 

FIG. 18. 1100 x 1100-A’ gray scale images of Ag on the Au(l11) with Kip = 200meV, and 
I,,,,,, = 0.1 nA. Figure from Ref. 72. 

nucleation sites (Fig. 19) determined by the Au substrate reconstr~ction.”~~~ 
Since the Au reconstruction is caused by a change of stacking sequence, the 
Ni overlayer grows preferentially at the areas where two stacking sequences 
meet to form a surface dislocation. At low coverage, the Ni overlayer forms 
a highly ordered metal island arrays on an automatically smooth surface, 
despite of large lattice mismatch between Au and Ni. Similar nucleation 
characteristics have also been observed with Fe on Au( 1 1 l).50 

6.5.2 Adsorbate induced Structure 

Mobility of atomic or molecular adsorbates depends on the interaction 
between the substrate and the adsorbate or among adsorbates. In general, 
isolated adsorbates (or small islands) are quite mobile at room temperature. 
Large islands or a fully covered surface preserves its structure even at room 
temperature. Some surfaces passivated by adsorbates (Le., the surface energy 
is lowered by the adsorption) are stable even at atmospheric pressure. 

Sulfur adatoms form a stable p(2 x 1) structure on the Mo(OO1) surface.@ 
The p(1 x 1) surface formed in UHV but imaged in the air was reported 
recently. On this surface, the passivated Mo(O0 I )  substrate is not believed to 
be reconstructed, the absorbed sulfur adsorbates form a similarly stable 
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FIG. 19. Nucleation of Ni islands at specific site on the Au(l11) surface. The width of the 
image is 1900i(. Figure from Ref. 63. 

structure on the Re(001) surface.65 Figure 20 shows a ( 2 4 3  x 2J3)R3Oo 
structure imaged at atmospheric pressure. Hexagonal rings of sulfur atoms 
is the basic unit of the observed structure. Iodine adsorbates also passivate 
the Pt( 11 1) surface as shown in Fig. 21. The adsorbate structure reveals 
(J7 x J7)Rlg.l" structure at the coverage of 3/7 and a (3 x 3) structure at 
4/9 M L coverage.66 From the difference in the measured corrugation, the 
registry of the adsorbate iodines was proposed. 

On a Cu( 1 l ,l ,  1) surface (vicinal surface of the Cu( loo)), sulfur adsorbates 
form p(2 x 2) and c(4 x 2) structures (Fig. 22).67 These two different struc- 
tures influence the shape of local step edges. On a single terrace, only one kind 
of domain can be observed. [013] and [03T] directional steps are stable next 
to c(4 x 2) terraces, while [ O l i ]  steps are formed next to p(2 x 2) terraces. 
Large molecules can form regular structures on metal surfaces. Benzene and 
carbon monoxide form a (3 x 3) structure on Rh(l11) surface6* (Fig. 23). 
This co-adsorbed overlayer revealed a direct atomic image of a benzene ring 
for the first time. Three carbon atoms appear with slightly higher electronic 
charge density than the other three while the bond length between carbons 
is measured to be 1.5 A. Close examination of the structure reveals a localized 
CO 27t* orbital. A very localized orbital has not been believed to be possible 
to image in scanning tunneling microscopy, since the charge density decays 
quickly from the surface. The structure of copper-phalocyanine was observed 
by the same group and compared with molecular orbital ca l~ula t ions .~~ 
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FIG. 20. High resolution image of the ( 2 4 3  x 2 J3)R3Oo sulfur overlayer on Re(0001), with 
gray scale. Figure from Ref. 65. 

6.5.3 Dynamics 

Adsorbates on metal surfaces are in general mobile at room temperature. 
If the chemisorption rate and surface diffusion are slow enough, dynamic 
behavior of chemisorption can be studied by scanning tunneling microscopy. 
If an STM is operated at cryogenic temperature, each hopping motion of an 
adsorbate can be observed. From such observations, not only the diffusion 
constant but also the microscopic interaction potential may be deduced. 

Oxygen chemisorption on Cu( 1 10) is a model system to observed time- 
dependent chemisorption processes. Even though the chemisorption process 
is too fast to be observed by STM (such as precursor states), adsorbed oxygen 
atomic rows diffuse slow enough at room temperature to allow imaging of 
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FIG. 21. High resolution images of the (J7 x J7)R19.l0 and (3 x 3) structures. Figure from 
Ref. 66. 

FIG. 22. STM image of a 175 x 145-A2 region of a S-Cu(1 l,l,l) surface. Figure from Ref. 67. 
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FIG. 23. A three-dimensional view of the benzene molecules co-adsorbed with CO on 
Rh(ll1). Figure from Ref. 68. 

atomic jumps of the 0 rows with atomic resolution. Figures 24(a)-(h) show 
STM images of the same area on a clean Cu(ll0) surface with increasing 0 
coverage up to 0.4 ML.46*70 The time interval between consecutive images 
varied from two to ten minutes, so adjustment of the x-y position was often 
necessary to compensate for thermal drift. On a clean surface in Fig. 24(a), 
the step edges appeared to be unusually rough compared to those on other 
metal surfaces. Step edges can be treated as a fluid-gas interface in a lattice 
gas model. In this model the concentration of diffusing Cu atoms is deter- 
mined by the evaporation energy from the step edge onto a terrace. Cu atoms 
are known to diffuse more rapidly along [ITO] than along [OOl]. Since most 
observed steps are close to the [Ool] direction in Fig. 24(a), diffusion of extra 
Cu atoms from and toward the step region is reduced. In Figure 24(d), the 
step edges that are terminated by 0-induced rows are perfectly straight while 
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FIG. 24. 600 x 480-8L2 images at - 1 V on (a) clean Cu( 110) surface, and at (b) 0.02, (c) 0.06, 
(d) 0.09, (e) 0.17, (f) 0.20, (g) 0.30, and (h) 0.40 ML coverage of oxygen. Patches are indicated 
by arrows. Figure from Ref. 70. 

those without them remain rough. Fig. 24(b) shows an image taken at 
0.025 ML 0 coverage. Isolated 0-induced rows > 25 A (along the [OOl]) 
begin to appear on Cu terraces, but not near step edges. When consecutive 
STM images were taken of this area at the same coverage, rows shorter than 
that length seem to coalesce or break apart. That length, therefore, seems to 
be critical for homogeneous growth. At N 0.3 ML, rectangular patches of 
missing first layer Cu atoms begin to appear. They increase in size very slowly 
with additional 0 exposure. They are also bounded on two sides by the 
0-induced rows, attesting to the barrier that the reconstruction provides for 
removal of more Cu atoms. If Cu atoms are not available from step edges on 
a large terrace, or step edges are terminated by 0-induced rows, Cu atoms are 
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FIG. 24. Continued. 

apparently supplied from these patches, though much more slowly than 
from step edges at low coverage. The measured coverage dependence of the 
sticking coefficient shows the deviation from Langmuir kinetics, due to the 
dynamics determined by extra diffusing Cu atoms. This experiment proves 
that scanning tunneling microscopy can now be used to correlate macroscop- 
ic quantities, such as diffusion constant, sticking coefficient, desorption rate, 
to atomic diffusion. 

The formation of ( 2 4 2  x ,/2)R45’0 islands on Cu(OO1) is much slower 
than that on Cu(1 lo).” In Fig. 25(a) and (b) the structures of clean Cu(OO1) 
and 0 adsorbed (2 J2 x ,/2)R45’ are shown. In the report, the diffusion of 
Cu atoms from the step edges are shown in sequence. Cu atoms now diffuse 
along the [loo] and [OlO] with the same diffusion rate. They, therefore, form 
0 islands with a 2-fold symmetry. Since the diffusion constant along the [IT01 
on Cu(I 10) is faster than that on along the [loo] on Cu(OOl), the formation 
of 0 islands is much slower than that on Cu(ll0). As described in several 
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FIG. 25. STM images of 15 x 1541' region of (a) (1 x 1) Cu(OO1) surface and (b) 
(2 J2 x J2)R45"-0 structure. 

examples, scanning tunneling microscopy can now be used not only to 
identify the adsorbate-induced structure but also to understand the dynami- 
cal process of adsorption. 

6.6 Conclusion 

Metal represents a particular challenge to scanning tunneling microscopy 
because of the small surface-charge corrugation. Despite this, for the last 
decade the scanning tunneling microscopy has greatly contributed to the 
understanding of metal surfaces, including structure, phase transitions, 
surface diffusion, adsorbate reaction, and epitaxial growth. A UHV STM 
system in conjunction with other surface science techniques has become a 
powerful tool for the study of metal surfaces. 
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7.1 Introduction 

The formation of semiconductor interfaces and a complete description of 
their characteristics is a problem of long standing in solid-state physics.'y2 
Interfaces are primary in determining many aspects of electron transport 
through semiconductor structures; however, interface formation is still not 
completely understood. There are several competing theories for interface 
formation which predict both Schottky barrier heights and semiconductor 
heterostructure band alignments, but no one of these has been completely 
successful for all systems. 

The investigation of semiconductor interfaces is complicated by the inac- 
cessibility of these interfaces to conventional surface-analytical probes. The 
final properties of an interface only develop when the interface is fully 
formed, when processes such as species interdiffusion and bulk band struc- 
ture development are allowed to occur. Surface-sensitive techniques may be 
used to study the initial stages of interface formation, but characterization of 
completed interfaces relies on traditional electrical probes, such as current- 
voltage or capacitance-voltage measurements, or on optical methods such as 
internal photoemi~s ion .~~~ In addition, all of these techniques are spatially 
averaging. In general, semiconductor interfaces are expected to exhibit some 
degree of heterogeneity, and for some of these techniques the spatial average 
of interface properties is heavily weighted toward low barrier height regions. 

There are several important characteristics that should be addressed by an 
interface probe. In addition to determining interface barrier height, it is also 
crucial to obtain a quantitative measure of transport across the interface, 
which may be affected by band structure, scattering processes, and interface 
abruptness. The capability for a true energy spectroscopy of carrier transport 
is therefore necessary. Finally, due to the possibility of interface lateral 
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heterogeneity, it is desirable to characterize interface properties with high 
spatial resolution. 

Scanning tunneling microscopy (STM)5 has proved to be an extremely 
valuable and versatile probe of surfaces, which can be used for both spectro- 
scopy and imaging."8 Its capability for atomic-scale characterization of 
surface topographic and electronic structure has revolutionized surface 
science. Previous chapters have covered the application of STM to local 
surface spectroscopy of both semiconductors and metals, and later chapters 
will emphasize the surface imaging capability. This chapter will discuss a 
ballistic electron microscopy and spectroscopy which provide similar capa- 
bilities for the study of interfaces. The method, ballistic electron emission 
microscopy (BEEM)?" which utilizes STM in a three-electrode configura- 
tion, allows characterization of interface properties with nanometer spatial 
resolution and enables an energy spectroscopy of carrier transport. 

BEEM employs an STM tip as an injector of ballistic electrons into a 
sample heterostructure. In general, the sample will consist of at least two 
layers separated by an interface of interest. BEEM operates as a multi- 
electrode system, as illustrated in Fig. 1, with electrical contact to each layer 
of the sample surface. Figure 2 shows the corresponding energy diagram of 
tip, base, and collector for the case of a metal-semiconductor Schottky 
barrier (SB) system. In this case, the metal base layer serves as a biasing 
electrode, and the semiconductor functions as a collector of ballistic electron 
current. All sample structures discussed in this chapter utilize metallic base 
electrodes. 

As a tip-base bias voltage is applied, electrons tunnel across the vacuum 
gap and enter the sample as non-equilibrium or hot carriers. Since charac- 
teristic attenuation lengths in metals and semiconductors may be hundreds 
of .kngstroms," many of these hot electrons may propagate through the base 
layer and reach the interface before scattering. If conservation laws restrict- 
ing total energy and momentum parallel to the interface are satisfied, these 
electrons may cross the interface and be measured as a current in the collector 
layer. An n-type semiconductor is used for electron collection, since the band 
bending accelerates the collected carriers away from the interface and 
prevents their leakage back into the base. By varying the voltage between tip 
and base, the energy distribution of the hot carriers can be controlled, and 
a spectroscopy of interface carrier transport may be performed. 

Figure 3 shows the simplest spectrum that may be obtained with BEEM 
at T = 0. The theory that describes this spectrum will be discussed later, but 
the qualitative features may be mentioned here. For tunnel voltages less than 
the interface barrier height, none of the injected electrons have total energy 
equal to or greater than the barrier height, and the measured collector current 
is zero. As the voltage is increased to values in excess of the barrier, i.e., 
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FIG. I .  Block diagram of an STM/BEEM system. The tip is maintained at the tunneling 
voltage V ,  and the tunneling current I ,  = q / R F  is held constant by the STM feedback circuit. 
The sample base layer is grounded and current into the semiconductor collector is measured by 
a virtual ground current amplifier. 

eV > EF + eV,, some of the hot electrons cross the interface into the semi- 
conductor conduction band, and a collector current is observed. The location 
of the threshold in the spectrum defines the interface barrier height. The 
magnitude of the current above threshold and the threshold spectrum shape 
also yield important information on interface transport. 

In addition to characterizing conduction band structure, it is also impor- 
tant to probe valence band structure at an interface. A complete description 
of an interface requires separate knowledge of both conduction and valence 
band Schottky barrier heights and band alignments. A spectroscopy of 
valence band structure may also be performed with BEEM techniques, but 
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I TIP EASE COLLECTOR 

FIG. 2. Energy diagram for BEEM of a metal base-semiconductor collector Schottky barrier 
system. (a) Applied tunnel voltage of zero. (b) Applied tunnel voltage V, in excess of the interface 
barrier height V,. For this case, some of the injected electrons have sufficient energy to enter the 
semiconductor. 

utilizing ballistic holes as a probe.” Since most p-type barriers are relatively 
low, ballistic hole spectroscopy has required the development of a low- 
temperature BEEM apparatus. This apparatus has in turn enabled a study of 
interface properties with temperature, which provides fundamental insights 
into interface formation mechanisms. 

To date, the main focus of BEEM research has been on the physics of 
interface transport; however, bulk carrier transport properties are also of 

I I 

Vb 

TUNNEL VOLTAGE 

FIG. 3. Example of a theoretical BEEM spectrum at T = 0. Such a spectrum displays a 
threshold at  a voltage equal to the interfacial barrier height V,. 
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great importance in solid-state physics, and carrier scattering in materials 
dominates transport properties. BEEM is a valuable technique for the study 
of ballistic transport and interface structure, but it does not directly provide 
a means for an analysis of the carriers which scatter in the base electrode and 
are not collected. However, a related technique, which may be referred to as 
reverse-bias BEEM, provides a direct spectroscopy of electron and hole 
scattering. This method is sensitive to carrier-carrier scattering, and allows 
the first direct probe of the hot secondary carriers created by the scattering 
process.13 As a spectroscopy of scattering, it is complementary to BEEM, 
since it provides a way of analyzing only the carriers that scatter, and are not 
observed by the ballistic spectroscopies. Scattering phenomena in metal- 
semiconductor systems have been investigated, and a theoretical treatment 
for the collected current has been developed which yields good agreement 
with experiment. The observed magnitudes of the currents indicate that the 
carrier-carrier scattering process is dominant in ballistic carrier transport. 

BEEM has been applied to many interface systems, and important 
examples will be given in this chapter. A theoretical framework for this 
technique, and for the corresponding ballistic hole process, will be presented. 
The extension of the theory to the case of the carrier-carrier scattering 
spectroscopy will also be described. Experimental methods particular to 
BEEM and related techniques will be discussed. Both spectroscopy and 
imaging of interfaces is possible with ballistic electron and hole probes, and 
examples of each will be reviewed. Finally, the initial application of the new 
scattering spectroscopy will be presented. 

7.2 Theory 

7.2.1. Ballistic Electron Spectroscopy 

Ballistic electron emission microscopy (BEEM) may be understood by 
using a simple theoretical model, which may be built upon to include more 
complicated processes. The model treats sequentially the processes of 
vacuum tunneling, base transport, and interface transport. The effective- 
mass approximation is used throughout this chapter for each of these pro- 
cesses. The essence of the model is the description of the phase space available 
for interface transport. Dynamical considerations, such as quantum mecha- 
nical reflection at the interface, are not included in this description, although 
such effects will be mentioned later and may be treated in a more complex 
theory. The simplest case to consider is that of a smooth interface, which 
dictates conservation of the component of the electron wave vector parallel 
to the interface (transverse to the interface normal) k,. Conservation of total 
energy across the interface provides a second constraint on tranport. The 
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FIG. 4. Schematic diagram representing a particle incident on a potential step of height 
EF + eV,, with an initial energy E in excess of this step height. There exists a critical angle 0, such 
that a particle incident at an angle in excess of this value is reflected. For an angle of incidence 
less than e,, the particle is transmitted, but is refracted as it crosses the interface. 

process is visualized in Fig. 4. This diagram may be taken to represent a 
simplified metal-semiconductor interface system. 

A particle incident on a simple potential step, with total energy in excess 
of the step height, loses a portion of its kinetic energy as it crosses the step, 
due to a reduction in k,, the component of k normal to the interface. If the 
particle is normally incident, the direction of propagation, %, is unchanged. 
For the case of incidence at a non-zero angle to the normal, however, 
conservation of k, demands that k changes across the interface; i.e., the 
particle is “refracted.” If the angle of incidence is greater than some “critical 
angle,” the particle is not able to cross the interface and is reflected back. This 
critical angle may be expressed asi4 

E - EO 
sin2 8, = - 

E ’  

where the particle total energy is E and the step height is Eo = EF + eV,. 
Another way to specify the criterion for transmission is that Ex must exceed 
E,, where Ex is the component of carrier energy associated with k,, or 
Ex = h2k:/2m. 

The situation becomes somewhat more complicated for real band struc- 
tures, if the two regions have dissimilar dispersion relations. In this case, the 
normal and parallel components of the problem are no longer trivially 
separable. In particular, if Ex is the energy associated with k,, Ex > EF + eV, 
is no longer the condition for collection. A change in effective mass, or in the 
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0.5 1 .o 1.5 2.0 

TUNNEL VOLTAGE (V) 

FIG. 5. Plot of critical angle 0, calculated from Eq. (3) for the case of Au on n-Si(100), with 
eV, = 0.8 eV, E,  = 5.5 eV, and mtlm = 0.2. 

location of the conduction band minimum within the Brillouin zone, alters 
the critical angle conditions. 

For zone-centered conduction band minima in both the metal and semi- 
conductor, we can define this critical angle with respect to the interface normal, 
in terms of electron energy in the base and the potential step EF + eh, as 

where mxi and m,, are the components of effective mass in the metal normal 
to and parallel to the interface, respectively, and m,, and m,, are the corres- 
ponding masses in the semiconductor. For evaporated metal base layers 
which are polycrystalline or of ill-defined orientation, the approximation of 
an isotropic free-electron mass for the base is made; and the expression 
reduces to'' 

m , E - E , - e V ,  m , e ( V - % )  
sin'8, = - 

m 
=- 

E m E ,+eV '  (3) 

where the second equality is for an incoming electron with E = EF + eV and 
m is the free-electron mass; the second subscript on m,, has now been 
dropped. This expression, plotted in Fig. 5 ,  predicts that for Si( 100) or GaAs, 
with a small component of effective mass parallel to the interface and for 
e( V - &) < 0.3 eV, this critical angle is less than 6 degrees. Critical angle 

*Note that in all comparisons of theory and data, both the STM tip and the base layer have been 
approximated as free-electron metals. For some expressions in this section, however, the more 
general forms are also given. 
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reflection has important implications for the spatial resolution of interface 
characterization, since only electrons incident on the interface at small angles 
can be collected. Thus single scattering events may decrease collected current, 
but should not degrade spatial resolution. For a lOOA base layer, at least 
20 A spatial resolution is expected. Resolution of this order has actually been 
observed on some metal-semiconductor systems. 

The electron injection into the sample by tunneling is treated using a planar 
tunneling formalism.” This description provides simple analytic expressions 
for the (E, k) distribution of the tunneling electrons and for the total tunnel 
current. Current across the metal-semiconductor interface is then calculated 
based upon this initial distribution, by considering the fraction of the total 
tunnel current which is within the “critical cone.” The WKB form of the 
tunneling probability D(E,) is written as16 

D(E,) = exp( - 2 J k , d x ) .  (4) 

The vacuum barrier is taken to be square at V = 0, with height Q, measured 
with respect to the tip Fermi level; therefore, Eq. (4) becomes 

D(E,) = exp - as - [ ( E ~  + 0 - eV - ~ ~ 1 3 ’ 2  - ( E ~  + Q, - ~ ~ 3 / 2 1 ) ,  ( 5 )  
2 

( 3eV 

where c1 = (8m/fi2)”* = 1.024 . A common approximation’s is 

D(E,) x exp (-as(E, + 6 - (6) 

with 6 = Q, - eV/2 for a square barrier. Tunnel current is given by the 
standard expression 

where a is the effective tunneling area,f(E) is the Fermi distribution function, 
and ‘u, = hk,/m. This expression may conveniently be written in terms of 
integrals over E, and El: 

4 = q d E , W X )  JOW dEt( f (E)  -f(E + e V > .  (7b) 

The integration is over all tip states with Ex > 0, and C = 471rnae/h3. Ex is the 
energy associated with k, and El is that associated with k , .  (It will be 
convenient in the remainder of this section to express energies with reference 
to the bottom of the tip conduction band, unless otherwise noted.) The Fermi 
function f ( E )  is defined as 

f(E) = [I + exp (?)]-I. 
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FIG. 6. k-space diagram representing the free-electron Fermi sphere of the STM tip, for the 
case of electron tunneling from tip to sample. For an applied tip-sample voltage V, states within 
the shell delimited by EF and EF - eV,  and with k, > 0, are eligible to tunnel. These states are 
shown here in grey. If eV > e & ,  a subset of these tunneling electrons, defined by a hyperboloid 
in k-space, satisfy phase space conditions for collection. This volume is also shown by diagonal 
lines. 

For simplicity in modeling the tunneling process, the tip and base are taken 
to be identical free-electron metals. At T = 0, therefore, the appropriate 
states occupy a half-shell within the tip Fermi sphere" between E = EF - eV 
and E = E F ,  as illustrated in Fig. 6 .  

An expression similar to Eq. (7b) may be written for the collector current, 
with the allowed phase space within the tip determined by the critical angle 
conditions. For the case of m, less than m, these restrictions on tip states are 

and 

Ex 2 EF - e ( V -  V,), (10) 

where EF is the Fermi energy of the tip. Taking the equalities as limits E y  
and E,"'", collector current can be expressed as 

R is a measure of attenuation due to scattering in the base layer, which is 
taken to be energy-independent for these energies.'* If eV, 4 kB T, as with all 
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examples discussed in this chapter, the second Fermi functionf(E + e V )  in 
Eq. (11) may be neglected. In both Eqs. (7b) and (11) the integrals over E, 
may be performed analytically; for T = 0, this is true also of the integrals over 

Equations (9) and (10) define a hyperboloid in tip k-space, as shown in Fig. 
6. The integration is performed over this hyperboloidal volume, with the 
cutoff at higher energies provided by the Fermi functionf(E) centered at the 
tip Fermi level. The threshold shape of the BEEM I,-V spectrum is deter- 
mined by the behavior of this k-space volume with voltage, which in turn is 
determined by the dispersion relation of the collector conduction band. A 
parabolic conduction band minimum and the assumption of k, conservation 
across the interface therefore result in a parabolic threshold shape to the I,-V 
spectrum. 

A similar treatment for I, can be derived for the case of m, > m. In this case, 
the hyperboloid bounding the appropriate tip states becomes a section of an 
ellipsoid, centered at k = 0, with the defining relation 

E x  * 

m - m, 
m, 

E, + - E, = EF - e( V - 6). 

States external to this ellipsoid are allowed for collection, with a cutoff at 
higher energies again provided by the tip Fermi function. 

BEEM spectra are conventionally obtained with the STM operating at 
constant tunnel current, which normalizes the collected current to the tunnel 
current and linearizes the BEEM spectrum. In addition, this normalization 
removes the lowest order effects due to structure in the tunneling density-of- 
states that may obscure interface structure. Equation (1 1) for Z, contains 
factors of s, the tip-sample spacing, which changes with tunnel voltage at 
constant 4.  Therefore Eq. (1 1) will not describe accurately an entire I,-V 
spectrum. This effect may be included within the theory in two ways. 
Equation (7b) for Zt(s, V) may be inverted to give s(Zt, V), which is then 
inserted into Eq. (1 1). In practice, this inversion must be done numerically; 
in addition, the prefactor C, which includes effective tunneling area, must be 
known. The second method is to treat s as a constant so, but to normalize 
I,(so, V) by 4 ( s o ,  V) for each voltage. This would be an exact normalization 
if both I, and I ,  were measured at constants, that is, without feedback control 
of tunnel current. It is in fact a good approximation even for BEEM spectra 
measured at constant tunnel current and requires only that the tunnel distri- 
bution be relatively insensitive to small changes in s. For the barriers con- 
sidered here, this assumption is valid, producing errors only on the order of 
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a few percent. The expression for I, then takes the form 

W ~ E , D ( E , ) ~ ~ ~ ~ ~ E , ( ~ ( E )  - f ( ~  + ev)) 
(13) 

I@ 
jow dE,D(E,)l,m dEt ( f (E)  - f ( E  + e V ) )  ’ 

I, = H I 0  

where I,, is the (constant) tunnel current at which the BEEM spectrum is 
measured. This expression is used for the fitting of single-threshold ballistic 
electron spectra in this chapter. It can be verified that it is a very good 
approximation to the exact first method discussed earlier. 

One consequence of the critical angle effect is the sensitivity of BEEM to 
higher minima in the collector conduction band structure, rather than just the 
lowest minimum, which determines the Schottky barrier height. This is due 
to the opening of additional phase space for electron transport as electron 
energy exceeds each minimum in turn. This capability is enabled by the 
control over injected electron energy provided by BEEM. 

The conduction band minima of a particular semiconductor are not in 
general zone-centered; however, the critical angle restrictions are unchanged 
provided the minimum is “on-axis,” i.e., located at k, = 0. The above phase 
space requirements may therefore be used for a metal on Si(100) or Ge(l1 l), 
although the wave function coupling into these minima may be different. For 
GaAs of any orientation, off-axis conduction band minima must always be 
considered. Similar critical angle requirements exist for these off-axis 
minima, with the center of the critical cone located at an angle to the interface 
normal, defined in the base, given by 

f12 61 sin2eO = EOt Em=--, 
EF +el(,’ 2m 

where kot is the component parallel to the interface of ko, the location of the 
minimum. The criterion for collection may then most conveniently be written 
in terms of the components of k in the base. If we define 2 along the interface, 
and in the direction toward the center of the constant-energy ellipsoid projec- 
tion onto the interface, then the phase space condition is 

where k,, = ko sin %, , mz = m, sin2 8, + m, cos’ %, , and m, and m, are the 
masses along the transverse and longitudinal principal axes of the semicon- 
ductor constant-energy ellipsoid. 8, defines the angular position of the 
conduction-band minimum with respect to the interface. Figure 7 shows the 
k-space geometry more clearly. 

Off-axis minima may be included in the treatment for BEEM, although 
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FIG. 7.  Diagram representing transmission of electrons across an interface into a conduction 
band minimum located at k, which has a non-zero projection k,, onto the interface plane. The 
kinematic constraints for collection are determined by this projection of the band structure onto 
the interface. In the effective mass approximation, this produces constant-energy ellipses, with 
a parabolic dispersion relation characterized by two masses. 

they do not provide an analytic expression for I, within the theory discussed 
here. This case is of great importance, however, since collection via these 
minima provides a powerful probe of fundamental quantities such as the 
(E,  k)  tunneling distribution, momentum conservation at the buried inter- 
face, and carrier scattering. 

The foregoing discussion has assumed that all electrons incident on the 
interface within the critical angle are collected. This is a result of a purely 
kinematic model. This classical assumption may not be appropriate for 
abrupt interfaces, where quantum-mechanical reflection (QMR) must be 
considered. In this case the integrand of Eq. (1 1) must be multiplied by the 
quantum-mechanical transmission factor T(E, k )  appropriate to the poten- 
tial profile of the interface. Using the approximation of a sharp step poten- 
tial, and for normally incident electrons, this factor may be written as” 

which is the generalization of the more familiar expression in which the 
masses are equal on both sides of the potential step. kXi and kx, are the 
magnitudes of the electron wave vector in the base and collector, respectively, 
and mXi and mxf are the corresponding effective mass components in the 
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normal direction. The subscript x emphasizes that this expression is for 
normally incident carriers only. In terms of energies referred to the tip 
conduction band minimum, and for a zone-centered minimum in the semi- 
conductor, 

(17) 
. v  mxi mxf 

T = ( J y F  I p y = E y ’  

which increases 3s (V  - for V close to the threshold V,. Within the 
effective-mass approximation, this expression may be modified to include 
off-normal propagation to give a generalized expression for T, again in terms 
of tip-referenced energies: 

(Ex + eV)(E,  + eV - EF - eV, - BE,) 4 

(18) 
V mxi mxf T=(Jy I J T y ’  

where 

mti - mtf 
mtF 

In the limit of a smooth potential transition from metal to semiconductor, 
Tapproaches a step function, and the regime of ( V  - behavior becomes 
small. Alternative expressions for other potentials may also be used. The 
analyses of data in this chapter do not include quantum-mechanical reflection 
terms, although later discussions of ballistic hole spectra will address this 
point further. 

B =  

7.2.2 Hole Spectroscopy 

The previous section dealt with the investigation of ballistic electron 
transport and its use as a probe of interface conduction band structure. It was 
mentioned in the Introduction that n-type semiconductors are necessary for 
electron collection, in order to repel the carriers away from the interface into 
the collector and prevent leakage back into the base. It is possible to use 
ballistic holes, however, as a probe of valence band structure. The unique 
aspects of ballistic hole spectroscopy will be discussed in this section. 

The implementation of ballistic hole spectroscopy using BEEM techniques 
is shown in the energy diagram of Fig. 8 for the case of a metal-semiconduc- 
tor sample structure. Here, a p-type semiconductor serves as a collector of 
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FIG. 8. Energy diagrams of ballistic electron and ballistic hole spectroscopies, from Ref. 12. 
(a) In ballistic electron spectroscopy of interface conduction band structure, a hot electron 
distribution is created, of which the most energetic electrons are available for collection. (b) With 
ballistic hole spectroscopy of interface valence band structure, a hot hole distribution is created 
in the base by electron vacuum tunneling. The leasr energetic holes are eligible for collection by 
the semiconductor valence band. 

ballistic holes injected by the STM tip. The tip electrode is biased positively; 
since injection is through a vacuum tunnel barrier, the injection process must 
be treated in terms of electron tunneling from the base to the tip. This 
tunneling process deposits ballistic electrons in the tip and creates a ballistic 
hole distribution in the base, illustrated in Fig. 8. Note that, since the 
tunneling is strictly by electrons, the energy and angular distributions of the 
ballistic holes are determined by the vacuum level. The distribution is 
therefore peaked towards the base Fermi level. 

As a positive voltage is applied to the tip, ballistic holes are injected into 
the sample structure. As in the ballistic electron case, collector current is zero 
until the voltage exceeds the barrier height; at higher voltages, collector 
current increases. It is apparent, however, that the peaking of the hole 
distribution toward the base Fermi level introduces an asymmetry between 
the ballistic electron and hole spectroscopies. This asymmetry is illustrated in 
Fig. 8. In BEEM, the portion of the hot electron distribution which is eligible 
for collection is toward the higher energies, where the distribution is 
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maximum. For the case of holes, the tail of the distribution is collected. This 
asymmetry introduces a corresponding asymmetry into a ballistic hole 
spectrum, as will be discussed later. 

The threshold behavior of the ballistic hole I,-V spectrum, however, is the 
same as for the case of BEEM. For a hole barrier at EF - e b ,  the critical 
angle condition is 

which may be compared with Eq. (2). For the case of an isotropic free-elec- 
tron mass for the base, the expression reduces to 

. m t E F - e & - E  m , e ( V - 6 )  =- 
E m E F - e V ’  

sin 0, = - 
m 

the second equality being for an incoming hole with E = EF - eV. Here, 
m, is the valence band effective mass parallel to the interface, which Eq. (20) 
takes as constant and isotropic. The ballistic-hole I,-V spectrum threshold 
has a ( V  - &)’ dependence, in agreement with the ballistic electron case, 
although the appropriate k-space volume of integration is most conveniently 
taken over states in the base, and is quite different from the electron case, as 
illustrated in Fig. 9. The volume here is represented by the intersection of an 
ellipsoid, defined by the critical angle condition, and a sphere, determined by 
the tip Fermi level. 

7.2.3 Scattering Spectroscopy 

In this section, we present a theory for the generation, in reverse bias, of 
electron-hole pairs within the base, and their subsequent collection by the 
collector. To be specific, let us take the collector to be a p-type semiconduc- 
tor; analogous processes occur with n-type collectors. For simplicity, the 
theory will treat only the T = 0 case. In reverse bias, that is, opposite in sign 
to that used in ballistic hole spectroscopy, a negative voltage, - V, is applied 
to the tip so that electrons are injected into the base. For V <  V,,, the 
position of the semiconductor conduction band edge at the interface, the 
injected electrons travel ballistically to the interface and are reflected back 
into the base. Consequently, one might expect that no current will be collected 
by the semiconductor. However, the injected electrons can scatter off the 
Fermi sea in the base, exciting electrons below EF to states above the Fermi 
energy. The holes that are thereby created may act in the same manner as 
holes injected by the tip in forward bias, although with a different energy and 
angular distribution. Those holes that have energy E < EF - eV,, (V must 
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FIG. 9. k-space diagram representing the free-electron Fermi sphere of the sample base, for 
the case of electron tunneling from sample to tip. For an applied sample-tip voltage V,  states 
within the shell (shown in grey) delimited by E,  and EF - eV, and with k ,  > 0, are eligible to 
tunnel. If eV > eV,, a subset of these tunneling electrons, defined by the intersection of an 
ellipsoid and a sphere in k-space (diagonal lines), create holes which satisfy phase space 
conditions for collection. 

exceed Vbp), and are directed towards the interface within the critical angle 0, 
of the normal will be collected, resulting in a collector current I,. This process 
is shown in Fig. 10. The corresponding process for hole injection and secon- 
dary electron collection with an n-type collector is also shown. 

We can construct a theory for these processes along the lines of the theory 
already developed for forward bias with the addition of a simple but reason- 
ably accurate treatment of the electron-electron (ee) scattering. As in 
previous sections, the free-electron picture is used, where En = hzk2,/2m. An 
electron injected into the base with energy Eo can lose energy and scatter to 
a new state with energy E, above EF. Conservation of energy requires that an 
electron excited from E to E2,  which must also be above EF, satisfy the 
following relationship: 

Eo - El = Ez - E. (21) 

Likewise, in a free-electron metal, momentum is conserved so that 

- k, = kz - k. (22) 

Summing over all states k, and k2 that are above the Fermi energy and which 
satisfy the conservation laws, we obtain the total rate R(k) at which holes 
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I TIP BASE COLLECTOR 

FIG. 10. Energy diagram of the reverse-bias BEEM experiment, which enables a spe :oscopy 
of scattering, adapted from Ref. 13. (a) The process is shown for electron injection and 
collection, by a p-type collector, of the scattered holes. The hole distribution is produced by 
scattering of the injected electrons by the Fermi sea in the base electrode, which excites these 
equilibrium electrons and creates electron-hole pairs. (b) The comparable process for hole 
injection and secondary electron collection by an n-type collector. In both cases, the incoming 
carrier with (Eo,  k,,) scatters to final state ( E , ,  k,) ,  exciting the secondary carrier (of opposite 
type) from (E, ,  k,) to (E,  k). 

with momentum k and energy E are generated: 

R(k) = 2n/fi 1 IM12s(E0 + E -  El - E2)6b+k,k~+k2* (23)  
kIJ2 

El ,E2 > EF 

In addition to energy and momentum conservation, this expression 
contains a matrix element M, which in general depends upon momentum 
transfer q = k, - k ,  . For an unscreened Coulomb interaction, M a I/q. 
However, metallic screening removes this singularity, making M cc 
I/($ + &'I2.  Since qft is comparable to the Fermi momentum k,, and typically 
the momentum transfer is small compared with k,, it is reasonable to treat M 
as a constant. If we make this assumption, Eq. (23) can be evaluated. We find, 
for 2EF - E, < E < E F ,  

E, + E - 2Ep 
R(k) = constant - 

[E, + E + 2 m c o s  O,,]"' ' 
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where 6 k k o  is the angle between k and 16. 
The most significant factor in Eq. (24) is the phase space term 

Eo + E - 2EF.  Because of it, the lowest energy holes are the least abundant. 
Since only low-energy holes ( E  < EF - eh,) can be collected, Z, is small, and 
its dependence on V - V,, above threshold is weaker than in forward bias. 

The rate R(k) can be related to the lifetime of the injected electron as 
follows. The inverse lifetime or width r consists primarily of two terms. The 
first, rph, is due to phonon scattering. The second, re,, is due to electron- 
electron scattering and is expected to be dominant except near the Fermi 
level.? re, can be found by summing R(k) over 

re, = fix W), 
k 

or, transforming to an integral, 

all k, 

(25) 

where the integration is over all k such that 2EF - Eo < fi2k2/2m < EF. It is 
straightforward to show that 

for Eo near EF, a result obtained from a proper treatment of screening.20 This 
gives us confidence that taking the matrix element M to be constant gives 
reliable results. 

The distribution of holes generated can be written in terms of a branching 
ratio, fiR(k)/T,. This has the advantage that (MI2 cancels out and we do not 
need to know its magnitude. The physical basis is that every electron injected 
by the tip decays by the creation of an electron-hole pair. That is, for every 
electron injected, a hole is created. The probability that the hole has 
momentum k is the branching ratio. Hence, if we know the distribution of 
injected electrons, we can find the resulting distribution of holes. 

Note that multiple scattering is neglected. An electron that loses only a 
small amount of energy may have enough energy remaining to excite an 
electron (create a hole) from a low-energy state by a subsequent scattering. 
However, near threshold, such multiple scattering will mainly produce holes 
too close to EF to be collected. At higher voltages, this assumption breaks 
down and multiple scattering should be included. 

To proceed with the calculation, let P@,) be the rate at which electrons 

CC (EO - E F ) 2  (27) 

tActually, for the case of electron injection and hole collection in Au/pSi(100), the electron- 
phonon and electron-electron scattering rates are comparable for electrons injected just above 
EF + el$,, the threshold for hole collection. However, we argue that phonon scattering can be 
included in the elastic scattering, since a typical energy loss is small compared to electron-hole 
pair energies, and need not be considered here. 
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with momentum k, are injected into the base. P(k,) contains the tunneling 
probability exp ( - 2 k, dx) and other factors discussed previously in 
connection with forward bias. All electrons with k, such that EF + eV,, < 
E, < EF + eVcan produce holes that may be collected, provided that the hole 
energy satisfies E < EF - e&, and the angle of incidence of the hole, 8, is 
within the critical angle 8,, which is given in Eq. (20). Thus, the collector 
current is 

or, writing the expression as an integration, 

with the constraints 

To simplify the numerical evaluation of Eq. (29), we take &J x 0, since k 
must be close to normal for collection within the small critical angle. We also 
include the possibility that the injected electrons may be specularly reflected 
at the metal-semiconductor interface. Due to the cos e k k o  factor in the deno- 
minator of Eq. (24), electrons are more effective in producing holes with k 
pointing opposite to ko . Therefore, the reflected electrons make a significant 
contribution to I,. 

For the results discussed in this chapter, scattering spectra were taken at 
constant tunnel current, as in the case of the ballistic carrier spectroscopies. 
This is accounted for by a normalization of I, by Z, , as previously discussed. 
In the notation used for Eq. (28), the tip current would be written as 

which is equivalent to Eq. (7a). 

Including only the important factors, we have 
Near threshold, we can easily find the dependence of I, on V -  GP. 

m, -(EF- eVbp- E) 
EF+eV EF-evbp 

I , a  dE, d E ( E - 2 E F + E o )  dE,, 
EF+t'vbp ZEF-EO 0 

a ( V  - KP)4. (31) 
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In contrast, the collector current in forward bias varies as (V - &,)* (for 
notational convenience, we use - V in reverse bias and + V in forward bias, 
where V is positive in both cases). The extra power of two in the reverse bias 
case comes from the hole phase-space factor E - 2EF + E,, and the additional 
integration over E. 

An expression similar to Eq. (29) may be written for the analogous process 
of hole injection, secondary hot electron creation, and collection with an 
n-type semiconductor collector. The same (V  - 14n)4 threshold dependence 
is found for this case. 

7.3 Experimental Details 

The experiments described in this chapter have been performed using a 
standard SI’M that has been modified for the particular requirements of 
BEEM. The most important of these requirements will be discussed in this 
section. 

BEEM is implemented here as a three-terminal experiment; in addition to 
maintaining tip bias and a single sample bias, individual control of two 
sample bias voltages is required. This entails controlling base and collector 
voltages while measuring currents into each of these electrodes. The sample 
stage on the STM provides contact to both base and collector as shown in 
Fig. 1 1 .  The sample rests on three indium pads, one of which touches and 
provides contact to the base electrode. Contact to the collector is by spring 
to a back ohmic contact on the semiconductor. The arrangement requires 
only minor modifications to the existing STM design. The STM design has 
been discussed in detail previously.” Au tips were used for all measurements. 

The I,-V spectra were obtained at constant tunnel current using standard 
STM feedback techniques. The value of the tunnel current was normally 
1 nA. This method has the advantage of linearization of the acquired spectra, 
as mentioned in the theoretical discussion of Section 7.2.1. All imaging was 
also performed at constant tunnel current. This maintenance of gap spacing 
during imaging avoids artificial variations in collector current, that would 
result from changes in tunnel current as the tip is scanned across the surface. 

It may be mentioned here that modulation techniques are easily utilized 
with BEEM. There are two straightforward AC techniques for measuring 
BEEM spectra while under STM feedback control. The tunnel voltage may 
be coupled with a small AC modulation, and a lock-in amplifier can then be 
used for harmonic detection. In this way derivative spectra may be acquired 
directly, although loss of energy resolution results, due to modulation 
broadening. A second technique involves modulation of the tunnel gap at a 
constant tunnel voltage, through variation of tunnel current. Collector 
current I, is then measured as a function of tunnel voltage with a lock-in 
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FIG. I 1, BEEM sample mounting scheme. The sample rests on three indium contact pads over 
an aperture on a quartz mounting plate through which the STM tip protrudes. One of these pads 
contacts one end of the base electrode, which is evaporated in a two-lobed pattern. Tunneling 
is into the other lobe of the base. The collector current is measured through a back-side ohmic 
contact. 

amplifier. Since Z, is linear with 4 ,  the first harmonic is proportional to I,, 
rather than to its derivative dZJdV, so this provides a method of measuring 
the direct Z,-V spectrum, but with the improved signal-to-noise provided by 
harmonic detection. 

BEEM spectra may also be obtained open-loop; that is, at constant tunnel 
gap spacing. In this case, also, the collector current spectrum should be 
normalized by the tunnel current spectrum, in order to remove lowest-order 
effects due to spectral structure in the tunneling characteristic. 

Due to the necessity for measuring small collector currents, a high-gain, 
low-noise current preamplifier is used, a schematic of which is shown in Fig. 
12. The amplifier provides a gain of lO"volts/amp in four stages. The 
reference input of the amplifier is attached to the base electrode and is 
maintained at ground potential. Collector current is measured with zero 
applied bias between base and collector. The effective input impedance of the 
amplifier is about 100, which is much smaller than the zero bias resistance 
R,, of the diode, which, for reasons discussed later, is always greater than 
about 100 kR. This low input impedance prevents leakage back into the base 
of electrons that enter the collector. Note that a measurement of collector 
current by the use of a series resistor would require such a resistor to be at 
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SAMPLE 

Voffset 

FIG. 12. Schematic diagram of the preamplifier circuit used for measurement of collector 
current. An electrometer-grade amplifier, the Burr-Brown OPA-I 28, is used for the initial gain 
stage. Total gain is 10" voltslamp. 

least 10' R for adequate sensitivity; this large resistance could cause difficul- 
ties due to this same leakage back across the interface. 

The current amplifier has an inherent input noise, necessitating a large 
sample source impedance across its terminals. An amplifier input noise of 
100 nV/- across a source impedance of 100 WZ produces a noise current 
of picoamps, which is on the order of the signal to be measured. R, must 
exceed this impedance value for adequate signal-to-noise. R,, may be in- 
creased either by reducing the interface area or by a reduction in temperature. 
The former method is required if R,, is low due to ohmic regions at the 
interface. Low temperature measurement is more effective for samples where 
R, is small due to a low interfacial barrier height and a consequent thermionic 
current. In the thermionic emission approximationYz2 the differential resis- 
tance at zero bias can be written 

where A* is the Richardson constant and a is the diode junction area. Diode 
areas are approximately 0.1 cm2; this requires, at room temperature, a 
Schottky barrier height of at least 0.75 eV. A reduction in temperature from 
293 K to 77 K lowers this value to about 0.2 eV. This dependence of lowest 
measurable barrier height on temperature is plotted in Fig. 13. To obtain 
equivalent capability for low barrier height measurements, a reduction in 
diode area by more than a factor of 10" would be required. In addition to 
the increase in resistance, low-temperature operation provides increased 
energy resolution for interface spectroscopy, due to a narrowing of the Fermi 
edge of the tip. A decrease in Johnson noise of the large tunneling gap 
resistance also results. 

A low-temperature BEEM apparatus, designed for operation at 77 K, was 
developed for use with low-barrier-height interface systems." This includes 
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FIG. 13. Minimum measurable barrier height versus temperature calculated from Eq. (32) for 
n-Si(100). The criterion for measurement by BEEM is R, = 100M, as discussed in the text. For 
this calculation, A* = 252A/K2/cm2 and the diode area is 0.1 cm'. 

most important p-type Schottky barriers; 77 K operation was therefore 
required for ballistic hole spectroscopy. All p-type Schottky barrier charac- 
terization discussed in this chapter was performed at 77 K; for purposes of 
comparison and for improved energy resolution, selected n-type samples 
were also characterized at low temperature. Operation at 77 K was accom- 
plished by direct immersion of the STM head in liquid nitrogen, with the 
entire BEEM apparatus enclosed in a nitrogen-purged glove box. 

Sample substrates consisted of both Si (n = 2 x 1015cm-3 or p = 3 x 
10'5cm-3) and GaAs (n = 3 x 10'6cm-3) wafers of (100) orientation. MBE- 
grown GaAs(l00) layers (n = 5 x 1016cm-3 or p = 3 x 10'6cm-3), 1 pm 
thick, were also used. Si substrate cleaning was by growth and strip of a 
sacrificial thermal oxide followed by a growth of a l00kthick gate oxide. 
GaAs substrate cleaning consisted of solvent rinsing followed by three 
chemical oxide growth-strip cycles, terminating with the growth of a protec- 
tive oxide layer. Final sample preparation was performed in a flowing 
nitrogen environment, using a non-aqueous spin-etch for removal of oxides 
prior to metal base layer deposition. Samples were transferred directly into 
ultra-high vacuum without air exposure. All samples discussed here utilize 
Au base electrodes. Chamber base pressure was lo-'' Torr, and was typically 
lO-'Torr during Au deposition. Unless otherwise stated, Au thickness was 
100 A as determined by crystal oscillator thickness monitor. 

Completed samples were characterized by conventional I- V and trans- 
ferred by load lock into a glove box that is under constant purge by dry 
flowing nitrogen, where measurements were performed. The glove box also 
serves to shield the apparatus from light. Light shielding is important during 



330 BALLISTIC ELECTRON EMISSION MICROSCOPY 

0.5 1 .o 1.5 

TUNNEL VOLTAGE (V) 

FIG. 14. BEEM I,-V spectrum (circles) obtained for Au/n-Si(lOO). Also shown is a fit (line) 
using Eq. (13). Here, tunnel voltage refers to  Vump,e-&. Fixed values of Q = 3 eV and s = 15 A 
were used for the tunnel barrier. A threshold = 0.82V was derived from the fit to this 
spectrum. 

data acquisition, since photocurrents generated by normal laboratory 
lighting can be orders of magnitude larger than currents due to collection of 
tunneling electrons. Checkout of the collector current circuitry and sample 
contacts is conveniently accomplished by admitting a small amount of light 
into the box. 

7.4 Results 

7.4.1 Ballistic Electron Spectroscopy 

BEEM and its related spectroscopies have been applied to many different 
interface systems. Examples given in this section will illustrate important 
aspects of BEEM capabilities. 

The simplest application of BEEM is to the Au/n-Si(l00) SB interface 
system. Au/Si is important from a device standpoint, and it is known to 
provide high-quality interfaces and reproducible barrier heights. Figure 14 
illustrates a representative I,- V spectrum. A theoretical spectrum that was fit 
to the data is also shown. The agreement between theory and experiment is 
excellent; fitting was performed by varying only V, and R, a scaling factor 
that includes attenuation in the base. The vacuum gap parameters used for 
all Au/n-type semiconductor BEEM data are Q, = 3 eV, s = 15 A and are not 
varied during fitting. These values may not be precise, since the theoretical 
spectrum is not sensitive to small changes in Q, or s; in addition, non-parabo- 
licity of the semiconductor conduction band should add additional curvature 
to the BEEM spectrum at higher voltages, which may appear as a change in 
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FIG. 15. Derivatives dl,/dV of the experimental and theoretical spectra of Fig. 14. Com- 
parison of derivatives provides a sensitive test of agreement between theory and experiment. 

the effective barrier parameters. These considerations, however, do not 
change the quality of the fit to the threshold shape or location. Only the 
on-axis X minimum is considered when calculating theoretical spectra; the 
angles of the critical cones for the off-axis minima are so large (about 43 
degrees) that the tunneling formalism that is used'' does not provide appre- 
ciable current into these large angles. 

It can be seen that the threshold shape is especially well fit by theory, and 
that the predicted quadratic behavior is present. A much more sensitive test 
of this agreement may be performed by a comparison of the derivatives, 
dZJdV, of the experimental and theoretical spectra. These are shown in Fig. 
15 for the spectra in Fig. 14. This agreement provides a powerful test of the 
assumptions made in the BEEM theory. In particular, k, conservation 
dictates a quadratic threshold. One possible interpretation of the removal of 
this conservation law at the interface is that all carriers of sufficient total 
energy can be collected. The shape of the spectrum generated by such an 
assumption is drastically different from that of the conventional theory. In 
particular, such a spectrum displays a linear threshold, in contradiction with 
experiment. For comparison, the best fit of such a spectrum to the data of 
Fig. 14 is shown in Fig. 16; the disagreement is pronounced. 

Several observations may be made concerning the spatial variation of 
Au/n-Si( 100) spectra. Many individual spectra were obtained for many 
samples, reflecting a small spread of Schottky barrier heights, from 0.75 eV 
to 0.82 eV. The variation in R values was also small, with differences between 
spectra of no more than a factor of three. Some level of variation in the 
magnitude of Z, (of which R is a measure) is expected, from variations in base 
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FIG. 16. Best theoretical fit to the data of Fig. 14, under the assumption that k, is not 
conserved across the metal-semiconductor interface, and moreover that this implies that all 
electrons with sufficient energy (Eb, > EF + eV,) may be collected. Such an assumption 
produces a spectrum with a linear threshold, in strong disagreement with the observed spectral 
threshold. 

electrode thickness from point to point. This homogeneity has been probed 
directly by BEEM interface imaging, and will be discussed in the next section. 

One capability which BEEM provides is the ability to determine attenua- 
tion lengths of hot carriers in metals and semiconductors. This method 
provides a straightforward way of determining attenuation lengths that are 
not weighted toward the thinnest base regions, as would be the case for 
conventional measurements on large area interfaces. The simplest experiment 
consists of measuring collector current as a function of base thickness. The 
effective attenuation length is then given by 

where t is the base thickness and 1 is the effective attenuation length. 
Complete I,-V spectra of Au/n-Si(lOO) were obtained and fits performed to 
obtain R values, which characterize the intensity of the spectra and provide 
a measure of attenuation in the base. A plot of R versus t is shown in Fig. 
17. The expected exponential relationship is apparent, and the derived at- 
tenuation length is 128 A. To obtain the data points that are shown, the R 
values of many spectra were averaged logarithmically (due to the exponential 
dependence of Eq. (26)) at each thickness and different samples of each 
thickness were fabricated, in order to account for spatial variations of base 
thickness about its average value. Note that this yields a true average that 
does not weight thin base regions more heavily than others. 

While Au/Si provides an interface that is relatively well-characterized, the 
Au/n-GaAs( 100) interface system is considerably more complex. In addition 
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FIG. 17. Plot of collector current, parameterized by R value, for Au/n-Si(IOO) samples of 
different Au thicknesses. An exponential R-versus-thickness dependence should appear as a 
straight line. An effective attenuation length I ,  = 128 A is derived from the slope of this line. 

to the direct minimum at r, the lowest conduction band has two satellite 
minima, at the L and X points of the Brillouin zone.23 A representative 
BEEM spectrum and fit to theory are shown in Fig. 18. In this case, the data 
is fit with a three-threshold model. Because the r, L, and X points lie at 
different locations within the Brillouin zone, the current attributable to each 
depends sensitively on the electron k distribution at the interface. Since this 
is not precisely known, three separate R values are used for the three thresh- 
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FIG. 18. BEEM I,-Vspectrum (circles) for Au/n-GaAs(100). Plotted tunnel voltage is equiva- 
lent to &mp,c-P&. Also shown is a fit of a three-threshold model to the data. Three different 
parameters and three separate R values are allowed to vary during the fit. Fixed values of 3 eV 
and 15 A were used for 4 and s. The thresholds derived from the fit are at 0.89V, 1.18 V, and 
1.36V. 
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olds and are allowed to vary independently. Vacuum barrier parameters 
CD = 3 eV and s = 15 A are also used for this case. 

The multiple-threshold nature of the Au/n-GaAs spectrum is clear; the 
derivative of data and theory, given in Fig. 19, makes the three thresholds 
even more apparent. A free fit of the threshold locations yields 
Er - EF = 0.89 eV, EL - EF = 1.18 eV, and Ex - EF = 1.36 eV. These values 
are in agreement with the accepted relative locations EL - E, = 0.29 eV and 
Ex - Er = 0.48eV.23 The relative R values for the three minima indicate a 
somewhat wider angular distribution than planar tunneling predicts, since 
the critical cones for the L minima are at about 36 degrees (in the base). In 
performing the theoretical fit to the spectrum, the L minima were assumed 
to be on axis; treating these minima in the correct way resulted in much less 
current than was observed. This observation of a large contribution to the 
collected current by states with large values of k, may be due to incorrect 
modeling of the tunneling process by the use of a planar theory. An alterna- 
tive explanation may involve elastic scattering of the electrons in the base or 
at the interface, although the expected R values are difficult to calculate 
without knowing details of the scattering. 

Reproducibility of interface characteristics in the Au/GaAs system is 
known to be difficult. This difficulty may be reflected in the fact that the 
spatial variation of BEEM spectra for Au/n-GaAs( 100) interface is much 
greater than for Au/n-Si( 100). Measured SB heights for Au/GaAs range 
from 0.8 eV to 1 .O eV? In addition, the range of R values is as much as two 
orders of magnitude, much greater than can be explained by a variation in 
Au thickness. This heterogeneity was also probed by interface imaging, and 
will be addressed in the following section. 

FIG. 19. Derivatives dl,/dV of the experimental and theoretical spectra of Fig. 18. The 
multiple-threshold nature of the data can clearly be seen. 
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7.4.2 Interface Imaging 

Interface imaging is made possible by the capability of the STM to scan a 
tip across the sample, and by the highly localized electron beam that is 
injected by the tip. The correspondingly high resolution at the interface has 
already been discussed theoretically. An interface image is acquired simul- 
taneously with an STM topograph by measuring Zc at  each point on the 
surface during the scan, while at a tip bias voltage in excess of threshold. 
Examples of the experimental results will be presented here. 

It was mentioned in the last section that Zc-V spectra for Au/n-Si(lOO) 
shows only a small variation from point to point. This variation was probed 
directly by BEEM imaging, and a representative surface topograph and 
interface image for this system are shown in Fig. 20. The average value of Zc 
over the image is 18 PA, while the RMS variation is only 0.7 PA, which is on 
the order of the noise level in the acquisition apparatus. This image therefore 
represents an extremely uniform interface. Spectra were acquired at several 
locations across the image, and these spectra are plotted in Fig. 21, with their 
respective locations indicated in the inset. The average value of Z, for these 
spectra at the imaging voltage of 1.5V is 18.0pA, in agreement with the 
image average. It is notable that the dependence of the collected current on 
the surface Au topography is quite weak. 

In marked contrast to this uniformity is the heterogeneity observed for the 
Au/n-GaAs( 100) interface, for which a typical image pair is shown in Fig. 22. 
The variation from dark to light in the interface image represents about two 
orders of magnitude in collected current; the precise ratio is difficult to 
determine, since there is virtually no detectable current within the darkest 
areas. This large range of intensity values is typical of this interface system, 
and is too great to be explained by a simple thickness variation of the base 
electrode. Moreover, the variation in intensity is due primarily to a variation 
in R rather than to a change in threshold. Spectra taken within lower current 
areas, where there is enough signal to determine thresholds, do not indicate 
a systematic relationship to threshold position. 

It has been d e m ~ n s t r a t e d ~ ~  that interfaces formed both on melt-grown and 
MBE-grown GaAs substrates exhibit this heterogeneity, indicating that bulk 
defect density does not play a large part in the presence of this interface 
disorder. The heterogeneity also persists over a wide range of surface prepa- 
ration conditions. Chemically cleaned GaAs substrates that were exposed to 
air prior to Au deposition exhibit this behavior; a careful chemical cleaning 
of the GaAs substrate in flowing nitrogen gas followed by direct transfer to 
the Au deposition chamber also produces such interfaces, even though photo- 
emission spectroscopy shows them to be ~xide- f ree .~~ This is an indication 
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FIG. 20. Images of Au/n-Si(lW). (a) Conventional STM topographic image of the Au surface 
of the sample structure. The image is presented in a light-source rendering. Image area is 
5lOA x 310A. Surface height range from minimum to maximum is 8OA. (b) Corresponding 
BEEM collector current image of the same sample area, obtained at a tunnel bias of 1.5V and 
I ,  = I.OnA. Collector current is shown in grey scale, with largest currents in white. Average 
current across the image is 18 PA. This image illustrates the uniformity characteristic of the 
Au/n-Si(IOO) interface; RMS variation in current is only 0.7pA, which is on the order of the 
noise level of the current measurement apparatus. 
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FIG. 21. BEEM spectra 4 versus V&,,e-k&, obtained at the indicated locations across the 
image shown in Fig. 20. The spectra are offset for clarity. Average 4 for these spectra, at the 
tunnel voltage of 1.5 V used to obtain the BEEM image of Fig. 20, is 18pA, in agreement with 
the overall BEEM image average. (Copyright 1989 by the AAAs.) 

that the interface defect structure is not simply the result of surface con- 
tamination. 

GaAs is known to dissociate a t  the interface of a Au/GaAs contact:' while 
the Ga is soluble in Au and tends to migrate to the Au surface, As is insoluble 
and remains at the interface. The low-current areas actually dominate the 
Au/GaAs interface, and are interpreted in terms of interfacial islands of As 
created by GaAs dissociation and Ga migration.26 The experimental results 
indicate that this diffusion process dominates the interface formation process 
in the Au/GaAs( 100) system. 

This proposed diffusion mechanism was tested by the fabrication of 
samples with enhanced stability against diffusion.24 This stability was 
achieved by incorporating a thin AlAs diffusion barrier at the Au/GaAs 
interface. AlAs is a good candidate for such a barrier, since it can be 
deposited epitaxially on a GaAs substrate. In addition, by utilizing precisely 
calibrated MBE growth techniques, extremely thin, continuous AlAs layers 
can be grown. For the present work, MBE was used to grow a GaAs buffer 
layer on a GaAs substrate, which was then annealed in the As flux to promote 
surface smoothing. This was followed by RHEED-monitored deposition of 
two monolayers (one unit cell) of epitaxial AlAs(100). The Au base electrode 
was then deposited to complete the sample. The entire sample was fabricated 
without exposure to air. 

An STM topograph and BEEM image are shown in Fig. 23 for a Au/AlAs/ 
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FIG. 22. Surface topograph-BEEM image pair for the Au/n-GaAs(lOO) structure, from Ref. 
24. The images are presented as in Fig. 20. Image area is 510A x 390A. (a) Topograph of the 
Au surface. Range of height across this image is 63 A. (b) BEEM grey-scale interface image, 
obtained at V = 1.5 V and I, = 1 .O nA. Collector current ranges from less than 0.1 pA (black) to 
14pA (white). 
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FIG. 23. Topograph-BEEM image pair for Au/AIAs/n-GaAs( 100) fabricated with two 
monolayers of AIAs. Image area is SlOA x 390A. (a) Topograph of the Au surface. Range of 
height in this image is 24A. (b) BEEM interface image, obtained at V = 1.5 V and I, = 1.0 nA. 
Average collector current across the image is 2.0 PA; RMS variation is 0.7 PA, the same as for 
the Au/Si image of Fig. 20. From Ref. 24. 
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FIG. 24. Ballistic hole spectrum of Au/p-Si(tOO) (circles), with fit to theory (line), is shown in 
the lower left quadrant of the figure. Tunnel voltage refers to K:Pmp,e-K,p. This data, and all 
ballistic hole data, was obtained at 77 K. The fit yields a threshold & = 0.35 V for the Schottky 
barrier. As described in the text, the values 3 eV and 8 A were used for @ and s. Also shown for 
comparison in the upper-right quadrant is a ballistic electron spectrum for Auln-Si(100). It 
should be emphasized that these two spectra are obtained from two different samples. Adapted 
from Ref. 12. 

GaAs structure. The BEEM image indicates that the heterogeneity present in 
the Au/GaAs system has been drastically reduced, and the large areas dis- 
playing no detectable collector current have been eliminated. 

7.4.3 Ballistic Hole Spectroscopy 

Ballistic hole spectroscopy was first performed on the SB systems that were 
previously probed by BEEM, allowing a characterization of the interface 
valence band structure of these systems. As mentioned in the theoretical 
discussion, a p-type semiconductor collector is used for ballistic hole spectro- 
scopy, and the typically low barrier heights for p-type semiconductors neces- 
sitate low-temperature measurements. A ballistic hole spectrum for Au/p- 
Si(lO0) obtained at 77K is illustrated in Fig. 24. Also shown is a fit of the 
ballistic hole theory to the data. The sign of the collected current is not 
arbitrary; a negative sign for the current indicates the collection of holes. The 
Schottky barrier height eh for this system is measured to be 0.35 eV, with 
only a small spread in this value from point to point. It should be mentioned 
that the n and p barrier heights measured at 77 K add to 1.19 eV, which agrees 
well with the Si 77 K bandgap value of 1.16 eV. 

Derivatives of both the electron and hole spectra, both obtained at 77 K,  
are given in Fig. 25. The derivative of the ballistic hole spectrum maximizes 
and turns over more quickly than that of the electron spectrum. This can be 
interpreted in terms of the asymmetry between the collected distributions for 
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FIG. 25. Derivatives dIc/dV of the ballistic hole experimental and theoretical spectra of Fig. 
24. Also shown for comparison are equivalent derivatives of ballistic electron spectra for 
Au/n-Si( IOO), also from Fig. 24. The electron and hole spectra are plotted with a horizontal 
displacement such that the thresholds coincide. Both experimental spectra were obtained at 
77 K.  Adapted from Ref. 12. 

electron and hole injection. For the hole case, the additional current per unit 
voltage is decreasing, causing the Z,-V spectrum to inflect more quickly. A 
second feature to notice is the extremely sharp thresholds in the derivatives, 
which is provided by the low temperature environment. 

For this and other ballistic hole spectra, R values are larger than for the 
corresponding electron spectra. In addition, the best fits to the data are 
obtained for the vacuum gap parameters 0 = 3 eV and s = 8 A, whereas the 
values 0 = 3 eV, s = 15 A were used for electron spectra. This may be an 
indication that the tunneling formalism being used does not accurately 
describe the energy and angular distributions of tunneling electrons. Ballistic 
hole spectroscopy is more sensitive to the details of the tunneling distribution 
than is ballistic electron spectroscopy, since the collected carriers come from 
the tail of the tunneling energy distribution. However, as with BEEM spec- 
troscopy, these considerations do not affect the quality of the fit near thresh- 
old or the determination of the interface barrier height. 

Although the conduction bands of Si and GaAs are quite different, the 
valence band structures are similar.23327 For both semiconductors, the valence 
band system is composed of three separate bands, the light-hole, heavy-hole, 
and split-off bands. The light- and heavy-hole bands are degenerate a t  the 
center of the Brillouin zone and define the p-type Schottky barrier; away 
from the zone center, the mass of the light hole band increases until the two 
bands are of essentially equal mass, but split by a small energy difference. The 
third band is non-degenerate at the zone center due to spin-orbit splitting. 
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FIG. 26. Derivative dl,/dV of a ballistic hole spectrum of Au/p-GaAs(lOO) (circles), with 
tunnel voltage representing Kamp,e-I/;ip. Also shown are derivatives of two theoretical fits to the 
data. The dashed line represents the best fit obtainable using a single-threshold model; the 
disagreement in the threshold region is pronounced. The solid line illustrates a two-threshold fit. 
As described in the text, the model used for this spectrum incorporates a heavy-hole band, with 
constant mass 0.51 m, and a light hole band, with mass 0.082 m near the zone center and mass 
0.51 m away from zone center. The transition between these masses is taken as abrupt, and the 
point of transition produces the second threshold. Adapted from Ref. 12. 

In the case of Au/p-Si( loo), this light-hole/heavy-hole splitting away from 
k = 0 is only about 30meV;' and is not resolved with the present apparatus; 
however, this is not the case for Au/p-GaAs(lOO). A derivative spectrum 
dl,/dV for Au/p-GaAs( 100) is shown in Fig. 26. Also plotted are two theore- 
tical curves. The first considers only a single threshold at the valence band 
edge; the second includes the light-hole band, with the approximation that 
this band changes abruptly from its light-hole mass to the heavy-hole mass 
away from the zone center. The point of transition is taken to determine the 
second threshold in the spectrum, and was left as a free parameter. The 
relative intensities, or R values, were also allowed to vary independently. It 
is apparent that this second fit agrees well with the threshold shape of the 
experimental spectrum, while the first fit is poor at threshold. The measured 
barrier height is 0.70 eV, while the effective splitting of the light- and heavy- 
hole band away from the zone center is about 100meV, in good agreement 
with current values of this splitting obtained by other methods.23 

It should be noted that the simple phase space model that has been used 
to analyze electron and hole spectra thus far would not predict the observa- 
tion of the light hole band in the Au/p-GaAs data. In performing the fit 
illustrated in Fig. 26, the contributions of two different channels were simply 
added together. However, the phase space for collection by the light-hole 
band is completely within that for the heavy-hole band; therefore, there is no 
additional phase space for collection when the onset of the light-hole band 
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is reached. The assumption of the phase-space model, that all carriers within 
the critical cone are collected, is therefore inappropriate here; this would not 
allow additional current due to the light-hole band. The additional current 
is expected, however, if there is quantum-mechanical reflection at the inter- 
face that allows only a portion of the carriers within the critical cone to be 
collected. A second channel for collection would then produce an increase in 
current. The particular form of the QMR depends on the potential profile 
and mass change across the interface. In fact, an abrupt mass change alone 
will produce a constant QMR term, even in the absence of a change in 
potential. The observation of both light and heavy hole bands is most simply 
explained by noting that one channel (heavy hole) involves only holes with 
Imjl = 3/2 while the other (light hole) corresponds to lmjl = 1/2. The observa- 
tion of both bands in the ballistic hole spectrum, then, is a direct indication 
of QMR for this interface system. 

A footnote to this discussion is that the split-off bands for both Si and 
GaAs should, in principle, be observable. However, the masses of these bands 
are smaller than those of the heavy-hole bands, and the increase in current 
due to them is difficult to detect. Their contribution to the I,-V spectrum is 
not observed, but AC detection methods may resolve these bands. 

7.4.4 Scattering Spectroscopy 

The first application of the carrier scattering spectroscopy discussed 
previously was to the interface systems that have been investigated by 
BEEM: Au/Si( 100) and Au/GaAs( loo)? The importance of these interfaces 
has already been emphasized; a characterization of transport within the 
electrodes themselves is also of great importance to a complete understanding 
of the entire transport process. In addition, analysis of the results of this 
scattering spectroscopy is aided by the previous characterization of interface 
transport and the collection process, provided by the ballistic spectroscopies 
that have already been discussed. 

Figure 27 displays two spectra obtained for Au/p-Si( 100). The spectrum 
at positive tip voltage is a ballistic hole spectrum similar to that in Fig. 24, 
with a threshold that yields a Schottky barrier height of 0.35 eV. Shown at 
negative tip bias is a spectrum of holes created by carrier scattering. In this 
case, the negative tip voltage injects ballistic electrons into the sample, some 
of which scatter with equilibrium electrons in the base and result in the 
creation of secondary electron-hole pairs. The secondary electrons eventually 
decay to the Fermi level, but some of the secondary holes may be collected 
by the Si valence band before they thermalize. The spectrum shown is due to 
collection of these holes. Also shown is an expanded version of this scattering 
spectrum. It is clear that the spectral shapes and the magnitudes of the 
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FIG. 27. Carrierxarrier scattering spectrum obtained for the Au/p-Si( 100) system, adapted 
from Ref. 13. Also shown at positive tip bias is a ballistic hole spectrum for the same sample. 
For clarity, the scattering spectrum is also plotted on an expanded scale, with a fit (line) to the 
theory described in Section 7.2.3. The value of V, = 0.35V, obtained from the ballistic hole 
spectrum, was used as a fixed parameter for the fit; CD and s were fixed at 3 eV and 15 A. The only 
adjustable parameter was overall collector current magnitude. 

currents are quite different for the ballistic and scattering spectra. A theoreti- 
cal curve is also shown, which was fit to the data by adjustment of only an 
overall scaling factor reflecting the magnitude of the current. Agreement with 
experiment is excellent. The scattering spectrum also exhibits a threshold at 
approximately 0.35 eV, the value of the Schottky barrier height for this 
system. This observation of collected current well below the Si conduction 
band edge ( e 6  = 0.82 eV) rules out any processes involving transport in the 
Si conduction band. 

A similar experiment may also be performed for Au on p-GaAs(l00). 
Since the barrier height for this interface is roughly twice that of Au/p-Si, it 
provides a good test of theoretical description developed for the process. As 
shown in Fig. 28, the spectra are qualitatively similar to those for Si. This is 

FIG. 28. Scattering spectrum obtained for the Au/p-GaAs(lW) system. Also shown at 
positive tip bias is a ballistic hole spectrum for the same sample. For clarity, the scattering 
spectrum is also plotted on an expanded scale, with a fit (line) to the spectrum. V, was fixed at 
0.70 V, the value obtained from the ballistic hole spectrum. CD and s were fixed at 3 eV and 15 A. 
From Ref. 13. 
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FIG. 29. Scattering spectrum obtained for a Auln-Si(100) sample, from Ref. 13. Also shown 
at positive tip bias is a ballistic electron spectrum for the same sample. For clarity, the scattering 
spectrum is also plotted on an expanded scale, with a fit (line) to the spectrum. 6 was fixed at 
0.82 V, the value obtained from the ballistic electron spectrum. In this case, only data at tip 
voltages less than 1.4V were used for the fit. CP and s were fixed at 3eV and 8A. 

to be expected, since this spectroscopy is primarily a probe of processes 
within the base layer, independent of the collector. However, the measured 
spectra do reflect aspects of the particular collector electrode used. Most 
noticeably, the threshold is determined by the Au/p-GaAs Schottky barrier 
height, 0.70eV. In addition, the current of scattered carriers for this system 
is smaller than that for Au/p-Si, for equivalent voltages in excess of thresh- 
old. This is due to the smaller fraction of phase space available for scattering 
and collection, and the ratio of the currents for the two systems agrees well 
with that predicted by theory. This agreement indicates that there is no large 
interface-specific contribution to the scattering process itself. 

This scattering spectroscopy has also been performed for n-type collectors. 
Here, injected ballistic holes may scatter with equilibrium electrons in the 
base and create electron-hole pairs, and the secondary electrons are collected 
in the conduction band of the n-type semiconductor. Figure 29 shows ballis- 
tic and scattering spectra for Au/n-Si(l00). The threshold reflects the n-type 
Schottky barrier height of 0.82 eV. In this case, there is good agreement of the 
theory with the data near threshold; however, the measured collector current 
increases more rapidly at higher voltages than the theory predicts. The 
overall magnitude of the current is also high, about two orders of magnitude 
higher than expected from the theory when only the on-axis conduction band 
minimum is included. Preliminary Monte Carlo calculations indicate that the 
inclusion of the off-axis conduction band minima raises the predicted current 
by an order of magnitude, reducing the discrepancy somewhat. This is due 
to the fact that the secondary carrier distribution produced by the inelastic 
scattering process is much less strongly peaked than the incoming distribu- 
tion, and provides significant current at larger angles. Monte Carlo studies 
also indicate that the inclusion of elastic scattering, including phonon scatter- 
ing, reduces the discrepancy still further. The remaining disagreement may 
indicate that the initial electron distribution is not correctly described by 



346 BALLISTIC ELECTRON EMISSION MICROSCOPY 

planar tunneling, a possibility that was also raised earlier in connection with 
ballistic hole spectroscopy. 

7.5 Conclusions 

This chapter has covered the basic concepts of ballistic carrier spectro- 
scopies using the STM, as well as an extension to the study of non-ballistic 
processes. BEEM and its related techniques are extremely powerful probes of 
subsurface interfaces, and of carrier transport through materials and across 
these interfaces. BEEM provides the most precise method available for the 
determination of Schottky barrier heights, and in addition is sensitive to 
other characteristics of the interface band structure, such as effective 
mass and satellite conduction band minima. The precision of barrier height 
measurements allows the determination of small changes in barrier height 
due to such factors as strain or temperature change. Such measurements are 
one important means for evaluating theories of interface formation. 

The implementation of BEEM using STM is a vital aspect of the method, 
since the highly localized electron injection enables a corresponding spatial 
resolution of interface properties. This implementation therefore provides an 
interface imaging capability, which has been used to reveal hitherto unknown 
heterogeneity at semiconductor interfaces. The theoretical description of 
BEEM spectroscopy has been discussed, as well as the implications of this 
theory for interface imaging resolution. 

BEEM also provides information on fundamental questions regarding 
carrier transport. For instance, spectroscopy of interfaces formed on semi- 
conductors with off-axis minima should yield insight concerning the tunnel- 
ing distribution, in E and k, of electrons in a tip-plane geometry, as well as 
the much-argued notion of conservation of k, across a real interface. Two of 
the methods for probing carrier transport through materials have been 
presented in this chapter. The first, using conventional BEEM, involves the 
measurement of collector current as a function of base thickness and a 
determination of carrier attenuation lengths. This measurement may also be 
performed for the case of off-axis collector band minima, which should 
elucidate the contributions of elastic and inelastic scattering to the measured 
attenuation length. 

The second method for the investigation of carrier transport involves the 
use of carrier-carrier scattering spectroscopy, or reverse-bias BEEM. This 
spectroscopy allows the first direct probe of carrier-carrier scatttering in 
materials, and can also be performed as a function of base thickness, tem- 
perature and with off-axis collectors to provide a wealth of data on carrier 
scattering mechanisms. The theoretical treatment for this process yields good 
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agreement with experiment and, as in the case of BEEM theory, may be built 
upon to incorporate more complicated processes. 

BEEM is currently being pursued by a growing number of researchers. 
Although too recent to be discussed in this chapter, current areas of interest 
may be cited here. Research continues on interface formation involving 
metals on the 111-V and 11-VI s e m i c o n d ~ c t o r s . ~ ~ ~ ~ ~  The role of scattering in 
the transport process has also spurred both experimental and theoretical 
st~dies.’~” In addition, interfaces which are thought to be near-perfect, such 
as the silicide/silicon systems, are being inve~tigated.’~,~~,~~*~~ Such systems are 
promising for a variety of device structures, and should also elucidate the 
roles of bulk and interface scattering, as well as metal band structure effects, 
in the interface transport process. First principles theoretical work, especially 
emphasizing the problem of transport through epitaxial interfaces, has also 
been perf~rmed.~’ .~~ 

Acknowledgment 

The research described in this paper was performed by the Center for Space Microelectronics 
Technology, Jet Propulsion Laboratory, California Institute of Technology, and was jointly 
sponsored by the Office of Naval Research and the Strategic Defense Initiative Organization/ 
Innovative Science and Technology Ofice, through an agreement with the National Aeronautics 
and Space Administration. 

References 

I .  L. J. Brillson, Surf Sci. Rep. 2, 123 (1982), and references therein. 
2. G. Le Lay, J. Derrien, and N. Boccara, Semiconductor Interfaces: Formation and Properties, 

3. W. G. Spitzer, C. R. Crowell, and M. M. Atalla, Phys. Rev. Lett. 8,57 (1962); C. R. Crowell, 

4. M. P. Seah and W. A. Dench, Surf Interface Anal. 1, 2 (1979). 
5 .  G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel, Phys. Rev. Lett. 49, 57 (1982). 
6. R. S. Becker, J. A. Golovchenko, D. R. Hamann, and B. S. Swartzentruber, Phys. Rev. Lett. 

7. R. M. Feenstra, W. A. Thompson, and A. P. Fein, Phys. Rev. Lett. 56, 608 (1986); J. A. 

8. R. J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Rev. Lett. 56, 1972 (1986). 
9. W. J. Kaiser and L. D. Bell, Phys. Rev. Lett. 60, 1406 (1988). 

10. L. D. Bell and W. J. Kaiser, Phys. Rev. Lett. 61, 2368 (1988). 
11. C. R. Crowell, W. G. Spitzer, L. E. Howarth, and E. E. LaBate, Phys. Rev. 127, 2006 

12. M. H. Hecht, L. D. Bell, W. J. Kaiser, and L. C. Davis, Phys. Rev. B 42, 7663 (1990). 
13. L. D. Bell, M. H. Hecht, W. J. Kaiser, and L. C. Davis, Phys. Rev. Lett. 64, 2679 (1990). 
14. C. R. Crowell and S. M. Sze, Solid State Electron. 8, 673 (1965). 
15. J .  G. Simmons, J. Appl. Phys. 34, 1793 (1963). 
16. C. B. Duke, Tunneling in Solids, p. 34, Academic Press, New York, 1969. 

Springer-Verlag, Berlin, 1987, and references therein. 

W. G. Spitzer, and H. G. White, Appl. Phys. Lett. 1, 3 (1962). 

55, 2032 (1985). 

Stroscio, R. M. Feenstra, and A. P. Fein, Phys. Rev. Lett. 57, 2579 (1986). 

(1962). 



348 BALLISTIC ELECTRON EMISSION MICROSCOPY 

17. E. L. Wolf, Principles of Electron Tunneling Spectroscopy, pp. 35-36, Oxford Univ. Press, 

18. S. M. Sze, C. R. Crowell, G. P. Carey, and E. E. LaBate, J.  Appl. Phys. 37, 2690 

19. S. Gasiorowicz, Quantum Physics, p. 77, John Wileey, New York, 1974. 
20. J. J. Quinn and R. A. Ferrell, Phys. Rev. 112, 812 (1958). 
21. W. J. Kaiser and R. C. Jaklevic, Rev. Sci. Instrum. 59, 537 (1988). 
22. S. M. Sze, Physics of Semiconductor Devices, 2nd ed., p. 256, John Wiley, New York, 1981. 
23. J. S. Blakemore, J .  Appl. Phys. 53, R123 (1982). 
24. M. H. Hecht, L. D. Bell, W. J. Kaiser, and F. J. Grunthaner, Appl. Phys. Lett. 55, 780 

25. P. W. Chye, I. Lindau, P. Pianetta, C. M.  Garner, C. Y. Su, and W. E. Spicer, Phys. Rev. 

26. J. L. Freeouf and J. M. Woodall, Appl. Phys. Lett. 39, 727 (1981). 
27. J. S. Blakernore, Semiconductor Statistics, rev. ed., p. 63, Dover, New York, 1987. 
28. A. E. Fowell, R. H. Williams, B. E. Richardson, A. A. Cafolla, D. I. Westwood, and D. A. 

29. M. Prietsch and R. Ludeke, Phys. Rev. Lett. 66, 2511 (1991). 
30. L. J. Schowalter and E. Y. Lee, Phys. Rev. E 4 3 ,  9308 (1991). 
31. H. D. Hallen, A. Fernandez, T. Huang, R. A. Buhrman, and J. Silcox, J.  Vac. Sci. Technol. 

32. A. Fernandez, H. D. Hallen, T. Huang, R. A. Buhrman, and J. Silcox, Phys. Rev. E44,3428 

33. A. Fernandez, H. D. Hallen, T. Huang, R. A. Buhrman, and J. Silcox, J .  Vac. Sci. Technol. 

34. E. Y. Lee and L. J. Schowalter, Phys. Rev. B 45, 6325 (1992). 
35. W. J. Kaiser, M. H. Hecht, R. W. Fathauer, L. D. Bell, E. Y. Lee, and L. C. Davis, Phys. 

36. Y. Hasegawa, Y. Kuk, R. T. Tung, P. J. Silverman, and T. Sakurai, J. Vuc. Sci. Technol. 

37. M. D. Stiles and D. R. Hamann, Phys. Rev. Lett. 66, 3179 (1991). 
38. M. D. Stiles and D. R. Hamann, J .  Vac. Sci. Technol. B 9, 2394 (1991). 

New York, 1985. 

(1966). 

(1989). 

B 18, 5545 (1978). 

Woolf, J .  Vac. Sci. Technol. E 9, 581 (1991). 

E 9, 585 (1991). 

(I99 I). 

E 9, 590 (1991). 

Rev. B 44, 6546 (1991). 

B9, 578 (1991). 



8. CHARGE-DENSITY WAVES 
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Chen Wang 

Department of Physics, University of Virginia, Charlottesville, Virginia 

8.1 . Transition Metal Chalcogenides 

The transition metal chalcogenides form a large group of compounds of 
the type MX, and MX,, where M is a transition metal such as Ta, Nb, V, 
and Ti, and X is a chalcogen such as Se or S .  Most of these compounds can 
be grown as highly perfect single crystals and they do not react with oxygen. 
They form quasi-two-dimensional or quasi-one-dimensional crystal struc- 
tures, which can be easily cleaved along given crystal planes. These charac- 
teristics make them ideal for studies with the scanning tunneling microscope 
(STM) or the atomic force microscope (AFM). The layer structure crystals 
of the transition metal chalcogenides often grow in a number of different 
phases depending on the growth temperature and the stability of a given 
phase in a specific temperature range. For example, TaS, and TaSe, can be 
grown fairly easily in the IT, 2H, and 4Hb phases. The 1T phase exhibits 
octahedral coordination between the metal and chalcogen atoms and has one 
sandwich layer per unit cell. The 2H phase exhibits trigonal prismatic coor- 
dination between the metal and chalcogen atoms and has two sandwich 
layers per unit cell. The 4Hb phase has alternating sandwich layers of 
octahedral and trigonal prismatic coordination with a total of four sandwich 
layers per unit cell. In the case of the Ta compounds the 1T phases are stable 
in the temperature range > 900"C, the 4Hb phases are stable in the range of - 700°C and the 2H phases are stable below - 600OC. The different phases 
can be stabilized at low temperature by quenching the crystals from the 
growth temperature to room temperature. Further experimental details are 
given in Section 8.3 and details of the crystal structures and phase diagrams 
for a wide range of layer structure dichalcogenides can be found in the review 
by Wilson and Yoffe.' 

The STM and AFM results reported in this review cover data obtained on 
the lT, 2H, and 4Hb phases of representative layer dichalcogenides. There 
are several other phases (polytypes) that exist for specific compounds and 
these are also described in Ref. 1, but have not yet been studied by STM or 
AFM. 
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The linear chain transition metal chalcogenides grow as long fibrous 
crystals that are characterized by chains of metal atoms surrounded by 
trigonal prismatic cages of chalcogen atoms. The different compounds grow 
with crystal structures that can be classified according to the number of 
chains per unit cell. The structures for the compounds studied by STM are 
given in detail in Section 8.6. Crystal structures of the quasi-one-dimensional 
crystals have also been reviewed by Meerschaut and Rouxel.’ 

In addition to the strong anisotropy exhibited by these crystal structures, 
many of the compounds exhibit transitions to a charge-density wave (CDW) 
phase. The modulation of the local density-of-states (LDOS) at the Fermi 
level produced by the formation of these CDWs can easily be detected by 
both the STM and AFM. The detailed CDW formation and structure in a 
wide range of the layer structure compounds have been reviewed by Wilson 
et aL3 using electron diffraction data and transport measurements. The CDW 
structure observed in the quasi-one-dimensional compounds has been 
reviewed in a number of recent books listed as Refs. 4 and 5.  

The STM and AFM data obtained on a representative group of both the 
dichalcogenides and trichalcogenides are presented in this chapter. The 
results have confirmed the CDW structures deduced from diffraction studies, 
and have also been able to give detailed information on the local charge 
distributions. In a number of cases new information has been obtained on the 
local structure of the CDW. 

8.2. Charge-Density Wave Formation 

The formation of CDWs results from the electron-phonon interaction 
which produces an interaction between electrons and holes at 2k,. The CDW 
state is most favorable when there are a large number of states connected by 
the same 2k, wavevector. This instability in the Fermi sea is most likely to 
occur in quasi-two-dimensional or quasi-one-dimensional metals where the 
Fermi surface (FS) is cylindrical or planar since larger areas of the FS can be 
separated by the same wavevector. The phenomenon is generally known as 
FS “nesting” and it produces a long-range coherent quantum state of the 
electron gas in real space, which can be described as a transfer of electrons 
into a standing wave. The resulting charge modulation can have a wavelength 
that is two or more lattice vectors and can be either commensurate or 
incommensurate with the underlying atomic lattice. 

The one-dimensional electron gas coupled to the phonon system was 
originally discussed by Peierls and Frohlich. They showed that such a system 
becomes unstable at low temperatures and undergoes a phase transition to an 
insulating state. In a quasi-one or quasi-two dimensional crystal the phase 
transition still occurs, but need not produce a completely insulating state. In 
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either case the transition produces a condensate of electrons such that the 
ground state is characterized by a charge density modulation for small lattice 
distortions given by 

Ap = P I  cos(2kFx (I?), (1) 

where pI  is the amplitude and (I? is the phase of the electron condensate. 
The ground state is, in terms of a mean field theory, similar to the super- 

conducting ground state as described by the BCS theory. Electron-hole pairs 
are formed with a total momentum of q = 2kF and the energy spectrum has 
a gap for charge excitations from the condensate. CDW transitions can occur 
at relatively high temperatures compared to superconductivity. The CDW 
phase is generally competitive with the superconducting phase, which also 
involves the electron-phonon interaction. In the latter case the electron- 
phonon interaction pairs electrons at the Fermi level of opposite spin and 
momentum, and forms a long-range quantum state in momentum space. 
Although the presence of a CDW reduces the onset temperature for super- 
conductivity, these two phases of the electron gas can coexist at sufficiently 
low temperatures as observed in NbSe, below 7 K .  Both the CDW and 
superconducting flux structure have been studied by STM and will be 
reviewed in Chapter 9. 

The onset of a CDW transition and the associated charge transfer is 
accompanied by a lattice distortion since the ions move to screen the longer 
range electronic charge modulation induced by the CDW. This periodic 
lattice distorition (PLD) can be detected by electron, neutron, or x-ray 
diffraction techniques.’” Electron transport and susceptibility are also 
strongly influenced by the CDW formation due to their direct dependence on 
FS topology. Wilson et u I . ~  have reviewed electron diffraction and resistivity 
measurements for a wide range of transition metal dichalcogenides. These 
techniques average over macroscopic volumes of the crystal, while the STM 
and AFM can look at local areas on an atomic scale. The latter techniques 
can therefore detect subtle electronic effects occurring over distances of one 
to several hundred atoms and can also confirm the CDW structure deduced 
from the more macroscopic measurements. The first STM observations of 
CDWs were reported by Coleman et d6 and a comprehensive review of STM 
results on a wide range of transition metal chalcogenides has been published 
by Coleman et al.’ This chapter contains results of more complete up-to-date 
STM studies with substantially more detail on the amplitude of the STM 
response to CDWs as well as new results on spectroscopy and the determina- 
tion of CDW energy gaps. New results on the first detection of CDWs with 
the AFM are also included. 
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8.3. Charge-Density Waves in Transition Metal Chalcogenides 

The transition metal dichalcogenides exhibit CDWs with a variety of onset 
temperatures and structures depending on the particular compound and 
crystal phase. The strongest CDWs form in the 1T phases of TaSe, and TaS, 
which have CDW onset temperatures of - 600 K. The 2H phases of TaSe, 
and TaS, show substantially weaker CDW formation with much lower CDW 
onset temperatures. The mixed phase 4Hb crystals support independent 
CDWs in alternate sandwiches and these CDWs maintain a structure closely 
related to that found in the related pure phases. 

The linear chain transition metal trichalcogenides also exhibit CDW tran- 
sitions and several of these have been successfully studied by STM. In 
contrast to the layer structure crystals, the CDWs in the linear chain 
compounds can be set in motion by applied electric fields above some 
threshold value. This leads to extensive nonlinear transport effects that have 
been studied in great detail.'~~ So far, only the static CDW structure in NbSe, 
and TaS, has been by STM. Preliminary results on detecting 
motion of the CDW by STM have not yielded much detail as yet. In the case 
of NbSe, the STM results12 have yielded substantial new information on the 
specific charge distributions that exist on the individual chains of the unit cell. 
These results have suggested that the CDWs form on all three chain pairs of 
NbSe, rather than on just two of the pairs as previously thought. 

The CDW structure in orthohombic TaS, has also been well-resolved by 
STM studies." The charge distribution on the individual chain pairs has 
suggested a strongly coupled charge modulation forming on more than one 
pair of chains. This observation has confirmed some aspects of the single 
CDW forming below 214K in orthorhombic TaS,. The STM results on 
linear chain transition metal trichalcogenides will be reviewed in Section 8.9. 

8.4. Experimental STM and AFM Response to CDW Structures 

The STM detects the LDOS at the Fermi level as measured at the position 
of the tip. The formation of the CDW gaps (annihilates) a portion of the FS 
and can substantially modify the DOS at the Fermi level. The extent to which 
this affects the LDOS, as measured by the tunneling current as a function of 
position, has not been analyzed with specific models related to the band 
structures in the CDW state of the various materials. However, Tersoff13 has 
developed a qualitative model for the effects of FS collapse on the LDOS in 
semiconductors or semimetals of low dimensionality. Whenever the FS col- 
lapses to a point at the corner of the surface Brillouin zone, the STM image 
will, in effect, correspond to an individual state with a nodal structure 
corresponding to the periodicity of the unit cell involved in the FS collapse. 
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lateral position 

FIG. 1 .  Contours of constant LDOS for partial FS elimination and strong mixing of 
wavefunctions at k,, and (k,, + G) showing the relative amplitudes of superimposed atomic and 
CDW modulations. (From Ref. 7.) 

In the general case, the strength of this nodal structure will depend on the 
degree of FS obliteration and on the strength of mixing between k,, and 
k, ,  + C where G is a reciprocal lattice vector. A calculated curve for partial 
FS obliteration and strong mixing is shown in Fig. 1. The experimental STM 
data to be discussed in this chapter show a systematic variation of CDW 
amplitude in different materials proportional to the strength of the CDW 
transitions and to the degree of FS obliteration as deduced from other 
experiments as well as from band structure models. The Tersoff13 model can 
easily be adjusted to fit this systematic trend and further examples of cal- 
culated nodal structure can be found in Refs. 7 and 14. 

Other mechanisms can also play a role in the STM amplitude response, and 
although the experiments show a systematic CDW amplitude variation pro- 
portional to the expected CDW strength, a number of contributions can be 
folded into the overall STM response. The CDW is accompanied by a PLD 
proportional to the CDW strength. In the strongest CDW transitions this can 
be on the order of - 0.2 A and the surface S or Se atoms will be modulated 
in height. This will, in turn, modulate the conduction electron wavefunction 
at the position of the tip, and the tunnel current will respond to the resulting 
variations in electron density above the surface. The STM response may also 
depend on the response of the tunneling matrix elements to the specific 
components of the conduction electron wavef~nct ions '~~ '~  above the surface. 
From an experimental point of view, this may also introduce a complex 
dependence of the observed STM amplitude on distance between the tunneling 
tip and the surface. This will complicate the quantitative comparison of 
CDW amplitude measured for a wide range of materials. By measuring many 
STM scans on each material, the systematic trends of CDW structure and 



354 CHARGE-DENSITY WAVES 

amplitude can be established, but absolute amplitudes with a direct relation 
to the intrinsic CDW structure such as charge transfer, FS obliteration, and 
PLD have not been established. 

The CDW amplitudes are measured in the constant current mode where 
the z-deflection of the piezoelectric element measures the height variation 
required to maintain a constant tunneling current as the surface is scanned. 
By measuring dI/dz, an effective barrier height can be calculated for a given 
tip-sample combination, and the low voltage approximation is given by 

d l n Z  
CD = 0.95 [ 7 1  . 

Experimental meas~rements’~ of 0 as a function of relative tip to sample 
distance show that this effective barrier is a rapid function of distance for the 
layer structures used in these experiments. Absolute amplitudes measured for 
a given material can only be systematically compared if the set points of the 
different tip-sample combinations can be normalized in an appropriate 
fashion. The effective barrier heights derived from Eq. (2) also vary by an 
order of magnitude for the different CDW materials, the strongest CDW 
materials show the lowest effective barrier heights. In addition to this intrinsic 
trend, anomalous changes in effective barrier heights, due to impurities or tip 
geometry, can influence amplitude response through the formation of zero 
bias anomalies even though the grey scale scans show highly resolved struc- 
ture. Spectroscopy measurements taken simultaneously with the grey scale 
scans will detect such anomalies and allow such effects to be eliminated from 
any quantitative measurements. More discussion of these experimental 
problems can be found in Ref. 14. 

The spectroscopy mode can also be used to measure the energy gap 
associated with the CDW and the accompanying partial or total obliteration 
of the FS. In most cases studied here, the materials remain as semimetals 
below the CDW transitions so that the FS obliteration is only partial. The gap 
structure observed in the Z versus V or dZ/dV versus V curves will, therefore, 
be weaker or stronger depending on the degree of FS obliteration and the 
resulting change in DOS at the gap energy. The spectroscopy measurements 
have been successful in detecting a well-defined gap structure in most of the 
CDW materials studied and these measurements will be systematically 
reviewed in the various sections. The gaps measured for most of the 
CDW materials indicate that the values of 2A/kBTc are large, relative 
to the weak coupling BCS value of 3.5. The electron-phonon interaction 
producing the CDW transitions would therefore be characterized by a 
coupling constant in the strong coupling regime, rather than the weak 
coupling BCS model. 

The AFM responds entirely differently to the CDW structure with respect 
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to the detection of amplitude. The CDW amplitude is an order of magnitude 
smaller than observed in the STM scans on the same material. This is related 
to the fact that the AFM responds to the total charge density at the surface, 
which is dominated by the surface Se or S atoms. Although the STM 
responds to the modulation of the conduction electron wave function by the 
surface Se or S atoms, it also measures any change in the LDOS at the Fermi 
level, which is dominated by the CDW, forming in the conduction electrons 
originating from the metal atom layer below the surface. The observation of 
the order of magnitude decrease in CDW amplitude, relative to atomic 
amplitude for the AFM versus STM, suggests that the STM response to  the 
CDW structure is dominated by changes in the LDOS at the Fermi level. The 
enhanced CDW amplitudes observed in the STM scans would therefore 
appear to be directly related to electronic structure modifications induced by 
the CDW. Use of the AFM to study CDW structure has only recently been 
successful and extensive data is not yet available. The preliminary results are 
reviewed in this chapter. 

8.5. Experimental Techniques 

The AFMs and STMs used in these investigations range from home-built 
to commercial models. Some of the home-built STMs are designed to  operate 
in a cryogenic liquid environment. Operating with the microscope submersed 
in a cryogenic liquid has produced a high degree of thermal stability, and has 
greatly aided in the detection of the many subtle electronic effects observed. 
The cryogenic STMs are all based on a similar design described later. A tube 
microscope design,” also described here, is the basis for the AFMs and some 
of the room temperature STMs. 

For the cryogenic STMs two separate piezoelectric elements are used to 
produce the necessary X, Y, and Z motions. An X-Y translator, shown in 
Fig. 2(a), is used to produce the X-Y motion of the tip. The translator is 
formed by cutting two triangular sections from a single block of piezoelectric 
material, so as to define the X and Y arms. A 0.5 mm Pto.sIro,, tip is mounted 
in a brass collet at the intersection of the X and Y arms. The X arms are poled 
in opposite directions, so that by application of a voltage, one arm contracts 
and the other expands, thereby moving the tip. There is only one Y arm, 
which moves similarly by expansion or contraction. 

A piezoelectric bimorph is used to produce the Z motion. The bimorphs are 
constructed from epoxying together similarly poled faces of two circular 
pieces of piezoelectric material. The resultant sandwich is then cut into two 
semicircular bimorphs. Application of a voltage perpendicular to the 
bimorph face results in the expansion of one semicircular disk, and contrac- 
tion of the other semicircular disk parallel to the disk’s radius. The resultant 
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motion is parallel to the direction of the applied voltage. Conducting silver 
paint is used to mount the sample to an insulating pad, which is then glued 
to the edge of the bimorph. The bimorph is clamped to the X-Y translator 
by means of a Be-Cu spring clamp. It rests on three spacers positioned at  the 
far end of the X and Y arms on the X-Y translator. The resonant frequency 
of the assembled microscope, shown in Fig. 2(b) is on the order of 10,000 Hz. 

In other versions of the STM, a tip is mounted on a single piezoelectric tube 
which is then used for X, Y, and Z motions. Two coarse advance screws and 
one fine advance screw are used for bringing the tip within tunneling distance 
of the sample. The coarse adjust screws are turned by hand, whereas the fine 
adjust screw is turned by a stepping motor. 

The same setup can be modified to operate as an AFM.I8 In the AFM the 
sample is mounted on a single piezoelectric tube. A diamond or Si,N, tip 
mounted on the end of a Si,N, cantilever is used as the AFM tip. A laser 
beam is reflected off a mirror mounted to the back of the cantilever and is 
detected by a spot detector that is able to sense cantilever deflections of less 
than 0.1 nm. 

All images produced by the cryogenic STMs were taken in the constant 
current mode. The tunneling currents were typically in the range of l-lOnA 
and the tunneling bias voltages were in the range of 10-30 mV. The tunneling 
current between the tip and the sample is detected across a series resistor. A 
PAR 11 3 preamplifier then amplifies the signal for processing by a home- 
built logarithmic integrating error amplifier. The error signal is sent to an 
IBM PC/AT computer that is used to assemble the image. A 12 bit analog-to- 
digital converter (ADC) with a range of f 1OV is used to digitize the error 
signal. This provides a nominal resolution of 0.02 A at 4.2 K for the LHe 
microscope and 0.09 A at 77 K for the LN, microscope. The computer also 
provides the voltages that drive the X-Y translator. Signal averaging can be 
accomplished through the computer acquisition program by varying the 
number of samples taken at each data point. Typically 50 to 100 samples are 
taken. 

Analog drives and a storage oscilliscope are used to search for a good scan 
area before hooking up the more sensitive computer drive. The microscopes 
are vibrationally isolated from building vibrations by either rubber tires or 
elastic cords. The resonant frequency of the system is - 0.5 Hz. 

The transition metal dichalcogenides are grown by the method of iodine 

FIG. 2. (a) The X-Y translator used in the cryogenic STM. The plus and minus signs indicate 
the direction of poling on the arms of the translator. The bimorph rests on the two front spacers 
and on the adjustable rear foot. (From Ref. 7.) (b) Side view of the cryogenic STM. The 
tip-sample gap is controlled by advancing or retracting the rear foot pusher using the worm gear 
assembly, thereby raising or lowering the rear foot of the bimorph. The bimorph then pivots on 
the front feet, thus changing the tip-sample distance. (From Ref. 7.) 
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vapour transport. Stoichiometric quantities of powder were sealed in quartz 
tubes and pre-reacted by sintering at 900°C. The sintered powders were then 
placed in another quartz tube with iodine gas, and the tube was then sealed. 
The exact temperatures and temperature gradients differ for each compound. 
The Ta-based octahedral and 4Hb crystals must be quenched from high 
temperatures (-900T for the 1T phase, -700°C for the 4Hb phase), 
whereas the Ta-based trigonal prismatic, and Ti and V crystals are slowly 
cooled from temperatures around 700°C. High quality crystals resulted from 
these growth procedures, as confirmed by residual ratios (p300/p4.2) of 60 to 
300, and the observation of large magneto-quantum oscillations in the 2H 
and 4Hb compounds. Reference 1 contains a more detailed analysis of many 
properties of the transition metal dichalcogenides. 

The linear chain trichalcogenides are also grown in evacuated quartz tubes 
using powders initially sintered at 800-1000°C. However, iodine is generally 
not used as a transport vapor. The crystals are grown for one to two weeks 
at a temperature of ~750°C in a temperature gradient of approximately 
10"C/cm. 

8.6. 1 T Phase Transition Metal Dichalcogenides 

The 1T phase transition metal dichalcogenides have one sandwich per unit 
cell with octahedral coordination between the metal atoms in the center layer 
and the Se or S atoms in the top and bottom layers. The crystal structure of 
the IT phase exhibits trigonal symmetry and can be stabilized in a number 
of different compounds. Those that exhibit CDW transitions are in general 
metals or semimetals, and a wide range of CDW transitions can be found in 
the different compounds. 

The Group V materials have received intense experimental and theoretical 
study and include the compounds TaS,, TaSe,, VSe,, and NbSe,. 1T-TaSe, 
and 1T-TaS, can be stabilized at low temperature by quenching the crystals 
from 900°C to room temperature. IT-VSe, is the equilibrium phase at room 
temparature and crystals can be cooled slowly to room temperature. NbSe, 
does not exhibit a IT phase. 

Band structure calculations indicate that these compounds are all good d 
band metals in the undistorted phase. Below the CDW transition, the FS 
topology is modified and the conductivity can show varying degrees of 
change, depending on the amount of FS gapping and the strength of the 
CDW. 

In the case of 1T-TaSe, and 1T-TaS, the CDW is extremely strong, and 
large changes in the FS topology and the DOS at the Fermi level are expected 
to occur. This is confirmed by the observation of substantial decreases in the 
electrical conductivity at the CDW transitions. The STM results to be dis- 
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FIG. 3.  CDW supercell and star-of-David thirteen Ta atom clusters in IT-TaSe, and IT-TaS, 
layer compounds. The supercell connects the charge hills at the center of each thirteen-atom 
cluster and is rotated from the underlying atomic lattice by 13.9'. The commensurate superlattice 
vector is &a, in length. 

cussed here also confirm this conclusion by the observation of a very large 
amplitude modulation at the CDW wavelength. 

The CDWs forming in IT-TaSe, and 1T-TaS, are similar in the low- 
temperature commensurate phase and can be described by a six-pointed 
star-of-David cluster of thirteen Ta atoms as shown in Fig. 3. Charge is 
transferred toward the center atom in each of these thirteen atom clusters, 
resulting in a superlattice as outlined by the large hexagon in Fig. 3. The 
commensurate superlattice vector is f l  a, in length. 1T-TaSe, remains 
commensurate up to 473 K while IT-TaS, makes transitions to a number of 
different, nearly commensurate, phases before reaching a final incommen- 
surate phase above 350 K. This difference between IT-TaSe, and 1T-TaS, is 
clearly evident in both STM and AFM studies at room temperature and will 
be summarized later. 

In contrast to the 1T phase compounds of Ta, IT-VSe, exhibits a relatively 
weak CDW. Conductivity changes are small and the observed STM modula- 
tions at the CDW wavelength are small. The formation of the CDW is 
accompanied by a PLD on the order of 0.1 to 0.2A in the Ta layer and 
smaller distortions of the surface Se or S atoms normal to the surface. This 
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I T  -TaS, 

FIG. 4. Ta atom pattern contributing to the CDW charge transfer in IT-TaS,. The thirteen 
Ta atoms centered on the CDW maxima for a six-pointed star-shaped cluster. The electronic 
charge maximum occurs on the a-type atoms. Charge is transferred from the c-type atoms 
toward the b- and a-type atoms. (From Ref. 19.) 

will produce a change in the LDOS at the position of the tip, but the total 
z-deflection due to the CDW is more than an order of magnitude larger than 
the PLD. This suggests that additional mechanisms are involved in the STM 
response to the CDW structure. 

8.6.1 STM of 1T-TaS, 
8.6.1.1 STM of 1 T-TaS, at 77 and 4.2 K. In the commensurate CDW 

phase of IT-TaS, at low temperatures, the f l a ,  x fia, unit cell contains 
three types of atom labeled a, b, and c in Fig. 4. Smith et a1.” have developed 
a band structure model to describe the effects of the CDW formation and to 
interpret experimental results from angle-resolved photoemission spectro- 
scopy. Their analysis of the CDW phase shows a collapse of the Ta d band 
into three subband manifolds separated by gaps, and gives the total number 
of occupied electrons per atom on each type of atom. The calculated numbers 
are n, = 1.455, nb = 1.31 1, and n, = 0.61 1. The calculation indicates that the 
CDWs have a fairly uniform amplitude within the seven-atom cluster 
centered on the a-type atom, while the amplitude decreases strongly in the 
interstitial regions near the c-type Ta atoms. 

An STM scan of IT-TaS, a t  77K is shown in Fig. 5(a) and a profile 
recorded along the track indicated by the black and white line is shown in 
Fig. 5(b). The total z-deflection is - 3A and is dominated by the CDW 
modulation at a wavelength of f l u , .  The atomic modulation contributes 
-0SA to the z-deflection. These observations confirm that the charge 
transfer associated with the CDW must be very large, although the total 
z-deflection indicates that some enhancement mechanism may be amplifying 
the STM response. The charge transfer calculated by Smith et a1.” is extremely 
large, however, the modulation of the conduction electron wavefunction 
above the surface would not be expected to extend to 3 A. Nevertheless, the 
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FIG. 5 .  (a) Grey scale STM image of atoms and CDWs on the surface of a IT-TaS, crystal 
at 77 K. (I = 2.2 nA, V = 2 mV). This shows the $ao x f i a o  C D W  superlattice which is 
rotated 13.9" from the atomic lattice. (b) Profile of z-deflection along the track indicated by the 
black and white line in (a). The total z-deflection is - 3 i\ and is dominated by the CDW 
modulation at a wavelength of $ao. The atomic modulation contributes - 0 S A  to total the 
z-deflection of - 3 A. (From Ref. 7.) 
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FIG. 6 .  Resistivity versus temperature for IT-TaS, measured parallel to the layers. 1T-TaS, 
shows a small discontinuity at 350K where rotation of the CDW superlattice begins. This is 
followed by a large hysteric discontinuity centered around 200 K which corresponds to a lock-in 
of the CDW into a commensurate phase. (From Ref. 57.) 

STM results indicate that the charge transfer and the accompanying FS 
modification are extremely large in IT-TaS,, and a similar result is found for 
1T-TaSe, as described in Section 8.6.2. 

The resistance versus temperature curve measured for 1T-TaS, is shown in 
Fig. 6 and exhibits a complicated structure associated with the various CDW 
subphases that form in specific ranges of temperature. Two distinct incom- 
mensurate phases have been identified in IT-TaS, which can be characterized 
as nearly commensurate (NC). The NC IT, phase occurs on cooling between 
350 and - 190 K, but on warming exists only between N 280 and 350 K. The 
T phase exists upon warming between - 220 and 280 K, and indicates a 
breaking of three-fold symmetry of the wave vector positions observed in the 
lT, phase. Above 350K the final incommensurate phase is formed with the 
CDW superlattice aligned along the atomic lattice. The NC phase is charac- 
terized by higher harmonics of the fundamental CDW wave vectors in 
electron and x-ray diffraction experiments, thereby suggesting that the CDW 
superlattice is forming some type of two-dimensional domain structure. This 
structure of the NC phase existing at room temperature has been studied 
extensively by STM and will be reviewed later. 

At 4.2K and below, the commensurate CDW phase of IT-TaS, exhibits 
a drive towards a metal-insulator transition. This may be associated with the 
CDW modification of the band structure in which a very narrow band forms 
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FIG. 7. Conductance (dI /dV)  versus bias voltage ( V )  curve measured on IT-TaS, at 4.2 K. 
The sharp decrease in conductance below - 150mV is consistent with a large reduction of the 
FS area due to CDW gap formation. (From Ref. 39.) 

leading to a possible Mott-Anderson transition. STM images at  4.2K are 
very hard to obtain and give very poor definition. This behavior may be 
associated with the random onset of the metal-insulator transition and a low 
density-of-states at the Fermi level. 

Although the regular CDW superlattice gives rather poor definition at 
4.2K, the spectroscopy mode which measures &/dV versus V shows a 
well-defined CDW gap structure at - 150 mV as shown in Fig. 7. The strong 
change of conductance above - 150 mV is consistent with a large gapping of 
the FS. The value of 2AcDw/k,Tc = 5.8, calculated using the onset tem- 
perature of - 600 K, is in the strong coupling regime, but is substantially 
smaller than that observed in the 2H phase materials to be discussed in 
Section 8.7. 

STM scans of IT-TaS, at room 
temperature show a two-dimensional structure due to a long-range modula- 
tion of the CDW amplitude. The period of this long range modulation is - 6 CDW wavelengths and corresponds to an amplitude variation of - 46% 
as a percentage of the maximum CDW amplitude. Wu and Liebe?' were the 
first to report the observation of a two-dimensional domain-like structure 
which can be readily observed by adjusting the look-up-table (LUT) so that 
the amplitude variation is exaggerated by the black and white contrast as 
shown in Fig. 8. A profile through the centers of several domains in the 
original gray scale image along the track shown in Fig. 8 is shown in Fig. 9. 
The profile demonstrates the continuous modulation of the CDW amplitude, 
which follows an approximately sinusoidal variation. A nonsinusoidal profile 
due to higher harmonics can be expected, and a limited nonsinusoidal 

8.6.1.2 STM of 1T-TaS, at 300 K. 
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FIG. 8. Grey scale STM image of IT-TaS, taken at room temperature with the LUT adjusted 
to emphasize the two-dimensional domain-like structure resulting from a variation of the CDW 
amplitude ( I  = 2.2 nA, V =25 mV). (From Ref. 29.) 

behavior consistent with a wide discommensuration is indicated in the 
averaged profiles in Fig. 10. However, present experimental error does not 
allow a precise calculation of the higher harmonic component. The STM scan 
shown in Fig. 8 is completely dominated by the CDW amplitude with the 
atom modulation an order of magnitude smaller than the CDW amplitude. 
Any beat structure or interference modulation by the atomic structure is 
negligible. When the atomic modulation is appreciable, the beat structure 
makes it difficult to separate the true CDW amplitude modulation, although 
this interference effect does not account for the major part of the observed 
long-range amplitude modulation observed in such scans. The interference or 
beat structure occurs between the CDW modulation and the modulation 
produced by the surface S atoms. These two modulations are out of phase so 
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FIG. 9. Profile of z-deflection measured along the black and white track aligned along a row 
of CDW maxima as shown in Fig. 8. The CDW amplitude undergoes a continuous - sinusoidal 
modulation with a period of - 6CDW wavelengths. 

that any amplitude modulation of the CDW due to interference will be small. 
In fact, such interference modulation, although repeating at - 6 CDW wave- 
lengths, reaches a minimum at the center of the CDW domain where the 
CDW maximum is in phase with the Ta atom in the metal layer below the 
surface. Therefore, any two-dimensional domain-like structure created by the 
interference would not be in phase with the true CDW amplitude modulation 
structure, which dominates the data shown here. These effects were con- 
sidered by Coleman et d2' in discussion of measurements of amplitude 
modulation in IT-TaS, at 300K. The presence of beat structure in STM 
scans with appreciable atomic modulation superimposed on the CDW modu- 
lation makes it difficult to determine reliable phase information from graphi- 
cal construction of the real space data. A small superimposed atomic modu- 
lation will generate apparent localized phase slips due to interference, which 
do not reflect a true phase slip between the CDW and atomic lattices. 
However, the amplitude modulation introduced by beating will remain 
extremely small in scans where the CDW amplitude is large and dominant. 
The observed amplitude of the CDW modulation also scales with the 
enhancement of the CDW amplitude and not with the atomic amplitude. 
Asymmetries in the CDW domain amplitude due to the out-of-phase inter- 
ference component are also negligible. 

Nakanishi and Shiba2' originally predicted the existence of a two-dimen- 
sional domain-like structure in IT-TaS, based on a free energy model cal- 
culation. This model was used to calculate domain structures, and predicted 
specific phase and amplitude variations of the CDWs, based on the existence 
of higher harmonics indicated by diffraction and photoemission data. The 
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FIG. 10. (a) Profile of CDW maxima obtained by averaging profiles across 4 separate domains 
in the original grey scale image from which Fig. 8 was generated. The solid line represents the 
amplitude variation of the maxima of one CDW component of the Nakanishi and Shiba22 
domain model as calculated by Burk et al?' The calculated solid curve has been scaled to match 
the experimentally observed maximum CDW amplitude in the center of the domain. The 
experimentally observed relative amplitude variation is 0.54 and the calculated variation is 0.63. 
(b) Experimentally observed profile of the CDW amplitude compared to a sine wave (solid line). 
At the center of the domain boundary the amplitude is consistently less than that required to 
match a sine wave. 
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domains would consist of more nearly commensurate regions in the center of 
the domain, with phase shifts and amplitude variations across the domain. 
The model is consistent with wide discommensurations, in which the CDW 
amplitude modulation would follow a continuous variation with the 
maximum amplitude occuring at the center of the domain. The amplitude 
modulation would deviate from sinusoidal due to the presence of higher 
harmonics and a non-uniform phase variation. 

Figure 10 shows a profile of CDW maxima obtained by averaging the 
profiles across four separate domains in a given STM scan of IT-TaS,. The 
solid line in Fig. 10(a) represents the variation of the maxima of one CDW 
component in the Nakanishi and Shiba” model as derived from a calculation 
by Burk et u J . ’ ~  The absolute CDW amplitude in the calculated curve has 
been scaled to match the experimentally observed maximum CDW ampli- 
tude, measured from maximum to minimum at the center of the domain. This 
maximum CDW amplitude is measured from the zero of Fig. 10 and not from 
the minimum observed in the profile. A profile through a row of CDW 
maxima is offset from the corresponding absolute CDW minima by - a,. The 
solid line represents the predicted variation of the CDW maxima along one 
of the CDW component directions. The experimentally observed variation is 
extremely close to the calculated profile from the Nakanishi and Shiba model, 
which contains wide discommensurations (domain boundaries). Figure 10(b) 
shows a sine wave fit to the profile of the CDW maxima as indicated by the 
solid line. The profile calculated from the Nakanishi and Shiba model is a 
slightly better fit than the sine wave. The experimental profile indicates a 
depressed CDW amplitude at the minimum of the domain boundary consis- 
tent with the presence of higher harmonics. However, higher experimental 
accuracy would be required to deduce quantitative data on the higher 
harmonic content. The observed amplitude variation is certainly consistent 
with the Nakanishi and Shiba” model. Commensurate domains with narrow 
discommensurations at the boundaries would require a much stronger non- 
sinusoidal amplitude modulation than is observed. However, the amplitude 
modulation data alone do not confirm the complete domain model, since no 
local phase variation information can be accurately determined from the real 
space data. The local phase variation would change over a number of CDW 
wavelengths and measurements of CDW maxima, relative to atomic 
positions using graphical methods, cannot be used to accurately determine 
the local variations in phase, angle, or wavelength of the CDW. However, 
substantial regions at the commensurate angle of 13.9’ do not appear to be 
present. The domains and CDW amplitude modulation result from local 
variations in charge transfer, CDW wavevector, and phase across the 
domain. The observation of a significant modulation of the CDW amplitude 
requires that the local CDW charge transfer, wave vector, and PLD change 
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non-uniformly across the domain. The detailed phase variation has to be 
measured by other techniques. Burk et aLZ3 have recently obtained wide-area 
STM scans in the constant height mode which enable them to resolve satel- 
lites in the Fourier transforms, By using the location and intensity of these 
satellites, a fit to the Nakanishi and Shiba22 model can be made that deter- 
mines both CDW amplitude and phase as calculated parameters. The results 
are in approximate agreement with the original Nakanishi and Shiba” model 
fit. 

The STM and AFM are clearly the only experimental techniques that can 
verify this structure in local detail, but the complete analysis of the STM and 
AFM results is still under development. The continuous variation of ampli- 
tude as shown in Figs. 9 and 10 suggest a wide discommensuration with a 
phase variation extending over a number of CDW wavelengths. A localized 
discommensuration is not observed, although the STM does not give the 
precise phase or angle of the CDW with respect to the atomic lattice. The 
alignment of domain centers is observed by STM to make an angle of - 5.6’ 
with respect to the CDW superlattice. The domains in the STM scans show 
a degree of irregularity when comparing the centers of adjacent domains, and 
possible variations of the domain superstructure have been discussed by 
Wilson.24 The present STM observations indicate an average angle of - 12’ 
between the CDW superlattice and the atomic lattice. If commensurate 
regions exist near the center of the domains, they cannot extend beyond one 
or two CDW wavelgnths, and the phase shift will occur over fairly wide 
discommensurations comprising at least 50% of the domain area. Local 
variations in domain size, alignment, and amplitude are also observed. Some 
of this may be connected with defects, although point defects produce very 
localized modifications of the CDW amplitude.’’ 

The model of Nakanishi and Shiba22 with the phase shifts across three or 
four CDW wavelengths can certainly be used to fit the STM amplitude data 
within experimental error. This detailed structure of IT-TaS, at room tem- 
perature has also been examined by AFM and further discussion will be 
included under Section 8.6.1.3. A measurement of the precise phase variation 
can be made from high resolution Fourier transforms obtained from large 
area STM or AFM scans covering many domains.” 

Initial studies of IT-TaS2 at 225K have been carried out by Thomson 
et dZ6 after warming the sample from 143 K. The data was obtained with the 
STM operating in the constant height mode, so that profiles and amplitudes 
could not be measured. However, apparent domain boundaries were detected 
and the geometry suggested long narrow domains with a width of 65-70 A. 
This striped domain structure was oriented at - 26’ to the CDW superlattice, 
and within each domain the pattern of atoms and CDWs suggested commen- 
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surate regions. More detailed study of the T phase by both STM and AFM 
will be required before a complete analysis can be made. 

8.6.1.3 AFM of 1T-TaS, at 300 K. The atomic force microscope has 
also been used to study the CDW modulated domain-like structure existing 
in 1T-TaS, at room temperat~re.~’ The AFM detects the total charge density 
rather than the DOS at the Fermi level and this results in a substantially 
different amplitude response to the CDW superlattice than is observed with 
the STM. In the case of the STM, the CDW modulation was observed to 
dominate the z-deflection with the atomic modulation contributing only a 
small fraction of the total modulation. In the case of the AFM scans, the 
CDW and atomic modulations make equal contributions, and the total 
z-deflection observed with the AFM is substantially less than that observed 
with the STM. The equal amplitudes of the CDW and atomic modulations 
make the AFM scans more suited to carrying out Fourier transform analysis 
of the relative orientations of the CDW and atomic lattice. 

A typical AFM scan of IT-TaS, at 300 K is shown in Fig. 1 1. The surface 
S atoms are very well-resolved and the CDW modulation produces enhanced 
seven-atom clusters with variable enhancement amplitudes that repeat over 
distances of - 6 CDW wavelengths. The seven-atom clusters near the CDW 
maxima show a continuous variation in the amplitude and asymmetry of the 
individual atom enhancements. This indicates an incommensurate CDW 
structure that appears to show a nearly continuous amplitude modulation 
similar to that observed in the STM scans. A profile across one of the 
domains is shown in Fig. 12. The profile is taken along a line of CDW 
maxima, and a profile of the corresponding CDW minima show similar 
amplitude variations. Both the maxima and minima of the CDW show a 
continuous amplitude variation, thereby giving rise to the conclusion that the 
overall CDW amplitude reaches a maximum at the center of the domain and 
a minimum at the boundary. Abrupt amplitude changes indicating the exist- 
ence of localized discommensurations are not observed. However, the precise 
magnitude of the CDW modulation cannot be easily corrected for the beat 
structure effects introduced when the atomic and CDW amplitudes are of 
equal magnitude. The total amplitude modulation due to beat effects and true 
CDW amplitude modulation will then be comparable. However, the interfer- 
ence beat structure will be out-of-phase with the CDW amplitude modula- 
tion and will produce interference minima at the center of the CDW domain. 
This is a relatively weak effect since the surface S atoms and the CDW 
maxima are never in phase. The AFM profiles appear to reflect the CDW 
amplitude modulation, but the absolute CDW amplitude cannot be deter- 
mined accurately. The AFM profiles indicate the same continuous modula- 
tion of the CDW amplitude as observed in the more accurate STM profiles, 
but would have to be corrected for the interference contribution. The AFM 
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FIG. 1 1 .  Grey scale AFM image of IT-TaS, taken at room temperature. The incommensurate 
CDW produces a clearly visible modulated structure. The atoms and CDWs contribute 
approximately equal amplitudes to the AFM image (constant force mode with force adjusted to 
5 lo-* newtons). (From Ref. 29). 

profiles are consistent with the more accurate STM determinations of the 
CDW amplitude modulation, but the AFM results alone cannot be used for 
an accurate determination of the absolute CDW amplitude. The discommen- 
surations extend over a number of CDW periods and the precise phase shifts 
cannot be determined from either the STM or AFM scans. The data is 
consistent with the wide discommensuration model of Nakanishi and Shiba” 
provided that the phase shifts are spread over a number of CDW periods. 



IT PHASE TRANSITION METAL DICHALCOGENIDES 

1 T-TaS2 AFM (300K) 

0 2 4 6 8 1 0 '  2 

371 

DISTANCE (nm) 

FIG. 12. Profile of the z-deflection along a row of CDW maxima in Fig. I I .  It shows a 
continuous amplitude variation which approximately follows the sine wave shown by the solid 
curve. 

Regions of completely commensurate CDWs would be small, and exist only 
at the center of the domain, if they exist at all. 

The Fourier transform (FT) of the full 27 nm x 27 nm scan of IT-TaS,, 
from which a smaller area was shown in Fig. 1 1, is shown in Fig. 13. It gives 

FIG. 13. Fourier transform of the original data set from which a subset was used for the AFM 
image shown in Fig. 11. The two hexagonal sets of spots represent the CDW superlattice and 
the atomic lattice. The relative angle of rotation measured using pairs of spots is 11.8" & 0.4", 
close to the average incommensurate value of 11.9". (From Ref. 29.) 
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sufficient resolution to show that the angle between the CDW superlattice 
and the atomic lattice is 11.8" k 0.4", and that the first order FT spot is 
therefore at the incommensurate position. No second-order satellite spots 
can be resolved sufficiently in this FT for any measurement of the position 
or strength of higher-order Fourier coefficients. Even with higher resolution 
there are probably not enough domains in this scan to make a clear analysis 
of second-order structure. A much larger area scan with good definition will 
probably be required to bring out satellites due to the CDW modulation 
structure. Calculations of exact phase variations within the CDW domain 
could then be attempted. 

8.6.2 STM of 1T-TaSe, 

An STM scan of IT-TaSe, at 77 K recorded by computer and presented as 
contours of constant z-deflection is shown in Fig. 14. The CDW charge 
maxima appear as white plateaus centered on a n a , ,  x f l q  hexagonal 
lattice with an experimental spacing of 12.4 k 0.2 A, again in agreement with 
the expected CDW superlattice spacing. The contours of constant LDOS at 
the Fenni level show no evidence of modulation by the surface layer of Se 
atoms and the interstitial positions between the charge maxima show three 
deep minima and three saddle points symmetrically located relative to the 
maxima of the CDW superlattice. The entire pattern is therefore dominated 
by the CDW, although the deep minima and saddle points must reflect the 
inequivalent surface Se atom arrangements as well as the CDW modulations 
of the LDOS at these positions. As shown in Fig. 15 the saddle points are 
centered over a Se atom, while the deep minima occur at positions between 
surface Se atoms that also have no Ta atom located in the layer below. TEe 
three pairs of interstitial positions should not be quite equivalent due to the 
13.9' rotation of the CDW superlattice, provided the surface Se atoms 
contribute to the modulation of the conduction electron density. In general, 
the charge density contours show a small inequivalence at these interstitial 
positions, but it is close to the limit of resolution for the present STM 
operation. The calibrated z-deflection from the deep minima to the maxima 
in the image of Fig. 14 is very large with a value of 2.4 & 0.2A. 

1T-TaSe, in the CDW phase at room temperature is a semi-metal with a 
resistivity of 2 x 10-jRcm parallel to the layers. The resistivity shows a 
monotonic decrease below room temperature, reaching a value of 10-4R cm 
at 4.2K. This increase in conductivity does not appear to have any major 
effect on the STM images obtained at 4.2 K. The STM scans at 4.2 K show 
patterns that are essentially the same as those observed at 77 K. The average 
maximum to minimum z-deflection observed at 4.2K is 3.5 & 1.4A and 
although constant during a given run, it varies in the range 2.5 to 5A for 
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FIG. 14. An STM image of IT-TaSe, taken at 77K using a contour LUT which shows 
contours of constant z-deflection corresponding to contours of constant LDOS. The white 
plateaus indicate the CDW maxima centered on a &a, x &a,, hexagonal superlattice with 
an experimental spacing of 12.4 f 0.2A, in good agreement with the value of 12.54A measured 
by electron diffraction. (From Ref. 7.) 

different crystals or cleaved surfaces. The deflection observed at 4.2 K is on 
average larger than that observed at 77K, but at both temperatures the 
deflection is anomalously large relative to the expected spatial modulation of 
the LDOS from an extended FS. 

The relative strength of the atomic modulation and the degree of atomic 
resolution are extremely sensitive to the STM response. Even when the 
atomic modulation is clearly resolved it represents only a small fraction of the 
total z-deflection, - 0.2 A out of a total of - 2 A. Figure 16 shows a grey 
scale scan and a profile recorded at 4.2K. The atoms are well-resolved in 
Fig. 16(a) but the CDW amplitude completely dominates the profile, as 
shown in Fig. 16(b). 

The FS modifications of the 1T-TaSe, band structure have not been 
studied in detail and at present no estimates of the charge transfer have been 
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FIG. 15. Diagram showing positions of deep minima and saddle points of the CDW relative 
to the 1T-TaSe, atomic lattice. Deep minima occur between groups of three surface Se atoms 
which have no Ta atom in the layer below and saddle points over Se atoms. The ellipses indicate 
the location of minima and saddle points. (From Ref. 7.)  

developed. The STM response to the 1T-TaSe, CDW is similar in magnitude 
to that observed for IT-TaS,, except that the atomic modulation is often 
absent in the 1T-TaSe, scans at both 77 and 4.2K. The CDW in the 1T 
phase of TaS, and TaSe, both form commensurate n a 0  x n a , ,  super- 
lattices at low temperature. The presence of a weak atomic modulation in the 
STM scans of IT-TaS, and the substantially weaker atomic modulation in 
many STM scans of 1T-TaSe, must reflect a subtle difference in the FS and 
electronic structure. The low temperature resistivity certainly reflects this 
difference, although no information is presently available on the detailed 
differences in the two Fermi surfaces that result from the band folding. 

The high-temperature Fermi surfaces are different based on the band 
calculations of Woolley and Wexler.’* The 1T selenide has a pancake-shaped 
region around r while the sulphide does not. The calculated k dependence for 
the selenide is greater than that in the sulphide and this may enhance the 
importance of a nesting vector component parallel to the c axis. This FS 
difference is not due to an enhanced intersandwich interaction but to the 
accidental fact that the Fermi level of 1T-TaSe, falls in the middle of the 
approximately t,, (the g subscript refers to gerade) triplet band whose split- 
ting due to the trigonal distortion is k dependent. 

These differences in the high temperature FS can certainly propagate into 
a difference of FS topology in the CDW superlattice state and consequently 
produce a difference in the CDW modulation of the LDOS. The STM 
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FIG. 16. (a) STM grey scale image of IT-TaSe, taken at 4.2K. The surface Se atoms are 
resolved and appear superimposed on the CDW modulation of much larger amplitude. White 
areas with a weak superimposed atomic modulation are centered on the CDW maxima. (b) 
Profile of z-deflection taken along the black and white track shown in (a). The total z-deflecction 
of - 2.0 A is dominated by CDW modulation with the atoms contributing - 0.3 A. (From Ref. 
14.) 
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FIG. 17. Conductance versus bias voltage curve for 1T-TaSe, measured at 4.2K. A sharp 
150mV can be identified with the CDW gap and the resulting increase in conductance at 

change in DOS above the gap edge. (From Ref. 39.) 

response suggests such a difference, but no detailed model has been worked 
out as yet. Differences in the CDW induced FS topology can be reflected in 
the spatial modulation of the LDOS through a mechanism proposed by 
Tersoff.” 

The spectroscopy mode gives a measure of CDW gap structure that is in 
reasonable agreement with the gap measured for IT-TaS,. A dZ/dVversus V 
curve taken at  4.2K is shown in Fig. 17 and indicates a CDW gap at - 150 meV. Using a CDW onset temperature of - 600 K this gives 26,,,/ 

8.6.2.1 AFM of 1 T-TaSe, at 300 K. The AFM scans of 1T-TaSe, at 
300 K show a uniform pattern of atoms and CDWs. An example is shown in 
Fig. 18. The uniformity of this pattern indicates a constant phase relation 
between the atoms and the CDW maxima. Enhanced seven-atom clusters 
look identical and are spaced on a superlattice of wavelength n u ,  as 
expected. The total z-deflection is on the order of 1 A as observed in the AFM 
scans of 1T-TaS,. The atomic and CDW amplitudes make equal contribu- 
tions of - 0.5 A each. The profiles of z-deflection show a uniform amplitude 
over many CDW wavelengths, in agreement with the profiles expected for a 
uniformly commensurate superlattice. 

The AFM scans of 1T-TaSe, form an excellent data set for a Fourier 
transform analysis of the relation between the atomic lattice and the CDW 
superlattice. A Fourier transform of a 13nm x 13nm AFM scan of 1T- 
TaSe, at 300K is shown in Fig. 19. Using the three pairs of spots, the 
measured angle between the atomic lattice and the CDW superlattice is 

kBTc = 5.8. 
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2 nm 

FIG. 18. Grey scale AFM image of 1T-TaSe, taken at room temperature. A uniform pattern 
of atoms and CDWs that maintain a constant relative phase indicates a commensurate structure 
as observed in the STM images (constant force mode with force equal to - lO-*newton). (From 
Ref. 29.) 

14.2' k 0.5', thereby indicating good agreement with the expected commen- 
surate angle of 13.9'. More details can be found in Ref. 29. 

8.6.3 STM of 1T-VSe, 

IT-VSe, is a good d band metal, and band structure calculations carried 
out by Myron3' and Woolley and Wexler" predict high-temperature FS cross 
sections that are close to those calculated for 1T-TaSe,. A significant feature 
of the similarity is the occupied electron pocket in the center of the zone at 
the r point, unlike the FS found for IT-TaS,, where these states are unoc- 
cupied. The FS in IT-VSe, also shows a greater k, dependence than that in 
the IT sulphides. 

In spite of this similarity between the high-temperatures FSs of IT-TaSe, 
and IT-VSe,, the CDW formation is entirely different. The q vectors in the 
metal-metal plane of IT-VSe, are a$/4 rather than a $ / n  as found in 
IT-TaSe,. The STM scans of IT-VSe, at both 77 and 4.2 K show a 4% x 4a0 
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FIG. 19. Fourier transform of a I3 nm x 13 nm AFM scan of IT-TaSe, taken at 300 K. The 
two hexagonal sets of spots represent the CDW superlattice and the atomic lattice. The relative 
angle of rotation between the CDW superlattice and atomic lattice is 14.2" 5 0.5" as measured 
using the three pairs of spots. This value is in good agreement with the expected commensurate 
angle of 13.9". (From Ref. 27.) 

superlattice within the layer plane. A typical grey scale image recorded at 
4.2K is shown in Fig. 20(a) and exhibits a profile in which the atomic 
modulation dominates as shown in Fig. 20(b). In this respect, the STM 
response to the CDW is completely different than observed for 1T-TaSe, or 
IT-TaS,. The total z-deflection can vary in the range 0.8 to 4 &  but in all 
cases the CDW modulation is less than, or at most equal to, the atomic 
modulation. This major difference in CDW formation and STM response is 
probably related to the presence of a strong p-d hybridization in 1T-VSe,, 
as compared to 1T-TaSe,. In the latter the d-based band is separated by a 
large gap (- 0.1 Ry) from the chalcogen p-based valence band. In IT-VSe, 
a significant overlap of the d and p bands occurs and can lead to a more 
complicated pattern of FS instabilities. In addition, the STM scans can show 
widely different amplitudes for different components of the triple q CDW. 
This appears to reflect a competition between a double and triple q structure. 

Diffraction studies by a number of authors including William~,~' Tsutsumi 
et uI.,~, Van Landuyt et al.,33 and Fung et u I . ~ ~  have suggested a variety of 
CDW superlattice structures, that form upon cooling the crystal below the 
initial incommensurate CDW phase forming at 140 K. Recent electron and 
x-ray diffraction studies by Tsuts~mi,~ '  Yoshida and M~tizuki , '~  and 
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FIG. 20. (a) Grey scale image of a STM scan on IT-VSe, recorded at 4.2K. The weak 

4a0 x 4a0 CDW superlattice is superimposed upon the pattern of surface Se atoms (I = 2.2 nA, 
V = 25mV). (b) Profile o f  z-deflection along the line shown in (a). In the STM profiles of 
IT-VSe, the atomic modulation and the CDW modulation are comparable. 
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FIG. 21. Conductance versus bias voltage curve measured on IT-VSe, at 4.2K. A slope 
change is observed at 40mV which can be identified with the CDW gap edge. (From Ref. 39.) 

Eaglesham et ~ 2 1 . ~ ~  generally agree on a low-temperature CDW superlattice 
with a commensurate component of 4a0 parallel to the layer and an incom- 
mensurate component of - 3c, perpendicular to the layer. Eaglesham et d3’ 
observed a 3q to 2q transition below 80 K, and the STM scans at 77 and 4.2 K 
tend to confirm this possibility. Above 80 K a number of different possible 
CDW structures have been reported involving either domain structures of the 
3q or 2q variety or different q vectors. These observations may be a function 
of the specific sample or cooling history and have not yet been completely 
resolved. 

Conductance data from 1T-VSe, shows a much smaller energy gap consis- 
tent with the lower CDW onset temperature of 110 K. At 4.2 K this CDW 
is commensurate with a wavelength of 44,. A conductance versus bias voltage 
curve for IT-VSe, is shown in Fig. 21 with a gap structure identified at - 40 mV. This gives a value of 2ACDW/kB Tc N 8.4, a value midway between 
the 1T phase Ta compounds and the 2H phase Ta compounds. The CDW in 
IT-VSe, behaves more like the CDWs observed in the 2H phase compounds 
in that it has a relatively low amplitude and remains aligned along the atomic 
lattice. In this respect, all of the CDW gaps measured by the STM show a 
systematic trend38*39 consistent with the general qualitative features observed 
for each CDW. CDW gaps measured in the 2H phase compounds will be 
described in later sections and more details can be found in Refs. 38 and 39. 

8.6.4 STM of 1T-TiSe, 

The materials in the Group IV transition metal compounds are more 
covalently bonded than the Group V compounds and tend to be semiconduc- 
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tors rather than metals. Many experiments and calculations suggest that 
1T-TiSe, is an exception, with a small indirect overlap between a Se-based s/p 
band near r and a Ti-based d band near L. Small pockets of holes and 
electrons result from this indirect overlap and a second-order phase tran- 
sition is observed at 202 K in electron diffraction  experiment^!^.^' This is 
identified with the formation of a 2a, x 2% x 2% CDW superlattice. The 
CDW forms in the commensurate state, and it has been suggested that the 
CDW involves an electron-hole interaction in which a zone-boundary 
phonon is driven soft. Angular resolved photoemission data, electron and 
x-ray diffraction data, magnetic susceptibility data, resistivity data, and 
infrared reflectivity data by Woo et al.@ and Brown" generally support 
models based on band overlap. However, Stoffel et ~ 1 . 4 ~  have used photoelec- 
tron spectroscopy data in an analysis which concludes that TiSe, is a very 
narrow band semiconductor in which the Se 4p and Ti 3d bands have a strong 
interaction leading to CDW formation. The STM results show a CDW with 
medium intensity, but it involves substantially less charge transfer than 
occurs in the CDWs of the Group V 1T phases of TaSe, and TaS,. 

An STM scan of 1T-TiSe, recorded at 77K is shown in Fig. 22(a) and 
shows a well-resolved pattern of surface Se atoms. The CDW superlattice 
modulation is also detected as an enhancement of z-deflection on every 
second row of atoms. A profile along one of the atomic rows shown in 
Fig. 22(b) indicates that the atomic and CDW modulations generate approxi- 
mately equal z-deflections of - 1 A each. In the magnified contour plots, the 
CDW maxima show a phase shift relative to the seven-atom clusters of 
surface Se atoms surrounding the maxima. This would place the CDW 
maxima close to the Ti atom positions, but the exact charge distribution will 
depend on the relative roles of the Ti d band and Se s/p valence band in the 
CDW formation and charge transfer. 

A band Jahn-Teller mechanism has been developed by Motizuki et al." 
and extended by Suzuki et ~ 1 . ~ ~  This model includes a wave vector and 
mode-dependent electron-lattice interaction as well as a FS nesting, both of 
which contribute to CDW formation. This model explains the stability of the 
triple q CDW state as well as many of the experimental results. Nevertheless, 
considerable controversy on the exact electronic structure exists, with some 
models and interpretations@*42 confirming the indirect band overlap, while 
other results43 suggest a narrow band semiconductor. 

Spectroscopy of 1T-TiSe, with the STM shows structure that could be 
identified with a narrow gap. A dZ/dV versus V curve recorded at 4.2K is 
shown in Fig. 23, and for positive bias a flat region in the DOS is observed 
between 0 and 0.2 V. Defects due to non-stoichiometry can produce an n-type 
semiconductor, which would account for the shift in the possible gap struc- 
ture to the positive bias side of the curve. This structure in the conductance 
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FIG. 22. (a) STM grey scale image of IT-TiSe, at 77K showing the CDW and atomic 
modulations (1 = 8.6 nA, V = 50mV). (b) Profile of z-deflection along the line shown in (a). The 
2u0 modulation due to the CDW is clearly resolved with the atoms and CDWs contributing equal 
amplitudes. (From Ref. 7.) 
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FIG. 23. Normalized conductance curve obtained on 1T-TiSe, at 4.2 K. A flat region between 
0 and 0.2 V indicates the presence of a weak semiconducting gap. 

versus voltage curve is very similar to that observed in the STM spectroscopy 
of IT-TiS,, which is definitely a narrow band semiconductor and is discussed 
in the next section. This tunneling spectroscopy data provides some confir- 
mation of the narrow band semiconductor analysis presented by Stoffel 
et 

8.6.5 STM of 1T-TiS2 

There is general agreement that IT-TiS, is a small band gap semiconductor 
with a gap on the order of 0.2 to 0.3 eV. A STM scan of 1T-TiS2 at 4.2 K is 
shown in Fig. 24(a) and shows well-defined atomic structure. Many of the 
STM scans show a long-range modulation in z-deflection, but the individual 
atomic modulation amplitudes remain fairly constant at - 2 A. This modula- 
tion can be fairly regular with a period of 7-8 atomic spacings, but it can also 
show random variations, suggesting surface undulation rather than intrinsic 
modulation of the electronic structure. Fig. 24(b) shows a profile along a row 
of atoms and the long-range undulation is clearly detected as a height 
variation of - 1 A. 

No evidence of CDW formation is observed, but the STM response to the 
atomic structure is very similar to that observed in 1T-TiSe,. The atomic 
modulation in both cases is I to 2 A  and suggests some enhancement of 
z-deflection, independent of the presence or absence of a CDW. The 2H 
phase layer compounds, which are good metals with weak CDWs, show 
much smaller z-deflections in the STM scans. 

Spectroscopic measurements have also been carried out on IT-TiS, at 
4.2K and a typical dZ/dV versus V curve is shown in Fig. 25. It shows a 
structure characteristic of a semiconductor with a gap of - 0.3 to 0.4 eV. The 
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FIG. 24. (a) STM grey scale image of lT-TiS2 at 4.2K showing only an atomic modulation 
(I = 2.2 nA, V = 25 mV). (b) Profile of z-deflection along the line shown in (a). Note the 
long-range modulation of the surface atomic structure which suggests a possible two-dimension- 
al supercell structure of the surface atoms. (From Ref. 7.) 

asymmetry suggests that the IT-TiS, sample is an n-doped semiconductor 
with Ef near or in the Ti d conduction band due to excess Ti or defects. The 
flat regions in the conductance curve for positive tip bias therefore occur as 
the Fermi level of the tip sweeps across the gap in the TiS, substrate. This 
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FIG. 25. Normalized conductance curve recorded on 1T-TiS, at 4.2 K. The flat region of low 
conductivity can be associated with a semiconducting gap of - 0.3 to 0.4e.V. (From Ref. 39.) 

spectroscopy result gives reasonable confirmation of the predicted semicon- 
ductor band structure of IT-TiS,. 

8.7. 2H Phase Transition Metal Dichalcogenides 

The 2H phase materials have two three-layer sandwiches per unit cell, and 
the transition metal atoms within each sandwich exhibit trigonal prismatic 
coordination with the chalcogen atoms. When compared to the IT phase 
materials, the CDW transitions are weaker and occur at much lower tem- 
peratures. The electrical conductivities of the 2H phase crystals show only 
small changes at the CDW onset, thereby indicating that the FS changes do 
not involve large charge transfers although substantial changes in FS 
topology can occur. 

The STM scans are consistent with the presence of weak CDWs since, in 
all cases studied so far, the atomic modulation amplitude has been equal to 
or stronger than the superimposed CDW modulation amplitude. Extensive 
STM data has been collected on 2H-NbSe2, 2H-TaSe2, and 2H-TaS2. 

The CDWs form an incommensurate 3a0 x 3% superlattice a t  the CDW 
onset temperature. The CDW in 2H-TaSe2 becomes commensurate at low 
temperatures, while the CDWs in 2H-NbSe2 and 2H-TaS2 remain incom- 
mensurate down to the lowest temperatures measured. The FS topology 
resulting from the refolding of the band structure into the new Brillouin zone 
(BZ), forming below the CDW onset, generates a large number of FS sections 
with reduced cross sections. However, these are fairly extended within the 
new BZ and some show a substantial dispersion in the z direction. In general 
this topology, although substantially modified by the CDW, will mean a 
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weaker k,, and (k,, + G) mixing and a rearrangement, rather than annihila- 
tion, of FS area. The LDOS will therefore be expected to show a weaker 
nodal structure than can occur in the IT phase compounds. 

8.7.1 STM of 2H-NbSe2 

The CDW in 2H-NbSe, has an onset temperature of - 33 K and can most 
easily be detected by measuring the change in sign of the Hall effect. The 
resistivity shows only a weak anomaly at the CDW onset and 2H-NbSe2 
remains a good metal below the CDW onset. A superconducting transition 
occurs at 7.2 K and below this temperature CDWs and superconductivity 
coexist. The CDWs form a triple q structure with an approximate 3an x 3an 
superlattice. The wave vectors are incommensurate and are given by 
q = (1 - a)an/3 with u = 0.025 at 33 K and a = 0.01 1 at 5 K as determined 
by neutron d i f f ra~t ion .~~ 

STM scans47 of 2H-NbSe2 at 4.2"K show a pattern dominated by the 
atomic modulation with an amplitude of - 0.4A. At high magnification, as 
shown in Fig. 26(a), the superimposed CDW enhancement appears on every 
third row of atoms and represents an additional z-deflection of - 0.2 A as 
shown in the profile of Fig. 26(b). The CDW modulation is centered on the 
Nb atoms, which are displaced from the atomic modulation of the surface Se 
atoms by a0/J3. The superposition of this CDW modulation causes the 
atomic modulation pattern of Se atoms near the CDW maxima to be dis- 
torted, as shown in the LDOS contour scan of Fig. 27. The appearance of 
enhanced three-atom clusters in the grey scale plots, such as Fig. 26(a), is due 
to this superposition of atomic and CDW modulations. The total z-deflection 
of the STM is approximately 0.6& as shown in Fig. 26(b), with equal 
amplitudes contributed by the atoms and the CDWs. The CDW and atomic 
modulations are both enhanced, relative to the intrinsic spatial oscillation of 
the electron density expected from the periodic lattice disorder, or from the 
atomic modulation of the electron wavefunction. The possible sources of this 
enhancement will be discussed in the summary and conclusions. 

The CDW forming below 33 K in 2H-NbSe2 gaps only a small part of the 
Fermi surface so that the change in the density-of-states of the conduction 
electrons is relatively small. Nevertheless, the CDW gap can be detected with 
the STM by measuring dZ/dV versus V and detecting the change in the slope 
at the gap edge. A dZ/dV versus V curve for 2H-NbSe, at 4.2 K is shown in 
Fig. 28 (middle curve) with the gap edge clearly identified at 34 mV. This gives 
a very large value of 2AcDw/k, T, = 23.9, indicating that a short coherence 
length model as suggested by McMillan4' is required. 

Below 7.2 K the superconducting phase of 2H-NbSe2 can also be studied 
by STM. 2H-NbSe, is a very anisotropic type I1 superconductor and the 
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FIG. 5. (a) STM scale image of 2H-NbSe2 at 4.2K ( I  = 2.0nA, V = 2511 '). The 3a, x 3% 
CDW modulation is clearly resolved at this magnification. The CDW modulation is centered on 
the Nb atoms which are displaced by a,,/$ from the atomic modulation due to the surface Se 
atoms. This gives rise to the asymmetric three atom clusters near the CDW maxima. (From Ref. 
7.) (b) Profile of z-deflection along the line shown in (a). The atomic and CDW modulation 
amplitudes are comparable. 
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1 nm 

FIG. 27. High-magnification contour plot of 2H-NbSe2 taken at 4.2K showing detail of the 
three-atom cluster near a CDW maximum ( I  = 2.0 nA, V = 25 mV). (From Ref. 7.) 

magnetic field penetrates the superconducting phase to form an Abrikosov 
vortex lattice. This has been studied in detail by Hess et al.49 using the STM. 
Images can be formed by measuring dZ/dV versus position rather than using 
the constant current mode as in the scans showing the CDWs. The quantity 
dZ/dV is proportional to IY,(eV, r)12n,(eV) and will detect variations in the 
superconducting DOS. Fig. 6 in Chapter 9 shows a dI/dV STM scan of 
2H-NbSe, at 0 .3  K in a magnetic field of 10 kG, applied perpendicular to the 
layers recorded at an applied bias voltage of 1.3 mV, which is just above the 
superconducting gap edge of 1.1 mV. The black areas are the vortex cores 
containing normal electrons, while the white regions represent the strongly 
superconducting areas with an enhanced DOS just above the gap edge. 

8.7.2 STM of 2H-TaSe2 

2H-TaSe2 is very similar to 2H-NbSe,, but forms a stronger CDW with 
an onset at 122.3K and goes into a superconducting phase only at tem- 
peratures below - 0.2 K. At 122.3 K a triple q CDW forms in an incommen- 
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FIG. 28. df/dV versus V plot recorded on 2H-TaSe2, 2H-NbSe,, and 2H-TaS2 at 4.2 K. Slope 
changes can be identified with the CDW gaps and associated density-of-states (DOS) changes 
near the gap edges. The average gaps are estimated to be f 80mV, 34mV, f 50 mV respec- 
tively as indicated by arrows which indicate the region of width 2A centered on zero bias. (From 
Ref. 39.) 

surate state characterized by a second-order (or nearly second-order) tran- 
sition followed by a first-order transition - 90 K, below which the 3% x 3a0 
CDW superlattice becomes commensurate. The STM scans at temperatures 
of 77 and 4.2 K show the presence of a weak CDW modulation forming a 
3a0 x 3a, CDW superlattice. Figure 29(a) shows an STM scan taken at 4.2 K 
with a weak enhancement of the z-deflection present on every third row of 
atoms. A profile along the track drawn in Fig. 29(a) is plotted in Fig. 29(b). 
The total z-deflection is only 0.2 f 0.05A with a CDW enhancement of - 0.1 A on every third atom. This enhanced z-deflection due to the CDW is 
larger than the periodic lattice distortion of the surface Se atoms, which is 
estimated to be about 0.02A perpendicular to the surface. The FS and band 
structure undergo substantial rearrangement, but many extended sections of 
FS remain, as detected by magnetoquantum oscillations of the magnetoresis- 
tance” and s~sceptibility.~’ Strong kll  and (k,l + G )  mixing may occur at 
selected points on the FS, but FS obliteration and singularities in the DOS 
should be much weaker than in the IT phase of TaSe,. The observed 
z-deflection is an order of magnitude smaller than observed for 1T-TaSe,, 
and in this respect follows the expected trend. 

Doran and W ~ o l l e y ~ ~  have carried out band structure calculations for the 
3a0 x 3a, CDW state of 2H-TaSe2. They start with results obtained for the 
high-temperature band structure calculated by Wexler and W~oIley,’~ and 
show that stabilization of the CDW comes from destruction of the peak in 



390 CHARGE-DENSITY WAVES 

H 
2H-TaSe2 

0'25 1 2H-TaSs, 

0.ooJ 
0 1 2 3 4 5  

(b) DISTANCE (nm) 
FIG. 29. (a) STM grey scale image of 2H-TaSe2 at 4.2 K ( I  = 2.2 nA, V = 25 mV). (b) Profile 

of z-deflection along the line shown in (a) revealing a weak CDW superlattice enhancement on 
every third atom. (From Ref. 7.) 

the DOS lying just below the Fermi level. Further details can be found in the 
original papers. 

Smith et ~ 2 1 . ' ~  have also developed a model band structure calculation in 
order to analyze photoelectron data. The model allows them to estimate the 
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number of Ta d electrons residing on each inequivalent Ta atom in the 
distorted CDW state. These atoms were labeled “a,” “b,” and “c” in Fig. 4 
and charge transfer occurs toward the center atom “a” located at the center 
of a seven-atom cluster, although in this case the “c” atoms are not part of 
a separate 13-atom cluster as occurred in the 1T phase. The numbers cal- 
culated for the Ta d electrons on these inequivalent sites are n, = 1.014, 
nb = 1.005, and n, = 0.977. This charge transfer is relatively weak compared 
to the IT phase and the STM results certainly reflect this, although an exact 
quantitative comparison cannot be made. 

The spectroscopy of 2H-TaSe, is very similar to that observed for the other 
2H phase compounds. A &/dV versus V curve is shown in Fig. 28 (upper 
curve). A relatively abrupt change of slope is observed at L 80 mV and we 
have identified this with the onset of tunnel conductance above the CDW gap 
edge. Using a value of AcDw = 80 meV and Tc = 122.3 K gives a value of 
2ACDw/kB Tc = 15.2. This is again very large and requires the short coherence 
length model of McMillan,48 a conclusion reached for the CDW in all 2H 
phase compounds so far measured. 

8.7.3 STM of 2H-TaS2 

The 2H phase of TaS, forms a - 3a0 x 3a0 incommensurate CDW super- 
lattice at low temperatures. The resistivity shows a very small anomaly at the 
CDW onset, suggesting only a small change in the conduction electron DOS. 
2H-TaS, has a peak in susceptibility at 80 K, a break in resistivity at 75 K, 
and a change in sign of the Hall resistivity between 65 and 55K. Careful 
resistivity measurements by Tidman et a/.% show an abrupt change in p,, at 
75.3 K, leading to the conclusion that the Fermi surface modification occurs 
at or below this temperature. 

Electron diffraction experiments5’ show the CDW to be incommensurate 
down to about 14K. The wave vector is given by q, = (1 + 6)ad/3 where 
6 = 0.017 f 0.009 at 70K. A possible slight decrease in 6 as temperature 
decreases is suggested by the data. The departure from commensurability for 
2H-TaS, is roughly of the same magnitude, although opposite in sign, as that 
of the incommensurate phases of 2H-NbSe, and 2H-TaSe2. 

Nuclear magnetic resonance (NMR) studiess6 of 2H-TaS2 powder at 4.2 K 
indicate a locally commensurate CDW superlattice. The authors conclude 
that at low temperatures there is a discommensurate CDW state for 2H- 
TaS,, where regions of locally commensurate CDWs are separated by 
domain walls or discommensurations. 

At 4.2K the STM scans show a well developed hexagonal 3a0 x 3a0 
superlattice as shown in the grey scale image of Fig. 30(a). The charge 
maxima are exceptionally well defined and show a high atom at each vertex 
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FIG. 30. (a) Grey scale STM image of 2H-TaS2 taken at 4.2 K ( I  = 2.2 nA, V = 25 mV). (b) 
Contour plot showing the asymmetric seven-atom cluster of surface S atoms located above the 
CDW maximum occuring on the Ta atom cluster. (From Ref. 7.) 



4Hb PHASE TRANSITION METAL DICHALCOGENIDES 393 

of the triple q CDW pattern. The seven-atom cluster of S atoms near each 
charge maximum still shows the asymetry connected with the phase differ- 
ence due to the 4 4 3  displacement between the CDW and atomic modu- 
lations. This is again clearly demonstrated in the high-magnification contour 
plot of Fig. 30(b). This charge asymmetry, due to the superposition, is 
characteristic of all three 2H phases studied. In 2H-TaS2 the total z-deflection 
is 0.6 k 0.1 A compared to the value 0.2 k 0.05 A observed for 2H-TaSe2. 

Shubnikov-de Haas measurements of the FS cross sections have been 
carried out by Hillenius and Coleman5’ and show a range of cross sections 
that are more than an order of magnitude smaller than those observed for 
2H-TaSe2. Eleven frequencies in the range 0.04 to 6.4 MG were detected. The 
two highest of frequencies in 2H-TaS2 match the two lowest frequencies in 
2H-TaSe2. The larger extended sections observed in 2H-TaSe2 are com- 
pletely absent in 2H-TaS2. The rest are systematically smaller, thereby 
leading to a total FS area in 2H-TaS2, which is more than an order of 
magnitude smaller than observed in 2H-TaSe2. 

The high-temeprature FSs constructed from the band structure calcu- 
lations of Wexler and Wo01ley~~ show that the high-temperature FS sections 
in the 2H phases of TaS, and TaSe, have nearly identical areas. Therefore, 
we conclude that the CDW in 2H-TaS2 obliterates a much larger portion of 
the FS than occurs in the CDW phase of 2H-TaSe,. Within the Tersob3 
model this would be expected to enhance the nodal structure at the CDW 
wavelength. It is also likely that a number of the extremely small FS cross 
sections may be located at the BZ corners and edges, leading to greater 
mixing of k,, and (k,, + G). This latter point cannot at present be confirmed, 
since no detailed band calculations or models of the 3a0 x 3a0 CDW phase 
of 2H-TaS, have been worked out. However, the overall evidence from the 
FS experiments and comparison of the STM profiles shows that these subtle 
electronic differences are detected in the STM scans. 

The spectroscopy results on 2H-TaS2 follow the systematic behavior 
observed for the three 2H phase compounds measured and presented in 
Fig. 28. The dI/dV versus V curve for 2H-TaS2 (lower curve) shows a weak 
slope change indicating that the CDW gap edge is located at a bias of 
< 50mV. With a T, = 15.3K this gives a value of 2ACDW/kBTC = 15.4, 
approximately the same magnitude as observed for 2H-TaSe2. 

8.8. 4Hb Phase Transition Metal Dichalcogenides 

The 4Hb phase polytypes of TaSe, and TaS, have four three-atom-layer 
sandwiches per unit cell arranged with alternating sandwiches of trigonal 
prismatic coordination and octahedral coordination. The CDW transitions 
observed in these phases occur independently in the sandwiches of different 
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coordination, and maintain the characteristics associated with the pure 
octahedral (IT) phase and the pure trigonal prismatic (2H) phase. The CDW 
transitions are modified to some extent, but onset temperatures in the 
trigonal prismatic layers are still - 600 K. The octahedral sandwiches show 
a very strong fla,, x f l a ,  CDW superlattice, while the trigonal prismatic 
sandwiches show much weaker 3a0 x 3a, CDW superlattices. The STM scans 
indicate that the strong CDW amplitudes observed for the 1T sandwiches 
have been reduced relative to the pure 1T phase, but they still provide the 
dominant z-deflection in the STM scans of the 1T surface. This reduction of 
CDW amplitude does, however, allow the STM response to provide a better 
resolution of the surface atomic modulation. Details of the STM results for 
4Hb-TaSe2 and 4Hb-TaS2 will be discussed next. 

8.8.1 STM of 4Hb-TaSe2 

The CDWs forming in 4Hb-TaSe2 are similar in structure to those forming 
in the pure octahedral (1T) and pure trigonal prismatic (2H) phases. They 
maintain the same CDW superlattice orientation as observed in the pure 
phases, but only the CDW in the octahedrally coordinated layer becomes 
commensurate with lockin to a n a o  x n a o  superlattice at 410K after an 
onset at - 600 K. The trigonal prismatic layer develops an approximate 
3a0 x 3a0 superlattice at - 75 K, which remains incommensurate down to 
10 K, as determined by neutron diffraction data. 

The CDWs in the trigonal prismatic sandwiches show no order in the c axis 
direction, and therefore exhibit two-dimensional correlation in the plane of 
the trigonal prismatic sandwich. On the other hand, the much stronger CDW 
in the octahedral sandwiches shows long range order along the c axis, 
indicating that it interacts across the intervening trigonal prismatic layer to 
form a three-dimensional CDW superlattice. 

The STM scans can be carried out on a crystal with either an octahedral 
surface sandwich or a trigonal prismatic surface sandwich obtained by 
cleaving a single crystal and scanning both sides of the cleave. The STM 
z-deflection shows that the strength of each independent CDW has been 
reduced in the mixed 4Hb phase compared to the corresponding pure phases, 
with the result that the atomic modulation is more easily resolved on the 
octahedral sandwich. However, the f l a ,  x f l a o  CDW superlattice still 
makes a dominant contribution to the STM deflection. 

An STM scan on the octahedral sandwich of 4Hb-TaSe2 is shown in 
Fig. 3 1 (a) and shows the dominant @ao x f l a o  superlattice. The profile 
of z-deflection is shown in Fig. 31(b) and indicates an anomalously large 
CDW amplitude of - 5 A similar to that observed in the pure 1T phase. The 
strength of the CDW in the octahedral sandwich can also be seen in STM 
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FIG. 31. (a) An STM scan on the IT sandwich of a 4Hb-TaSe2 layer at 4.2 K showing both 
the CDW and atomic modulations ( I  = 2.2 nA, V = 25 mV). (b) Profile of z-deflection along the 
line shown in (a). The z-deflection of - 5 A is dominated by the CDW in the IT layer, but is 
reduced in amplitude from that observed in the pure IT phase. 
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scans on the trigonal prismatic sandwich of 4Hb-TaSe2. As shown in the 
composite of STM scans in Fig. 32, the CDW can show a large contribution 
by enhancing sunflowers of surface Se atoms, even though it resides in the 
octahedral sandwich that lies - 6 A below the surface sandwich. Adjustment 
of the STM scan can bring out the - 3a0 x 3a0 CDW superlattice modulation 
in the surface sandwich, but this remains weak relative to the atomic modu- 
lation of the surface Se atoms. (See the series of scans in Fig. 32.) 

By careful adjustment of the STM, it is possible to simultaneously detect 
both CDW modulations when scanning the trigonal prismatic sandwich. An 
example is shown in Fig. 33(a) where the two CDW superlattices generate 
coincident maxima on a super-superlattice of size 3 n a 0  x 3 n a 0 .  This 
super-superlattice is outlined by the large rhombus drawn in Fig. 33(a) and 
gives rise to an enhanced intensity on every third major peak in the profile 
of Fig. 33(b). 

8.8.2 STM of 4Hb-TaS2 

Crystals of 4Hb-TaS, show a CDW structure in which two related 
f l  a, x 0 a. commensurate superlattices appear in the octahedrally- 
coordinated layers after an initial CDW onset temperature of - 600 K. 
Friend et compared q vectors of the CDWs found in 4Hb-TaS, to those 
observed in the pure 1T and 2H phases and concluded that the transfer of - 0.12 electrons per tantalum atom from the octahedral to the trigonal 
prismatic layers could account for the required FS changes. Below the CDW 
resistive anomaly at 315 K, the 1T sandwiches are believed to become semi- 
conducting while the 1H sandwiches remain metallic below the CDW tran- 
sition at 22 K. Data published by Wattamaniuk et dS9 on the temperature 
dependence of resistivity perpendicular and parallel to the layers support this 
conclusion. The two CDW transitions give rise to discontinuities in pi,, but 
the behavior remains metallic down to 4.2K. pI is dominated by the semicon- 
ducting IT layers and rises to - 1200pRcm at 4.2K. 

At 4.2K the STM scans on the octahedral sandwiches show a strong 
CDW superlattice superimposed on the surface S atom pattern as shown in 
Fig. 34(a). As shown in the profile of Fig. 34(b) the total z-deflection is - 2 A 
with a dominant CDW modulation amplitude of - 1.5 A. The CDW forms 
a @ao x 0 a 0  hexagonal superlattice of charge maxima and deep minima 
owing to the strong charge transfer and LDOS modification caused by the 
CDW. The superlattice pattern is oriented at the commensurate angle of 
13.9", as found in the commensurate phase of the pure IT crystals. However, 
in the STM scans on the 1T sandwiches of the 4Hb phase the CDW maxima 
are systematically lower, and the atomic modulation consistently larger than 
observed in the pure 1T phase where the CDW is completely dominant. 
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FIG. 32. STM scans on the IH sandwich of 4Hb-TaSe2 at 4.2 K. These four scans were taken 
during a period of 5 2 hours and scan the crystal at identical current and bias voltage settings 
(I = 2.2 nA, V = 25 mV). These images demonstrate the variance in the CDW pattern seen on 
the IH sandwich of 4Hb-TaSe2 due to the complex superposition of the atomic modulation, the 
3% x 313, CDW modulation from the surface IH layer, and the @a, x f i a ,  CDW modula- 
tion from the underlying IT layer. Each image shows good atomic resolution, along with a 
variable contribution from the CDW modulations. The CDW contribution to each image 
(described in the order in which they were taken) is as follows: lower-right, a f i a o  modulation 
in one direction (slightly counterclockwise from the horizontal) and a weak 3a0 modulation 
along the atom rows closest to the vertical; lower-left, an intermediate strength $0, triple 
CDW; upper-right, both a triple @ao and a triple 3a0 CDW; upper-left, a strong f i a ,  triple 
CDW. (From Ref. 7 . )  
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FIG. 33. (a) Grey scale image from a STM scan on the 1H sandwich of a 4Hb-TaSe2 crystal 
at 4.2K. Two hexagons outline the 3a0 x 3a0 and &a,, x &a, superlattices which are 
rotated 13.9' with respect to each other. The rhombus outlines the unit cell of the 
3 &a,, x 3 &a, super-superlattice generated by the superposition of the 3u0 and the &uo 
modulations (I = 2.2 nA, V = 25 mV). (b) Profile of z-deflection along the edges of two adjacent 
3 &ao super-supercells. The three highest peaks each occur at an atom located at the comer 
of a 3 &uo rhombus. These maxima are approximately 0.1 A higher than the other &ao 
maxima and indicate the points of phase match between the two CDW superlattices. (From 
Ref. 7.) 
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FIG. 34. (a) Grey scale image from a STM scan on the 1T sandwich of a 4Hb-TaS2 crystal 
at 4.2 K. Both the CDW and atomic modulations are detected and the &a,, x f i ao  CDW 
superlattice generates relatively deep minima (I = 2.2 nA, V = 25 mV). (b) Profile of z-deflection 
along the line shown in (a). The majority of the z-deflection is due to the deep minima. (From 
Ref. 7.) 
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The presence of the much higher conductivity of the trigonal prismatic 
sandwich with a more extended FS can moderate both the effect of the strong 
CDW in the 1T phase layers and the possible nodal structure in the LDOS 
associated with CDW formation. The presence of a complex FS is confirmed 
by Shubnikov-de Haas oscillations observed by Fleming and Colemans0 that 
detect the presence of at least 15 frequencies in the range 0.044-8.2 MG. 
Wexler et aLm and Doran et a1.61 have used the layer method to calculate band 
structure in 4Hb-TaS2. Although the results are close to a superposition of 
the bands characteristic of the pure 2H and IT phases, hybridization and 
electron transfer is found to occur between the two types of sandwich and 
could easily account for the subtle changes in STM response. 

The CDW transition in the trigonal prismatic layers exhibits a reduced 
onset temperature of 22 K compared to the - 75 K observed in the pure 2H 
phase. STM scans on the 1H layer of 4Hb-TaS, detect clear evidence of a 
very weak 3a, x 3a, CDW superlattice. However, in some cases the stronger 
O a ,  x na,, CDW superlattice from the 1T sandwich 6i4 below is 
detected as enhanced “sunflowers,” showing a random variation of intensity 
in the scan. The overall behavior is similar to the STM response observed for 
4Hb-TaSe,, but the CDWs appear to give a weaker modulation of the 
tunneling current. These results are consistent with the general trends 
expected from the electronic differences between 4Hb-TaS2 and 4Hb-TaSe,, 
but represent only qualitative observations. 

8.8.3 Determination of Energy Gaps in 4Hb-TaSe2 and 4Hb-TaS2 

Structure in the dZ/dV versus V curves associated with the two separate 
CDWs has been observed at 4.2K in both 4Hb-TaSe2 and 4Hb-TaS,. 
However, the relative structure introduced by the CDW gaps is considerably 
different in the 4Hb selenide versus the sulfide. A representative dI/dV versus 
V curve for 4Hb-TaSe, at 4.2K is shown in Fig. 35(a). Two regions, 
characterized by a rapid onset of conductance increase followed by a peak, 
are clearly observed. These are characteristic of a gap edge followed by a peak 
in the DOS just above the gap edge. Both the STM amplitude and the 
associated gap structure in the dZ/dV versus V curve remain well-defined 
indicating that the CDW strength has not been changed significantly from 
that observed in the pure 1T and 2H phase. Both the 1T and 1H layers remain 
metallic at the lowest temperatures. Using the peak positions in the curves of 
the type shown in Fig. 35(a), we have determined the two CDW gaps in 
4Hb-TaSe2 to be Alr  = 140meV and AIH = 60meV. Both are reduced from 
those observed in the pure 1T and 2H phases where the measured values were 
AIT = 150 meV and A,, = 80 meV. The calculated values of 2ACDWIkB Tc are 
5.4 and 18.5 respectively, comparable to the same values observed in the pure 
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FIG. 35. (a) dI/dV curve for 4Hb-TaSe2 measured at 4.2 K. Sharp peaks in the conductance 
associated with the CDW gaps in the crystal are apparent at - 60 mV and - 180 mV. In order 
to compare the high temperature CDW gap value with data on pure IT-TaSe,, the gap structure 
can be measured as existing at the point where the rapid rise in conductance occurs. This 
conduction gives a value of - 140mV. (b) A dI/dV versus V curve measured at 4.2K for 
4Hb-TaS2. The conductance peaks are identified with the high-temperature CDW gap that 
generates peaks at  the fundamental of A = 72mV plus harmonics of the fundamental. The 
low-temperature CDW gap occurs within the minimum near zero bias and is not well-resolved. 

phases. Extremely strong coupling is observed in the 1H sandwich which 
requires a short coherence length model, while the 1T sandwich shows a 
substantially smaller value of 2A,,,/kB T, . 

These results are consistent with the overall behavior observed in the STM 
response and confirm the electronic modifications expected relative to the 
separate pure phase measurements. The sharp gap structure is consistent with 
the reasonably good resolution obtained for the two essentially independent 
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CDW superlattices in 4Hb-TaSe2, as well as their simultaneous resolution in 
the CDW super-superlattice detected in Fig. 33(a). 

In contrast to the 4Hb selenide, the 4Hb sulfide shows a much stronger 
modification of the CDW structure from that observed in the separate 1T and 
2H phase compounds. The 3% x 3% CDW superlattice onset temperature is 
reduced to 22 K and, as discussed in the previous section, the STM amplitude 
is extremely weak. The dZ/dV versus V curves in which good CDW gap 
structure is observed, are completely dominated by the larger CDW gap 
associated with the 1T layer. An example is shown in Fig. 35(b). The high- 
temperature CDW gap structure gives a fundamental peak at - 72 mV and 
this is followed by a harmonic series showing very strong amplitudes. The 
low-temperature gap structure is not well-resolved and lies in the region of 
minimum conductance near zero bias. The value is estimated from the weak 
structure in a number of runs to be AIH =< 30meV. The low-temperature 
CDW gap appears to be reduced substantially from the value of 50meV 
observed in the pure 2H phase, and this is consistent with the major reduction 
of CDW onset temperature in the 1H sandwich from 75 to 22 K. The values 
of 2ACDW/kB Tc maintain the relative difference observed for the CDWs in the 
octahedral versus the trigonal prismatic coordination sandwiches of all layer 
structure dichalcogenides, but the measured values of AIH and AIT are not 
sufficiently accurate for quantitative comparison. 

The behavior of the spectroscopic response in 4Hb-TaS2 compared to 
4Hb-TaSe2 may arise from the semiconducting nature of the octahedral layer 
in 4Hb-TaS2. If tunneling is required between the octahedral layers as 
proposed by Wattamaniuk et al.” in their analysis of pI , then the tunneling 
electrons may couple very strongly to the CDW gap in the octahedral layers. 
The existence of multiple tunnel junctions in series can easily lead to strong 
harmonic amplitudes. 

8.9 Linear Chain Transition Metal Trichalcogenides 

Three linear chain compounds in the transition metal chalcogenide group 
have been studied at 77K by Slough et a1.’0*”~62 using STM. Two of these, 
NbSe, and TaS,, exhibit CDW transitions while the third compound, TaSe,, 
does not. Gammie et al.,, have published preliminary STM data on NbSe, 
and TaS, . Dai et al.” have reported the most complete STM data on NbSe, 
at 4.2K in which the CDW modulations of the two separate CDWs are 
resolved in great detail. These quasi-one-dimensional metals are built up 
from a chalcogen trigonal prismatic cage surrounding a metallic chain. The 
MX, trigonal prisms are stacked on top of each other to form MX, chains. 
The chains usually run parallel to the b axis of a monoclinic unit cell and 
neighboring chains are translated by bo/2. The prisms are irregular due to the 
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FIG. 36. Cross sections perpendicular to the chain axes of the unit cells in (a) ZrSe,, (b) TaSe,, 
and (c) NbSe,. These unit cells are characteristic of the three types of chain structures found in 
Group IV A trichalcogenides. (From Ref. 2.) 

presence of chalcogen-chalcogen pair, and bonding is allowed between one 
metal atom and chalcogen atoms belonging to neighboring chains. The 
chalcogen pair can act as an electron reservoir that adjusts the density of 
electrons on the adjacent metallic chain. Cross sections of the unit cells in 
ZrSe,, TaSe,, and NbSe, are represented in Fig. 36, and are characteristic of 
the three types of chain structure found in the Group IV A transition metal 
trichalcogenides. 

The structure of the trichakogenides can be described according to the 
number of chain types found per unit cell. The compounds with one type of 
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chain per unit cell are represented by ZrSe, which has two variants, A and 
B, that differ in the details of bond lengths. In either type the chain is repeated 
twice in the unit cell. These materials are usually semiconductors and have 
not been studied by STM or AFM. This type also includes NbS,, which exists 
in several forms. One form may exhibit CDW transitions, although further 
experiments will be required in order to confirm the complete details. 

TaSe, has two types of chains per unit cell with a total of four chains in a 
monoclinic unit cell. The resistivity data show no evidence of CDW tran- 
sitions down to 2 K  at which point the crystal goes superconducting. A 
resistivity anomaly has been observed just above the transition to supercon- 
ductivity, but this is generally thought to be related to the onset of supercon- 
ductivity. Tajima and YamayaW have investigated this anomalous resistance 
rise that occurs within 1 K of the superconducting transition. STM studies 
have been carried out by Slough et a1.62 at 77 K and Dai et al." at 4.2 K and 
will be discussed later. More details of the crystal structure and electronic 
properties can be found in Ref. 2. 

The most important compound having three types of chain per unit cell is 
NbSe,. The three different chains are repeated twice in the monoclinic unit 
cell and are distinguished by different Se-Se bond lengths of 2.37, 2.48, and 
2.9 1 8, in their triangular basis. This implies considerable electronic exchange 
between the metallic chains, which can only be treated in detail by band 
structure calculations such as carried out by Shima and Kamirn~ra.~ '  Blocks 
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of four chains, similar to those of TaSe,, are separated by groups of two 
chains of the type found in ZrSe,. The four-chain block in NbSe, is not 
repeated through an inversion center as found in TaSe,, but is interrupted by 
the two-chain unit that has often been conjectured to have little or no 
conduction electron density, and therefore not involved in the CDW tran- 
s i t i o n ~ . ~ ~ . ~ ~  However, detailed band structure calculations by Shima and 
K a m i m ~ r a ~ ~  suggest that this two-chain unit carries appreciable conduction 
electron density and contributes to the low-temperature of CDW formation. 
STM results discussed later confirm this result. There are two independent 
CDW transitions observed, one with an onset at 144K and one with an 
onset at 59 K. The CDWs in NbSe, have been studied extensively by STM, 
and the CDW structure on each individual chain pair has been resolved.12 
The STM results clearly demonstrate that all three types of chain carry a 
CDW modulation. 

A second compound that has been studied by STM and exhibits three types 
of chain per unit cell is TaS,. Two polytypes of TaS, have been identified, one 
with a monoclinic structure similar to NbSe, and one with an orthorhombic 
structure. The monoclinic form has three types of chains, two with short S-S 
bond lengths of 2.068 and 2.105 A, and a third chain with a much larger S-S 
bond length value of 2.83A. The orthorhombic structure is a very similar 
arrangement of three chain types. The exact structure has not been deter- 
mined, but the unit cell is most likely built up of four slabs of TaS, chains, 
giving rise to 24 chains per unit cell. The relative orientations of the unit cells 
for the monoclinic and orthorhombic forms of TaS, have been discussed by 
Meerschaut and Rouxel.’ They have proposed a model that is built up of four 
slabs with TaS, chains related in a zig-zag manner. This model is based on 
Patterson maps and symmetry considerations and suggests a four-chain 
grouping somewhat similar to that found in the monoclinic form. 

Both forms of TaS, show CDW transitions. The monoclinic form exhibits 
two independent CDW transitions with onset temperature of TI = 240 K and 
T, = 160K, while orthorhombic TaS, shows one CDW transition with an 
onset of T = 210 K. The orthorhombic phase has been studied by STM and 
results are reviewed later. 

8.9.1 STM of NbSe, at 77 K 

The two independent CDWs forming at 144 and 59K in NbSe, remain 
i n c o m m e n s ~ r a t e ~ ~ * ~ ~  with the lattice down to the lowest temperature 
measured (4.2 K). The high-temperature CDW is estimated” to obliterate - 20% of the FS, while the low-temperature CDW obliterates - 60% of the 
remaining FS. The wave vector for the high-temperature CDW has been 
determined by Tsutsumi et a/.” and Hodeau et aL7’ as qI = (0, 0.243, 0) at 
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FIG. 37. Cross section of the unit cell of NbSe, viewed in the a-c plane. The chain labeling 
follows that used in Ref. 65 and the numbers refer to the calculated static charge on the surface 
Se atoms. (From Ref. 65.) 

145 K and q, = (0,0.241,0) at 59 K. Fleming et ~ 1 . ~ ~  report qI = (0,0.243 _+ 

0.005, 0) with little or no temperature dependence. The low-temperature 
CDW wave vector was measured as q2 = (0.5,0.259,0.5) by Tsutsumi et ~ 1 . ~ ‘  
and Hodeau et uI.,~’ while Fleming et uL6* measured qz = (0.5,0.263 f 0.005, 
0.5). Within experimental error these measurements are in agreement and we 
take the wavelengths of the two CDWs to be 4.1 1 56, (144 K) and (2.00 a,, 
3.802 b,, 2.00 c,) (59 K), respectively. 

At 77 K only one CDW should exist and it should be localized on chains 
of type I11 and 111’ as identified in the cross section of Fig. 37. Analysis of 
band structure  calculation^^'^^^ and NMR confirm that the 
high-temperature CDW exists on only one pair of chains. The identification 
of chain types I, 1’; 11, 11’; and 111, 111’ follows the designations used in the 
band structure calculations of Shima and Kamim~ra.~’  The numbers in 
Fig. 37 represent the calculated net charge on the Se atoms. 

STM scans of NbSe, at 77 K have been carried out by Slough et uI.’o.1’*62 
and the CDW modulation has been clearly resolved. The STM analysis 
requires identification of the correct chain structure, which must take into 
account height variations of the surface chains as well as the unequal charges 
on the Se atoms. As shown in Fig. 38(a) the three surface chains are reason- 
ably well-resolved with one chain exhibiting the maximum z-deflection. 
However, this is not chain I11 that contains the row of Se atoms forming the 
highest surface elevation (see Fig. 37). Rather, it is identified as chain 11, 
which carries the largest negative charge on the Se atoms. Chain I11 is the 
chain of intermediate height in the scan of Fig. 38(a). This is confirmed in the 
profiles plotted in Fig. 39(a), which are taken along the chain axis. The center 
profile is taken along the chain of intermediate height and shows a modula- 
tion of - 4b, as outlined by the dashed curve. The total z-deflection observed 
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FIG. 38. (a) Grey scale STM image of NbSe, at 77 K taken with the tip scanning perpendicular 
to the chains. Three chains per unit cell are resolved in the image (I = 5 nA, V = 70 mV). (From 
Ref. 10.) (b) Grey scale STM image of NbSe, at 77 K taken with the tip scanning parallel to the 
chains (I = 5 nA, V = 70mV). Three chains per unit cell are resolved. (From Ref. 10.) 
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FIG. 39. (a) Profiles of z-deflection taken along the three chains of the unit cell in Fig. 38(a). 
The atomic modulation of the center profile is out-of-phase with the upper and lower profiles, 
thereby identifying it as the profile of chain 111. It is also the only profile to show a -4b, CDW 
modulation, providing further confirmation that it is chain 111. (b) Profiles of z-deflecting along 
the tracks shown in Fig. 38(a), which are separated by b,/2. The chain of intermediate height is 
out-of-phase as required if it is chain 111. (From Ref. 10.) 

for the intermediate height chain is - 2 A, while the adjacent chains with little 
or no CDW modulation show a total z-deflection of - I A (upper and lower 
profiles in Fig. 39(a)). Two profiles taken perpendicular to the chain axis and 
separated by b,/2 are shown in Fig. 39(b). The chain of intermediate height 
is out-of-phase with respect to the low and high chains as required if chain 
I11 is identified as the chain of intermediate height. (See diagram of Fig. 37.) 
This phase relation is also confirmed in the contour scan of Fig. 40, where the 
Se atoms on the chain of intermediate height are clearly out-of-phase with 
the Se atoms on the other two chains. 

The STM scan in Fig. 38(a) was recorded with the scanning tip moving 
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FIG. 40. Magnified plot of contours of constant z-deflection generated from the scan in Fig. 
38. Atoms of high chains (white) and low chains (dark) are in phase along the chain axis, while 
atoms of the intermediate chains are out of phase (I = 5 nA, V = 70 mV). (From Ref. 62.) 

perpendicular to the chains. A scan at 77 K with the tip moving parallel to 
the chains is shown in Fig. 38(b). The total z-deflection is again - 2 A and 
there is one high chain and two of lower height. With the tip scanning parallel 
to the chains, the image shows a “barber pole” effect that may be connected 
with a slight misalignment between the chain direction and the scan direction. 
The chain adjacent to the high chain shows a strong CDW modulation of 
wavelength - 4b, as shown in the profile of Fig. 41(a) taken along this chain, 
while the other two chains show little or no CDW modulation. Both STM 
scans in Fig. 38 are therefore in agreement with respect to the existence of one 
high chain, while the CDW modulation resides on an adjacent chain of 
intermediate height. As shown in Figs. 39(b) and 41(b), the profiles perpen- 
dicular to the chains recorded from STM scans with the tip moving either 
perpendicular or parallel to the chains show total z-deflections of - 2 A and 
similar structures, thereby indicating that the STM response reflects the true 
surface structure. 

The minima occur between chains, and are of variable depth depending on 
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FIG. 41. (a) Profile of z-deflection along the intermediate height chain in Fig. 38(b). CDW 
modulation of wavelength - 4b, is clearly detected with amplitude of - 1 p\. (From Ref. 10.) (b) 
Profile of z-deflection perpendicular to the chains in Fig. 38(b) (with the tip scanning parallel to 
the chains). Comparison with the profiles in Fig. 39(b) (with the tip scanning perpendicular to 
the chains) shows similar structures and z-deflections independent of the scan direction. 

the profile track position relative to the Se atoms on a particular chain. In 
Fig. 39(b) the minima between chains I’ and 11, and between chains I1 and 
111, appear to have approximately the same depth, and chain I’ lies between 
these minima with a relatively low z-deflection. The conduction electron 
density on chain I’ should be large, and comparable to that on chain I1 and 
probably larger. Since both chains I’ and I1 are located at comparable surface 
heights, we conclude that the difference in STM deflection is due to the 
difference in static charge on the Se atoms of each chain. The increased static 
negative charge on the Se atoms of chain I1 (see Fig. 37) will push the 
conduction electron wavefunction farther from the surface, and increase the 
LDOS at the position of the tunneling tip, accounting for the increased 
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FIG. 42. STM scan of the b-c plane of NbSe, at 4.2 K. The high- and low-temperature CDWs 
are simultaneously resolved. The low-temperature CDW is identified with the two high white 
chains. Note that this region is comprised of two modulations that are out-of-phase and 
represent separate modulations residing on chains I’ and 11. Each of these is out-of-phase in 
adjacent unit cells, consistent with the wavelength component of 2c0 for the low-temperature 
CDW. The high-temperature CDW modulation resides on the intermediate height chain and 
these CDW maxima are in-phase in adjacent unit cells consistent with the single component of 
-46,(2= 2.0nA, V =  50mV). (From Ref. 12.) 

z-deflection on chain 11. At 4.2 K the formation of the low-temperature CDW 
completely modifies the relative heights observed at 77 K and the detailed 
results will be discussed later. 

8.9.2 STM of NbSe, at 4.2 K 

At 4.2 K the STM scans on NbSe, show strongly modified profiles due to 
the formation of the low-temperature CDW. The -4b0 CDW modulation 
induces extremely large z-deflections on chains of types I’ and 11. The high- 
temperature CDW remains localized on chains of type 111, and appears as 
narrow white maxima surrounded by the dark regions of the scan in Fig. 42. 
The parallel regions of large white maxima are centered on chains of type I’ 
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FIG. 43. (a) Profiles of z-deflection taken along the chains of type I' for three adjacent unit 
cells in the image of Fig. 42. The amplitude of the low-temperature CDW is - 2 A and is 
out-of-phase in adjacent unit cells as required by a 2c0 component. (From Ref. 12.) (b) Profiles 
of z-deflection taken along the chains of type I1 for three adjacent unit cells in Fig. 42. The 
low-temperature CDW amplitude is - 2 A  and is again out-of-phase in adjacent unit cells as 
required by a 2c0 component. 

and I1 and are phase shifted by - 180" with respect to each other. In adjacent 
unit cells these modulations alternate in phase by 180" due to the wavelength 
component of 2c0 associated with the low-temperature CDW. Profiles along 
chains I' and I1 in three adjacent unit cells are shown in Figs. 43(a) and 43(b). 
These remain relatively uniform with a 180" phase shift between unit cells and 
an amplitude of - 2 %, on each chain. The profiles along chains of type 111 are 
shown in Fig. 44, and show no phase shift between adjacent unit cells as 
expected for the single CDW component of 4.1 15b,. The amplitude of the 
CDW modulation is again - 2 A, and at the positions of these maxima the 
profile perpendicular to chains, as shown in Fig. 45, indicates that the 
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FIG. 44. Profiles of z-deflection taken along chains of type 111 in three adjacent unit cells of 
the image in Fig. 42. The amplitude of the high-temperature CDW is - 2 A  and the CDW 
modulations are in-phase in adjacent unit cells as required for the high-temperature CDW. 
(From Ref. 12.) 

maximum CDW amplitudes are comparable on all three chains. These 
profiles indicate that the LDOS, at the position of the tip when it is over the 
CDW maxima, is approximately the same for the maxima appearing on all 
three chains, although the lateral extent of the CDW maxima on chain I11 is 
much less than on chains I' and 11. 

The relative phases and amplitudes in these profiles, along with the symme- 
tries, provide convincing evidence that no tip asymmetries or multiple tip 
effects are playing a role in these scans. Such effects would tend to interrupt 
the symmetries and phase shifts observed between adjacent unit cells. For 
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FIG. 45. Profile of z-deflection thaken perpendicular to the chains in Fig. 42. The profile 
indicates that the CDW amplitudes at the maxima are comparable on all three chains. 
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FIG. 46. Profiles of z-deflection taken along chains of type 11‘ in the deep groove of Fig. 42. 
The type II’, as well as the surface chains of type 11, show a N 4b, CDW modulation with maxima 
that are out-of-phase across adjacent unit cells. The modulation on chain II’is out-of-phase with 
that on the adjacent chain I’ and is therefore in-phase with the modulation on chain 11. 

example, double tips with spacings coincident with the chain spacing would 
produce ghosts of chain I11 on chains I’ and 11, which in adjacent unit cells 
would be alternately in- and out-of-phase with the CDW modulation on 
chains I’ or 11. This would change the amplitude modulation profiles on 
adjacent chains. Only a phase shift is observed and the CDW amplitude 
profiles remain approximately the same in adjacent unit cells. The identifica- 
tion of the chain types and the individual CDW modulations in these STM 
scans are completely consistent with the atomic structure as indicated in the 
cross section of Fig. 45. The dark strip of minimum z-deflection in the scan 
of Fig. 42 can be identified with the space between Nb chains I’ and 111, which 
is 6.39A versus 5.17 and 4.06A for the other two spacings between Nb 
chains. The existence of this wide spacing also allows the tunneling tip to pick 
up modulation due to chain 11’ in the layer below the surface layer. The 
presence of this deep groove can be identified in all STM scans showing 
reasonable resolution of the individual chain structure in NbSe, at 4.2 K. In 
some STM scans the profiles recorded parallel to chain 11’ in the deep groove 
can clearly pick up the - 4b, CDW modulation residing on chain 11’ giving 
further confirmation that chains of type 11, 11’ carry a CDW modulation. 
Profiles in three adjacent unit cells recorded in the deep groove over chain 11’ 
are shown in Fig. 46: The 180” phase difference between the CDW modula- 
tions in adjacent unit cells is clearly resolved with an amplitude of - 0.5 A. 
This observation provides further evidence that no unusual tip effects or 
ghosts are contributing to the CDW modulation observed on chains of type 
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FIG. 47. Profiles of z-deflection along chains of type I' (lower profile) and type I11 (upper 
profile) from the image in Fig. 42. Comparison of the two profiles clearly indicates two different 
wavelengths as required for identification with the high- and low-temperature CDWs. The two 
profiles start out in-phase on the left hand side and move continuously out-of-phase as they 
proceed to the right hand side, with the CDW on chain 111 having the longer wavelength. (From 
Ref. 12.) 

11, 11'. These results have been confirmed in at least five different runs with 
different crystals and scanning tips. 

The differences observed between various high-resolution scans are mainly 
associated with the intense CDW modulation appearing on chains I' and 11. 
Although these are observed to be out of phase by 90 to 180" in the same unit 
cell, the large lateral extent of the CDW modulations on these chains causes 
them to overlap in many of the scans. However, the deep groove between chains 
I' and I11 can be clearly resolved in these cases, and the CDW modulation on 
chain 11' in the layer below this groove can be detected. Profiles along the 
bottom of such a groove are shown for three adjacent unit cells in Fig. 46. 

In addition to the profile comparisons given earlier, the identification of 
the high-temperature and low-temperature CDWs can also be checked by 
comparing the measured wavelengths. Profiles recorded along chain I11 and 
chain I' in the same unit cell are shown in Fig. 47. They start in-phase at  the 
left of the figure and move continuously out-of-phase, reaching a phase 
difference of N 108" after N 6 to 7 wavelengths. The two wavelength com- 
ponents along the b axis are 4.115 and 3.802& respectively, giving A1 of 
0.3 13 A that would produce a phase difference of - 180" in 6 to 7 wavelengths 
as observed in Fig. 47. This phase difference also develops continuously in the 
profiles of Fig. 47 indicating that abrupt discommensurations are not 
forming, and that both CDWs are continuously incommensurate. 
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FIG. 48. Grey scale STM scan of orthorhombic TaS, at 77 K. CDW modulations are observed 
on two separate chains with the CDW modulation in adjacent unit cells out-of-phase by 180' 
( I  = 2nA, V = 164mV). (From Ref. 1 1 . )  

8.9.3 STM of TaS, at 77 K 

The orthorhombic form of TaS, has been studied using STM at 77 K by 
Slough et ~ l . ' ' . ~ ~  At 77 K the CDW in orthorhombic TaS, should be commen- 
surate with the lattice with a wavelength component of 4c0 along the chain 
axis (c axis). The q vector components along the a,*, b,*, and directions have 
been determined by x-ray diffraction experiments to be (0.5,O. 125,0.250) at 
temperatures below - 140K. The wavelength component along the b axis 
perpendicular to the chain direction should therefore be 86,. The STM scan 
on the b-c plane should show a predominant modulation with a period of 4bo 
along the chain direction, with a small phase shift between chains in adjacent 
unit cells, in order to account for the 86, component perpendicular to the 
chain direction. 

A grey scale STM scan of orthorhombic TaS, at  77 K is shown in Fig. 48. 
Two strong CDW modulations on separate chains are observed in each unit 
cell, with a phase shift of 180" between the two modulations within the same 
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FIG. 49. Profiles of z-deflection parallel to the chains observed for STM scans along the right 
(R), center (C), and left (L) tracks shown in Fig. 48. The profiles illustrate the phase relation 
between the CDWs on adjacent chains. (From Ref. 1 1 . )  

unit cell. Since only one CDW onset is observed at 21 5 K in orthorhombic 
TaS,, the two modulations are interpreted as coupled to form a single CDW 
as proposed in a model by Wang et ~ 1 . ' ~  In this model the single CDW 
transition is explained in terms of the locking of two CDWs on separate 
chains and is characterized by a single wave vector. A CDW transition at  
21 5 K on one set of chains induces a CDW on the second set of chains. The 
single wave vector then adjusts as a function of temperature down to 140 K. 
Below this temperature the CDW locks into a stable commensurate distor- 
tion predominantly along the chain axis. Between 215 and 140K b,* com- 
ponent changes from 0.1 to 0.125 b,*. 

For the orthorhombic unit cell of TaS,, the lattice vector along the chain 
is co = 3.340 A. The CDW modulation wavelength in Fig. 48 is measured as 
,IcDw = 13.5 k 0.2& in good agreement with the expected value of 13.38& 
which is equal to 4 times the lattice vector. The unit cell dimension perpen- 
dicular to the chains is measured as b, = 14.9 f 0.7 A in close agreement with 
the value of bo = 15.173 A as determined by x-ray diffraction. 

The profiles measured parallel to the chain axis along the tracks shown in 
Fig. 48 are shown in Fig. 49. The two profiles labeled R and C in Fig. 49 
correspond to the right and center tracks in Fig. 48, and show a strong CDW 
modulation amplitude of N 4 A. The CDW maxima on these two chains are 
clearly out of phase by 180". The track along the third chain labeled L in 
Fig. 49 generates a profile showing very little CDW modulation and exhibits 
approximately one-half of the total z-deflection that is observed on the other 
two chains. However, in a number of scans a weak amplitude modulation of 
wavelength -4bo can be detected on the third chain. This is a weaker 
modulation, but may also be induced by the stronger modulations forming 
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on the other two chains. All three modulations clearly shift phase by small 
equal amounts in adjacent unit cells, as required by the 8bo component 
perpendicular to the chains. 

In the model of Wang et ~ 1 . ' ~  it is assumed that separate CDWs can form 
on two different pairs of chains, and these would be characterized by complex 
order parameters 6, and 6,  for each type of chain pair. In this respect, the 
CDWs would be very similar to those forming in monoclinic TaS, and 
NbSe, , which form at separate temperatures with two different q vectors. 
However, in the orthorhombic phase the separate q vectors q1 and q2, are 
nearly parallel and the system can choose a unique q vector between qI and 
q2 for which a first-order decrease in energy proportional to 6, d2 occurs. This 
can arise from coupling due to electrostatic or elastic interactions connected 
with the CDW deformation of the lattice. In the monoclinic phase the large 
q vector component of 0.5 c$ transverse to the chain direction for the low- 
temperature CDW would be unfavorable for formation of a single q vector, 
and thus the two CDWs form independently at two different temperatures. 

The STM scans on orthorhombic TaS, indicate that the CDW modula- 
tions on the two pairs of chains exhibit substantial lateral extent, with the 
result that a complex pattern of CDW modulations extends over both pairs 
of chains as shown in Fig. 50. The pattern shows a 45" slant due to the 180" 
phase shift between the adjacent chains showing the major CDW modula- 
tions. In the grey scale scans of TaS, the CDW modulation pattern is oriented 
at - 84" to the chain direction. This is consistent with a wavelength com- 
ponent of 8bo perpendicular to the chains, although a full supercell with a 
width of 8 chains is not shown. Wider scans showing 8 or more chains have 
not provided good resolution of the CDW modulation. Good resolution of 
the CDW modulation has also only been obtained with the bias voltage set 
above 160mV, which is the approximate value of the CDW energy gap 
structure in the dl/dVversus Vcurves. STM measurements of the energy gaps 
are discussed later. 

8.9.4 Tunneling Spectroscopy of NbSe, and TaS, 

The CDW energy gaps in NbSe, and TaS, have been determined with 
reasonable accuracy using the STM at 4.2 K. In NbSe, structure in the dZ/dV 
versus Vcurve can be identified at - 35 mV and at - 101 mV as shown in the 
example of Fig. 51. These structures can be associated with the low- 
temperature and high-temperature CDWs respectively. Measurements on four 
different crystals, and averaging a number of runs from each crystal, gives values 
for the CDW energy gaps of A1 = 35.6 k 2.8 meV and A2 = 101.2 k 4.1 meV. 
The corresponding values of 2Ac,,/kB Tc are 14.0 and 16.2 respectively. 
These are much larger than expected for the weak-coupling, long-coherence 



LINEAR CHAIN TRANSITION METAL TRICHALCOGENIDES 419 

H 
1 nm 

FIG. 50. Grey scale image of orthorhombic TaS, at 77 K. The charge maxima are smeared out, 
creating diffuse maxima elongated at  - 45" to the chain direction. (From Ref. 12.) 

length model and require the short-coherence length model as discussed by 
M ~ M i l l a n . ~ ~  These values of the CDW energy gaps are in reasonable agree- 
ment with a fixed tunnel junction measurement of A, = 35.0 & 2.5meV 
carried out by Fournel el ~ 1 . ' ~  and point contact measurements of 
A, = 36.5 meV and A2 = 90meV carried out by Ekino and Akimitsu."' 

The energy gaps have been measured for different positions of the tip with 
respect to the CDW maxima, the chain positions, and the atomic structure. 
No variation in the position of the energy gap structure in the conductance 
curves has been detected and none would be expected. The CDW produces 
partial gapping of the FS, and the DOS change above the gap voltage would 
be expected to remain uniform as would the Fermi level. Local variations in 
the CDW gaps would only be expected due to local impurities or defects. The 
mean free path of the tunneling electron would also be expected to equal a 
number of chain separation lengths, which would tend to average any local 
gap variations as well. 
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FIG. 51. dI/dV versus V curve for NbSe, at 4.2K. Structure identified with both gaps is 
apparent - 35mV (low-temperature gap) and - 101 mV (high-temperature gap). 

The dZ/dV versus V curves obtained for orthorhombic TaS, at 4.2 K show 
a well-defined structure at a voltage of - 80 mV. An example is shown in Fig. 
52, where the large change in DOS at the gap edge is consistent with the 
expected semiconducting behavior of TaS, below the CDW transition, which 
gaps the entire Fermi surface. The value of 2Acow/kB Tc for orthorhombic 
TaS, is 8.6, a value which indicates a strong coupling, but is a substantially 
lower value than that observed for NbSe,. 

8.9.5 STM of TaSe, 

An STM grey scale scan of TaSe, at 4.2K is shown in Fig. 53(a) and is 

TaS3 

0.07- 4.2K 

5 0.05~ 
0.04- 

0.03- 

0'06?20-0.1 5-0.1 0-0.05-0.00 0.05 0.10 0.1 5 0.20 

1 

VOLTAGE (V) 

FIG. 52. dI/dV versus V curve for TaS, at 4.2 K. A well-defined gap structure is observed with 
an onset at - 80mV. (From Ref. 39.) The gap structure is extremely strong, consistent with the 
semiconducting CDW phase in TaS,. 
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FIG. 53. (a) Grey scale STM scan of TaSe, in the b-c plane at 4.2 K. Four rows of atoms are 
resolved, consistent with the two-chain surface structure. (b) Profile of z-deflection perpendicular 
to the chain axis. The amplitude is - 2.0 A ( I  = 2.2 nA, V = 200mV). 

consistent with the atomic structure shown in the unit cell projection of 
Fig. 36(b). The total z-deflection is N 2.1 A at 4.2 K. The deep minima 
correspond to the larger separation between the center chain and the chain 
on the right in Fig. 36(b). The four Se atom rows per unit cell are also 
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resolved. Three of these form a plateau, while one of these rows lies in a deep 
crevice. A profile perpendicular to the chains is shown in Fig. 53(b), and 
follows the expected variation in atomic height. The effective barrier height 
measured for TaSe, at 4.2 K is extremely low (< 0.20 eV), and suggests that 
the STM deflection will be extremely sensitive to the STM operating parameters. 

The STM results on TaSe, show a good resolution of the chain structure. 
Similar chain structures are resolved in the two compounds exibiting CDWs. 
The results on TaSe, add additional evidence that both complex surface 
atomic structure and CDWs can be resolved with the STM. 

8.1 0 Conclusions 

The series of STM experiments reviewed in this chapter have conclusively 
established the value of the STM in detecting the real space arrangement and 
the intensity of charge-density wave structure. Both the atomic and CDW 
structure have been well-resolved, and the STM amplitude response has 
shown a systematic correlation with the strength of the CDW. CDW struc- 
ture deduced from other types of experiments has been confirmed on an 
atomic scale in the real space images, and in a number of cases new and 
unexpected results on CDW structure have been obtained. For example, 
NbSe, has been shown to support a CDW modulation on three pairs of 
chains rather than two, and orthorhombic TaS, shows a correlated induced 
CDW structure on at least two pairs of chains. 

The initial AFM experiments also demonstrate that the AFM can give 
good resolution of CDW structure, although the amplitude relative to the 
atomic amplitude is much smaller than observed with the STM. Combined 
STM and AFM studies should be complimentary. 

A large series of spectroscopy measurements have shown that reliable 
information on CDW energy gaps can also be obtained with the STM. The 
spectroscopy mode is highly sensitive, but systematic reproducibility has been 
obtained. The STM can be expected to supply extremely valuable informa- 
tion on many aspects of electronic structure in materials. 
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9. S U PER CO N D U CTO R S 

Harald F. Hess 
AT&T Bell Laboratories, Murray Hill, New Jersey 

9.1. Introduction 

The technique of tunneling has played an important and central role in 
confirming and extending our knowledge of superconductivity. It was initi- 
ally used as a tool to understand the bulk properties of these remarkable 
compounds. By tunneling electrons through thin insulating films into super- 
conductors, one can study how the density-of-states in the superconducting 
state is modified. This method is routinely used to determine important 
parameters of superconductors. Traditional thin film tunneling, however, 
takes place over a broad area and tends to average any spatial variations in 
the density-of -states. 

The STM, on the other hand, allows tunneling to take place only over a 
very small area with atomic dimensions. This chapter will describe how the 
STM measures the local density-of-states in a superconductor. The main 
emphasis will be on those aspects that distinguish the STM from the tra- 
ditional tunneling methods, and how this new ability to measure local spatial 
variations in tunneling spectrum (sometimes referred to as scanning tunnel- 
ing spectroscopy or STS) can reveal new physics of superconductivity. 

The recently discovered high temperature superconductors have been the 
subject of many STM investigations. However, obtaining high quality tun- 
neling data on these compounds remains a challenging goal. This is presently 
a very active, rapidly developing field and much progress has been made. A 
review of this topic can be found in Ref. 1, and will not be further discussed 
here. 

9.2. The Superconducting State 

9.2.1 Homogeneous Phase 

Ever since the existence of superconductivity was established by the 
pioneering work of H. Kamerlingh Onnes in 1911, many materials were 
discovered to display the two characteristic properties of the superconducting 
state: zero resistance and a tendency to expel magnetic fields, the Meissner 
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effect. The conductivity and diamagnetism is perfect below a critical tem- 
perature Tc and below a critical magnetic field H,, . 

A complete microscopic description of this phase was established when J. 
Bardeen, L. N. Cooper, and J. R. Schrieffer developed their BCS theory of 
superconductivity.2 They predicted a remarkable new ground state where 
electrons of opposite momentum and spin form pairs. Any excitation of this 
ground state requires one of these Cooper pairs to be broken into two single 
particle excitations. A minimum energy of A, the energy gap, is required to 
create one of these quasiparticles. The BCS theory made explicit predictions 
about how such a gap should evolve with temperature. It also deduced the 
functional form of the energy distribution for these quasiparticle excitations 

n ( t )  = 0 E < A(T)  

& 
n(E) = no E 2 A(T).  JE’ - A(T)’ 

If an electron is to tunnel from a metallic STM tip into the superconductor, 
it will enter into one of these quasiparticle states, so the tunneling current 
provides a direct measure of the density of these states. Summing over all 
thermally occupied electron states Y, in the metal tip at location R, the 
quasiparticle states Ys in the sample, and the transition tunneling matrix 
element (Ys(ei, r)]Yt(Ej, r + R ) ) ,  leads to an expression for the differential 
conductance 

Here dfld&(a - e V )  is the derivative of the Fermi distribution which becomes 
very sharply peaked at ci - cj = eV at low temperatures. An important 
experimental cornerstone of the BCS theory was the thin film tunneling 
experiments of I. Giaever,I which confirmed this distribution of states. 

The STM distinguishes itself from the traditional thin film tunneling 
technique in several ways. Instead of requiring a high-quality oxide film or 
other insulating tunneling barrier, a controllable vacuum barrier is used. This 
opens new possibilities for studying superconductors that otherwise do not 
support the formation of good, high-quality insulating films. Furthermore, 
the transition matrix element as a function of tip position becomes propor- 
tional to the sample wavefunction amplitudes. The ideal tip wavefunction 
simply acts like a spatial delta function on the sample quasiparticle wavefunc- 
tion, and locally maps out its amplitude on the surface. So in the limit of low 
temperatures and the perfect tip, Eq. (2) simplifies to 
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FIG. 1. Basic structure of the vortex showing the profile of the magnetic field, the order 
parameter, and the relative length scales. 

For a superconductor the quasiparticle wavefunctions are given by a spinor 
with the two components u(r) and v(r). If the wavefunction amplitudes have 
no spatial structure, the differential conductance is proportional to the 
density-of-states of Eq. (1). 

9.2.2 lnhornogeneous Phase of Superconductivity 

The application of a magnetic field to a superconductor can change the 
homogenous electronic structure into one with marked spatial variations. 
Below a field of Hcl the Meissner effect will initially prevent flux penetration. 
Above a much larger field H,, the superconductivity is entirely destroyed and 
the electronic structure reverts to that of a normal metal. For certain super- 
conductors, type 11, there exists an intermediate range of magnetic fields 
between H,, and Hc2 where a mixed phase exists. This was first predicted by 
A. A. Abrikosov4 in 1958. Using the Landau-Ginzberg theory of supercon- 
ductivity, Abrikosov found that the superconducting order parameter A( T, 
r) would vanish periodically on a hexagonal lattice of lines. This array of lines 
is parallel with the field and is known as the Abrikosov flux lattice. 

Each one of these singularities is associated with a filament of magnetic 
field and referred to as a flux line or vortex. One quantum of magnetic flux 
hc/2e = 2.07*10-7gausscm2 defines each one of these filaments. For a 
magnetic field 3, the spacing between flux lines is given by 489001 
, / B A  gauss-’”. The circulating electrical currents that define the field profile 
of the flux line, decay exponentially with a radial length scale of A, the 
magnetic penetration depth. For type I1 superconductors this length scale is 
larger than the coherence length (, the distance over which superconductivity 
is quenched. This basic picture of a vortex’ is illustrated in Fig. I .  

Many elegant experiments have confirmed the existance of these flux lines. 
Among them are Bitter decoration patterns with fine magnetic particles,6 
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neutron ~cattering,~ NMR,8 electron micros~opy,~ and electron holography." 
Most of these techniques are sensitive to the magnetic field variations. 

STM, in contrast, is sensitive to the electronic structure. The motivation to 
perform local tunneling spectroscopy on the inhomogeneous phases of super- 
conductors has been recognized for some time. Indeed the pioneering develop- 
ment of the STM itself was driven in part by the hope of such an application. 

The first direct STM observation of the inhomogeneous phase and the flux 
lattice was observed in 2H-NbSe2 . 1 1 . 1 2 3 ' 3 , ' 4  Before describing these results, we 
will first review the experimental techniques and procedures that have been 
useful on superconductors. 

9.3. Experimental Techniques for STM on Superconductors 

The construction for the STM is standard, following the guidelines of 
Chapter 2. It has a platinum-iridium tip, and uses a piezoelectric tube 
scanner that is mounted on a differential spring course approach mechanism. 
To use this instrument at low temperatures and high magnetic fields requires 
additional care in the choice of construction materials. Attention must be 
given to the thermal contraction coefficients and magnetic materials must be 
avoided. 

A high-quality superconducting surface can be produced most easily with 
2H-NbSe2. It has a layered structure. The inert surface prevents chemisorp- 
tion, so clean atomic surfaces are observable with minimal sample prepara- 
tion. Besides a superconducting phase, this material also supports a charge 
density wave phase. Refer to the previous chapter for a more complete 
discussion of this compound and the CDW phase. A number of supercon- 
ducting parameters have already been determined with 5 = 77 A" and 
;1 1: 2000A in the plane of the layers,'(' also A = 1.1 meV" and Tc = 7.2 K. 

Data on superconductors can be best acquired by measuring the differen- 
tial conductance, dI/dV(x, y, z,  V ) ,  at some sample tip bias voltage, V. This 
is unlike most STM applications where tip deflection z (x ,  y ,  V)I, is the 
experimentally relevant quantity. The differential conductance can be con- 
veniently obtained with a lock-in amplifier technique. A small AC voltage 
VAc in addition to the bias voltage V is applied across tip and sample. This 
will result in a small AC current response that is proportional to the differen- 
tial conductance. 

It is important to keep the magnitude of VAc small to obtain high-energy 
resolution. For a typical normal metal-superconductor barrier the energy 
resolution is ultimately limited by thermal smearing that is on the order of 
3.5 kT. The dither voltage is then best kept comparable or smaller than 
3.5 kT/e. For temperatures below 1 K this requires careful shielding of the tip 
and sample leads, since these voltages are well into the microvolt range. 
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The distance between tip and sample is set by the constant current 
feedback loop. For this purpose, a voltage much larger than that of the 
superconducting gap is used, so that the resistance or spacing is roughly 
independent of voltage. A resistance of 10s-109 ohms ensures a reasonably 
large tunnel barrier. dI/ds measurements on 2H-NbSe2 yield 1-2 eV for the 
barrier height under these conditions. This also forces the DC tunnel current 
to be small, on the order of tens of picoamperes or less. 

A question that often arises is whether such localized currents are suffi- 
ciently large to cause local perturbations such as heating, exceeding the local 
critical current or creating other nonequilibrium effects on superconductivity. 
Experimental measurements resolve no systematic current-dependent effects 
in the spectrum. Indeed, one can argue that such effects should not be visible 
when the individual electron tunneling rates are low compared to the various 
relevant thermal or quasiparticle relaxation rates. Then the sample can settle 
back to the equilibrium state between successive electron tunneling events. 

The actual signal of the AC tunneling current is correspondingly small, 
about 100 femtoamperes. A fundamental signal-to-noise ratio is set by shot 
noise and a reasonable signal-to-noise ratio can be achieved by time averag- 
ing. Typical dI/dV( V )  curves take a few minutes and complete 2-parameter 
images can take up to several hours. Fortunately the low-temperature STM 
does not have thermal drift problems and is a very stable instrument, so long 
scans are not unreasonable. 

Several steps are involved in the data acquisition cycle for collecting the 
dZ/dV(x, y ,  z ,  V )  data. First the distance z is set with a large tunnel bias 
voltage v/ while the constant current feedback circuit is active. The feedback 
loop is next opened while the tip is held steady to better than 0.1 A for the 
voltate data acquisition cycle. The first voltage VN applied across tip and 
sample should also be much larger than the relevant gap values and dZ/dV(x, 
y ,  z ,  V,) is recorded. This quantity is useful later for normalizing the data. 
Thereafter, a sequence of voltages V; are applied and each corresponding 
dI/dV(x, y ,  z ,  V ; )  is recorded. The tip-sample voltage is then returned to 5, 
the feedback loop switched back on, and the tip moved to a new x, y 
coordinate. Here the feedback loop is again opened, and the whole voltage 
data acquisition cycle is repeated for the new location. 

A large number of measurements can easily result since three independent 
parameters x ,  y and V can be varied. Since signal-to-noise considerations 
often dictate a long lock-in averaging time for each one of the conductance 
measurements (sometimes up to one second), it is necessary to limit the 
number of data points taken for a reasonable length scan. If one wishes to 
emphasize the two-dimensional spatial structure, the number of voltage 
values can be limited to just two or three values. The real-space conduc- 
tance images can show the location and symmetry of the vortices. Alterna- 
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tively, if spectral information is the goal, the number of voltage samples can 
be large but the number of spatial coordinates might have to be reduced. The 
symmetry of the real-space images can guide those choices. For example, for 
a vortex one may want to sacrifice a complete two-dimensional grid of x, y 
coordinates, in favor of a one-dimensional sequence of points on a radial line 
that pierces the vortex at some fixed angle. Such a data set is directly useful 
to show how the spectrum evolves as a vortex is approached. 

There is also a more direct way to image vortex patterns without using the 
sample and hold cycle. The tip-sample voltage can be reduced to a value 
comparable to the gap, and the surface scanned with constant current 
feedback conditions. Vortices are revealed simply by monitoring z(x, y)l, or 
dl/dV(x, y, ~( l ) ) l , , ,~ .  The tip, feeding a constant current to the sample, will 
retract slightly above the higher conductance region areas, such as the vortex 
cores. Signal amplitudes of several tenths of an angstrom are observed. 
However, the conductance signal is more direct and also gives a better 
signal-to-noise ratio. 

9.4. Spectrum in Zero Field 

An example of how the STM can also measure these quantities is displayed 
in Fig. 2. The superconducting energy gap of 2H-NbSe2 forms at 7.2"K and 
opens up to about 1.1 meV at the lowest temperatures. Above 2°K the 
conductance data agrees roughly with the functional form of Eqs. (1) and (2), 
provided that finite temperature effects and thermal smearing are included. 
The evolution of the gap size with temperature is consistent with BCS theory 
indicated by the solid line in Fig. 2a. 

Normally the tunneling current of large-area, thin film junctions is domi- 
nated by electrons with the largest normal kZ vectors, all other directions are 
exponentially suppressed. When the tunneling takes place in a material such 
as 2H-NbSe2 with a two-dimensional Fermi surface with little dispersion in 
the z direction, electrons can tunnel into final states with larger nonzero 
lateral momentum components. Quasiparticle states on various parts of the 
Fermi surface are much more evenly weighted in the spectrum. 

On closer examination, deviations of the tunneling spectra from the single- 
valued gap form of Eq. (1) are observed. The top part of Fig. 3 displays the 
gap structure over a larger voltage range. The superconducting gap is visible 
as the small structure near zero bias. A second discontinuity in the density- 
of-states is observed at & 34mV. This feature results from the other phase 
transition, the charge density wave transition. A charge density wave gap 
opens up on parts of the Fermi surface at k, = 0 along the six different charge 
density wavevectors. This anisotropic CDW gap will have important conse- 
quences for the superconducting vortex structure. The remaining parts of the 



SPECTRUM IN ZERO FIELD 

d - 6 
1 -  

. c -  
2 4 

2.- 
% 

2 

0 

433 

7.00K . 

6.OOK 

5.00K 

4.00K 

..... 3.00K 

2. OOK 

................................................. 
.................... .,.,....,....................I 

........ 
2 ................... ................... G 

..................... ..................... 
........................... ............... ;; 

................... ..................... 
0 . .  

. . .  
. *  

. . . . . . . .  .................. .............. .?:+::,,; 
. , .  - ' I ' L I ' ' ' - -  - "  ' ' ' ' ' I ' 

FIG. 2. (a). Behavior of the conductance spectrum of 2H-NbSe2 at different temperatures as 
it is cooled below the superconducting transition temperature. 2(b). A fit to the spectra yields 
the temperature dependence of the gap, the solid line is the BCS expectation. 

Fermi surface participate in the superconducting transition. A high-resolu- 
tion spectrum detailing the superconducting gap taken at 50mK is shown in 
the bottom part of Fig. 3, where the thermal smearing is now minimal. This 
spectrum is inconsistent with a density of states with a single valued gap (Eqs. 
( I )  and (2), also shown in Fig. 3 as the dashed line). Such data may well be 
better described by a distribution of superconducting gaps ranging from 0.7 
to 1.4 mV over various parts of the Fermi surface. Residual surface currents 
may also cause some smearing of the gap. 
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FIG. 3. (top). Spectrum over a larger energy range displaying the charge density wave gap at 
33meV where 2A/kTc = 24. 3 (bottom). Spectrum taken at 50'mK with reduced thermal 
smearing displaying nonideal BCS behavior. 

9.5. Vortex Data 

9.5.1 Spatial Images 

The spatial inhomogeneities of the excitation spectrum induced by a vortex 
can be imaged directly by the STM. This is best seen when the normalized 
conductance dZ/dV(x, y ,  V)/dZ/dV(x, y ,  V,) is plotted on a grey scale. Such 
data for a relatively isolated vortex, generated by an applied field of 
500 gauss, is shown in Fig. 4. The spatial coordinates range over a 1500 A 
square grid of 128 by 128 points. The normalized bias voltage V, was chosen 

FIG. 4. Spatial images of the normalized differential conductance at three different bias 
voltages 0.0 mV, 0.5 mV, and 1.3 mV, where the normalization voltage is 5 mV. The grey scale 
varies from 0 black to 1.59 white, 0.1 to 0.9, and 0.9 to 1.7 for the three respective voltages. The 
size of the scanned region is 1500 A. 
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at 4A/e N 5mV. Figures 4(a) and 4(b) correspond to the conductance 
patterns seen at O.OmV and 0.5mV bias, respectively. A bias voltage of 
1.3 mV was used for Fig. 4(c). A grey scale representing the conductance ratio 
ranges from 0 (black) to 1.58 (white), 0.1 to 0.9, and 0.9 to 1.7 for the three 
applied voltages. The conductance vanishes far from the core for Figs. 4(a) 
and 4(b) since both voltages are well below the superconducting gap where 
no states should exist. The high conductance areas in the center correspond 
to images of the normal metal core. This pattern is reversed in Fig. 4(c) where 
a bias voltage above the gap is employed. In this case, a somewhat enhanced 
density-of-states is observed away from the core and decreases at the vortex 
center. 

In the simplest model of a superconductor the size of the normal core 
region should be of the order of the coherence length. The images present a 
more complicated, yet more beautiful, picture. The smallest structure is 
visible for the zero bias images shown in Fig. 4(a) with a radial decay length 
being of the order of a few coherence lengths. At higher bias, 0.5 meV in Fig. 
4(b), the core forms an even larger spatial structure. In both cases the radial 
decay length depends strongly on the angle and results in a star-shaped 
pattern. In Fig. 4(a) the decay of conductance is fastest in the crystallographic 
a direction and slowest at 30" away from a. This also means that the rays of 
the zero volt bias star extend along the CDW wavevectors. Surprisingly this 
situation is reversed for the 0.5 mV bias image in Fig. 4(b). Here the decay 
is slowest in the crystallographic a direction. A comparison of the two images 
shows an apparent 30" rotation of the star pattern. At bias voltages above the 
gap this angular structure is no longer as pronounced, and a more circularly 
symmetric image results. Direct profiles of these vortices at 0.0meV and 
0.5meV and 2 discrete angles are shown in Fig. 5. 

The star patterns observed in the vortex cores might arise from two 
sources: from two sources: from interactions of nearest neighbor vortices of 
the hexagonal flux lattice, or possibly it might be intrinsic to a single vortex, 
produced by the 6-fold anisotropy of the atomic crystalline band structure. 
Since the star shape persists undiminished even at large vortex separation, the 
atomic crystalline band structure is most likely responsible for the aniso- 
tropy. 

When larger fields are applied, the vortex spacing decreases and the effects 
of vortex-vortex interactions should become more pronounced. Abrikosov 
predicted that such vortices will organize themselves into a hexagonal lattice. 
This is present even at the lowest fields of 250gauss, but can be better 
observed at higher fields where more vortices are present within the scan 
range of the microscope. Figure 6 shows this lattice on a 6000 A square at a 
field of 10 kG. The grey scale corresponds to dlldV(1.3 mV) data taken under 
constant current feedback conditions with a 1.3 mV bias. The angular orien- 
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Radius (A) 

FIG. 5. Conductance profiles of the conductance data of Fig. 4 at two angles with respect to 
the crystalline lattice. 

tation of the flux lattice is always observed to be the same and appears to be 
locked to the crystalline lattice orientation, where the atomic lattice a direc- 
tion matches the nearest neighbor vortex direction. 

9.5.2 Spectral Images 

Considerably more insight into the physics of vortices may be obtained 
from the spectral evolution images. This data corresponds to many spectra 
taken on a sequence of points along a line that extends radially through a 
vortex. Figure 7 shows a perspective view of the normalized differential 
conductance over the range f 5 mV. The sampling line extends back 800 A 
with the vortex located at 600A. 

A most surprising feature is that the conductance in the core does not show 
a flat density-of-states that one might expect if it were to be described as a 
“normal metal.” Instead there is a pronounced peak in the conductance at 
zero bias. This peak has been observed with a maximum normalized conduc- 
tance of up to 4. Many factors appear to influence its height. It is most 
pronounced at the lowest temperatures, thermal smearing above a few Kelvin 
reduce its amplitude. There is also some variation of peak height from one 
vortex to the next. A potential cause may be impurity or other defects in the 
vicinity of the core, which can perturb the density-of-states. Some sample- 
to-sample variation may also be indicative of this. If the sample line misses 
the core by several Angstroms, the zero-bias amplitude will also be reduced. 
By taking several parallel, closely spaced, sampling lines one can ensure that 
one of them is within a reasonable distance of the vortex center. 

The spectral evolution is also sensitive to the angle at which the sampling 
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- 6000; - 
FIG. 6. The Abrikosov vortex lattice as observed in an STM conductance image at I .3 mV and 

I Tesla field. The grey scale varies from 0.5 to 1.5*10-*ohms-’. 

line penetrates the core. A sampling of such data at different angles, as 
sketched in Fig. 8, gives insight into the source of the 6-fold “star” patterns 
observed in the real space images. Since the anisotropy is most pronounced 
at energies below the gap, the subgap structure can be best revealed at  the 
lowest temperatures, 50°mK, and focusing on a smaller voltage range, - 1.65 
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FIG. 7. Perspective view of the superconducting spectra as it evolves on an SOaA line that 
penetrates through a vortex. Notice the zero bias peak at  the vortex center and how it splits into 
two subgap peaks at  larger radius from the core. 

to + 1.35 mV. The data for three different angles measured with respect to the 
a direction is shown in the perspective views of Fig. 9. 

Here one can observe that the zero-bias peak splits into not one but two 
pairs of subgap peaks that merge eventually with the energy gap at large 

FIG. 8. Schematic of the various sampling lines that pass through the vortex core and are used 
for the spectral evolution data of Fig. 9. The crystallographic a direction is indicated and lines 
up also with the vortex lattice direction. 
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FIG. 9. A more detailed perspective of dI/dV( V, r )  showing how it evolves along the three lines 
sketched in Fig. 8. The energy scale is smaller than Fig. 7 and probes only structure wtihin the 
gap. The perspective scale corresponds to a 10008, sampling line with the vortex positioned at 
250 A from the back. The outer subgap peak is not sensitive to angle, but the inner peak collapses 
to zero energy at 30". A few spectra of the perspective data are explicitly plotted in Figs. 9(d), 
(el, and (0. 

radius. The energy evolution of these peaks is displayed more directly in Fig. 
10. The outer peaks do not appear to be sensitive to the angle of the sampling 
line, while the inner pair is. It has its maximum energy at 0" where it is just 
below that of the outer peaks [see Figs. 9(c) and 9(f)]. At larger angles it 
decreases to lower energy [see Figs. 9(b) and 9(d)]. Finally at 30" [see Figs. 
9(a) and 9(d)] the inner subgap peaks have merged together to form a broad 
hump at zero bias at all radii. This corresponds also to the rays of the zero 
mV "star," in Fig. 4(a). The 30" rotation of the 0.5mV image, in Fig. 4(b), 
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FIG. 10. The subgap peak energies of Fig. 9 as a function of radius. The dotted and dashed 
lines correspond to asymptotic forms, from Eqs. (8) and (1 I), respectively. The solid line is a 
guide corresponding to the outer subgap peak data. 

is also consistent with the extra conductance that occurs at this higher bias 
in the 0' direction associated with the inner subgap peak. 

The spectral evolution is also sensitive to the proximity of neighboring 
vortices. This can be seen clearly in Fig. 1 I ,  where the three different applied 
fields correspond to inter-vortex spacings of 3100 A, 1550 A, and 770 A. The 
first one of this series approximates that of an isolated vortex, as the separa- 
tion is larger than a penetration depth. The angle 30" was chosen as the 
simplest case where the influence on the outer subgap peak can most clearly 
be observed. The rate at which the zero bias peak splits with radius becomes 
increasingly abrupt at higher fields. Each peak also tends to broaden and 
appear less well-defined with increasing fields. On approaching HC2 all 
features disappear and a flat metallic density-of-states is observed every- 
where. 



INTERPRETATION 44 1 

FIG. 1 1 .  Grey scale images of the spectral evolution along a 1000 A line at 30’ for a sequence 
of 3 decreasing vortex-vortex spacings. Notice that the splitting is more rapid at the higher 
magnetic fields. 

9.6. Interpretation 

9.6.1 Isolated Vortex Wavefunctions 

A simple model of a vortex is that of a circulating supercurrent around a 
normal metal core. The size of this core where superconductivity is quenched 
is of order 5 (see Fig. 1). The real-space images of vortices, where a tip- 
sample bias of 0 mV is employed, as in Fig. 4(a), then represent images of this 
normal core. The STM data reveals considerably more detail, so to un- 
derstand more fully the size, shape, and bias voltage dependence of these core 
images, a more rigorous model is needed. 

A more complete insight requires the microscopic solutions of the qua- 
siparticle excitations of this inhomogeneous system. Two approaches have 
been remarkably successful in predicting and confirming many of the 
experimental observations. Inhomogeneous superconducting systems can be 
described by solutions of the Bogoliubov equations. This method was initially 
applied to vortices by C .  Caroli et al.” and later by J. Bardeen.” More 
recently the solutions of these equations were used by J. Shore et and F. 
Gygi et a/.” to evaluate the local density-of-states for a direct comparison 
with the experimental STM data. For a thorough review of this approach see 
Ref. 22. Likewise, the Eilenberger equations were solved for vortices in a 
clean superconductor by L. Kramer and W. Peschz3 and a recent density-of- 
states calculation by U. K l e i r ~ ~ ~  and S .  Ullah and A. T. Dorsey” also found 
excellent qualitative agreement with experiment. We will review these results 
and show how they describe various aspects of the vortex images while 
emphasizing their physical significance. 

The amplitudes of the quasiparticle states are described by the two- 
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FIG. 12. Bound energy eigenstates of a vortex as calculated from the Bogoliubov equations 
(from Ref. 20). 

component scaler u(r) and v(r). These wavefunctions and their energy eigen- 
values, ci,  can be determined by the Bogoliubov equations, 

(4) 2m 

(ci - cs)vi(r) = - 

The order parameter, A(r) ,  is determined in turn by the self-consistency 
condition, 

A(r) = g 1 ui(r>v?(r)(l - 2XEi))- ( 5 )  

Both A(r) and the vector potential A(r)  act as a radial potential well that 
define the quasiparticle states. In analogy with the solutions of the Shroedin- 
ger equation, the quasiparticle states can be classified as bound states with 
energy less than A. and scattering states with greater energy. The bound 
solutions can be described by the angular momentum quantum numbers p 
and the momentum along the axis of the vortex k,. Examples of such bound 
states are shown in Fig. 12. These states were calculated using a variational 
A(r)  with a functional form A,, tanh(r/d<). As might be expected, the lowest 
angular momentum states have their maximum amplitude closest to the 
origin. The decay of these wavefunctions far from the core is for the cylindric- 
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Since the tunneling transition matrix depends on the overlap between the 
tip wavefunction (ideally a spatial delta function on the suface) and the 
quasiparticle wavefunction, the conductance becomes a direct measure of the 
wavefunction probability density in Eq. 6 .  The experimental images in Fig. 
4 and the profile in Fig. 5 can be interpreted as the wave function probability 
density with energies selected by the bias voltage. The data does not have the 
energy resolution to identify individual energy eigenstates, but rather repre- 
sents the contribution of several states over a range of order kT of energies 
about the bias voltage. The fine structure in Fig. 12 at a spatial frequency k,, 
is averaged out, yet a number of qualitative trends can be easily identified. 
The most compact wavefunctions which peak close to the core are observed 
at zero bias. Higher-bias voltage images, which should highlight the higher 
angular momentum states, are consistent with a more spatially extended 
wavefunction. Indeed, the profile in Fig. S(b), at OSmeV, shows a rather 
flat-topped form with a slight dip at the origin in agreement with high p 
wavefunctions, whose maximum should be located at finite radius Rc = p/ 
k,. The profiles are consistent with the wavefunction decay of Eq. (6), where 
1 is of the order of 2-4 4 for low energy states, and significantly larger for the 
higher energy (0.5 meV), high p case. With yet higher bias voltages, larger 
than the gap, the scattering states are observed [see Fig. 4(c)]. In contrast to 
the bound states, they have a reduced amplitude at the core. 

These model states display cylindrical symmetry, yet star-shaped conduc- 
tance patterns in Fig. 4 are observed in the data. This can also be explained 
in the framework of the Bogoliubov equations. By adding a 6-fold symmetric, 
cos(68), perturbation to the Bogoliubov equations, F. Gygi et ai.26 generated 
modified eigenstates as shown in Fig. 13. The source of this perturbation is 
from the 6-fold variations in the crystalline band structure. The new states 
were characterized as bonding states with an amplitude maxima in the 
angular well minima, and antibonding states where the opposite happens. 
This approach explains not only the star shape, but also the apparent 30" 
rotation between high and low energy states, since the bonding and antibond- 
ing states must be orthogonal. 

9.6.2 Isolated Vortext Spectral Evolution 

The same data displayed differently, in terms of the spectral evolution near 
a vortex, tends to raise different questions and can give additional insight into 
the physics of vortices. One of the first issues to understand is the size of the 
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FIG. 13. Star-shaped wavefunction probabilities when an angular perturbation is applied to 
the Bogoliubov equations (from Ref. 26). Top right image corresponds to the bonding states, 
the bottom right one, the antibonding states. Left side shows the corresponding experimental 
data. 

zero bias peak that is observed when tunneling into the center of the vortex. 
The observed normalized conductance is strikingly larger than unity, ranging 
from 1.5 up to 4.0. 

An elegant explanation of the zero bias peak was a macroscopic approach 
given by A. W. Overhauser and L. L. Daemen.*’ They modeled the core as 
a cylinder of normal metal surrounded by superconductor, with its charac- 
teristic excitation spectrum. This by itself defines a flat density-of-states in 
the core with a normalized conductance of unity. If the electrons of the two 
regions are allowed to couple, then the self-energy corrections to the normal 
electrons of the core will shift their energy toward the Fermi level, and will 
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FIG. 14. Perspective view of spectral evolution of a vortex as expected from the Bogoliubov 
formalism (from Ref. 22). 

increase the density-of-states at zero bias. The resulting zero bias peak is 
similar to that observed by experiment. 

The microscopic theories also provide additional insight into the spectra 
near vortices. The existence of the zero bias peak was initially confirmed in 
calculations by J. Shore et dZ0 for a superconductor in the clean limit on the 
basis of the Bogoliubov equations. When summing the conductance into the 
lowest energy-bound states discussed previously, they calculate a peak height 
somewhat larger than that measured, even when including the appropriate 
amount of thermal broadening. A similar zero bias peak was obtained by U. 
KleinZ4 on the basis of the Eilenberger equations. However, by including an 
additional energy-broadening term that describes the effect of impurities, a 
reduced peak height amplitude consistent with experiment could be explained 
with reasonable parameters for impurities. In fact, dirty superconductors, 
where the mean free path is shorter than the coherence length, are not 
expected to show such an enhanced conductance at zero bias. 

The evolution of the spectra with radius from the core also has a number 
of remarkable properties. Using the Bogoliubov equations, Shore et ~ 1 . ~ ’  
predicted that this zero bias peak should split into two separate peaks with 
increasing radius. The Eilenberger equations used by U. and later by 
S .  Ullah et d.*’ gave a result also consistent with the splitting. An example 
of this spectral evolution as calculated theoretically2’ is shown in Fig. 14 and 
compared qualitatively to the data of Fig. 7. 

This splitting is just another manifestation of the relationship between 
energy and radius of the bound wavefunctions. In other words, the higher 
energy wavefunctions have a larger radius, as shown in Fig. 12. The max- 
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imum wavefunction amplitude is situated roughly at the radius Rc = p / k f .  If 
the order parameter rises linearly from zero in the core, the dispersion is 
approximately of the fom,2s.29 

where the last Larmor frequency term approximates the influence of the 
magnetic field. For an extreme type I1 superconductor this term is small 
compared to the first one. In the Landau-Ginzberg limit, the gap also arises 
on the length scale of the order of the coherence length, so that the rate of 
splitting of the zero bias peak into two peaks is given by, 

where c is a constant of the order unity. (Experiment observes c z 3-4.) This 
form should hold within a coherence length radius of the core where the 
approximations are valid. The low-temperature limit of a clean superconduc- 
tor dA/dr is predicted to be much larger,23 of order k f A o .  A fully self-consis- 
tent calculation” agrees with this when E 4 Ao. Such large values of the 
splitting rate have not yet been observed in experiment. Other considerations, 
such as impurity effects and strong anisotropy of the superconductor, make 
a quantitative comparison to Eq. (8) more involved. 

At large radius it is insightful to view the splitting in terms of a quasiclassi- 
cal picture proposed by M. C y r ~ t . ~ ’  Consider the quasiparticle states near the 
gap edge with energy A, which are described by Bloch waves with velocity up 
In the vicinity of vortex they will experience a perturbation determined by the 
momentum of the circulating superfluid p s .  This will modify the minimum 
energy of the quasiparticle states to, 

E = A - vfps r & g. (9) 

One can assume a London model vortex, where the expression for the current 
at the surface3’ is given by, 

where II () and KO() are Bessel functions. Then Eq. (9) can be re-expressed as 

As the vortex is approached, the circulating superfluid momentum gradu- 
ally increases, resulting in states that are perturbed to lower energies. This 
describes how the subgap peak splits away and downward from the gap edge. 
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A comparison of the actual data with the approximate limits in Eqs. (8) and 
(1 1) are shown as the dotted and dashed lines, respectively, in Fig. lO(a). The 
gap and the coherence length were assumed to take the values A - 0.85 meV 
and 5 = 77 A and c was evaluated to be about 4 for the small radius limit. For 
the large radius limit 2 was taken to be 2000A and a A - 0.85meV yielded 
the best fit. 

These simple models are consistent with 2 subgap peaks. The data on 
2H-NbSe2 shows four, rather than two, subgap peaks. Other angles of the 
spectral evolution sampling line show this clearly in Figs. 9(b), 9(e), 9(cj, and 
9(fJ The additional inner pair is angle-sensitive and collapses together at  30" 
[see Figs. 9(aj and 9(d)], where it forms a broad zero bias hump that exists 
at all radii. One can specultate that the source of the additional structure 
originates from the unique band structure3' of this material. The undulating 
cylinder shape of the Fermi surface could easily result in two van Hove 
extrema of the density-of-states and correspond to two separate values of af 
or electron populations with 2 different values of the effective mass. Such 
extrema are located at  kZ = 0 and k, = n/c. Since the quasiparticle states are 
formed from the basis states available at the Fermi surface, one might expect 
two different types of bound states. Each might have a slightly different 
energy-radius relationship or  characteristic splitting rate for its spectral 
evolution. For example the outer subgap peaks might be associated with the 
k, = n/c extrema of the Fermi surface. This part does not have any pro- 
nounced angular anisotropy and is consistent with a splitting that is indepen- 
dent of angle. The situation is different for the k, = 0 extrema of the Fermi 
surface. Quasiparticle states exist only in certain directions in this part of k 
space. In the six CDW directions (30") the CDW gap has removed all states 
from the Fermi surface. In these directions the inner subgap peaks have 
collapsed to zero and do not split. This may be equivalent to defining a 
coherence length on this part of the Fermi surface that diverges. 

9.6.3 Vortex-Vortex Interactions 

On application of higher magnetic fields several effects can provide a 
qualitative explanation of the behavior of the spectra in Fig. 11. Such 
interactions set in once the vortices are within a few penetration depths of 
each other. At this point the magnetic field at  each core becomes larger than 
the isolated vortext value. The Larmour frequency is increased and can 
become comparable or larger than the dA/dr term of Eq. (7). This will 
increase the energy of the bound states and result in a more rapid splitting 
of the subgap peaks. The data is consistent with this trend. 

As the vortices are brought in closer proximity to each other, other vortex 
core state band structure effects33 become important in describing the 
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spectrum. The wavefunctions of a vortex begins to overlap with its neighbors, 
and the energy eigenvalues of the bound states are changed, much as atomic 
orbitals of atoms in a crystal are perturbed into bands in the tight binding 
model. A new quantum number, the vortex lattice momentum, is now 
required to fully describe the eigenstates. One consequence of this would be 
to spoil the unique relationship between radius and energy that is normally 
evident as a well-defined subgap peak. Indeed, the peaks are broadened in 
energy at l000gauss and even more so at 4000gauss in Fig. 11. Also the 
double peak structure observable at 0" and 250 gauss is no longer resolvable 
at 1000 gauss. The amount of this broadening is a measure of the bound state 
bandwidths. 

9.7. Conclusion 

In the STM results described on just one superconductor 2H-NbSe2 one 
can draw an analogy with many aspects of atomic and condensed matter 
physics. Bound states and scattering states of a vortex can be directly imaged 
and suggest qualitative similarities to atoms with their bound and scattering 
states. Magnetic fields can perturb the energies and radii of these states, an 
effect that can be uniquely observed via STM in the spatial evolution of the 
tunneling spectra. Anisotropy in the effective mass from the crystalline band 
structure has surprising and beautiful consequences in the images and 
spectra. Finally, bands based on vortex bound states are created at higher 
fields, forming an analogue to the atomic conduction bands that are normally 
imaged in atomic scale STM pictures. 

The process of extending these techniques to other superconductors is only 
in its infancy. As further measurements are made, a rich variety of new details 
about this electronic phase is promised by the STM, which no other instru- 
ment can rival. 
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Dynamics, 
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High temperature scanning tunneling 
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chemisorption, scanning tunneling 

microscopy of, 297 
Imaging, 

dual polarity, 99, 104, 106, 163 
interpretation, 164, 167, 177 

theory of, 14 
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spectroscopy of, 265 
Mo(001). 

scanning tunneling microscopy of, 296 

N 

NbSe,, 

2H phase, 
scanning tunneling microscopy of, 

superconducting properties of, 
430, 432, 441 

scanning tunneling microscopy of, 
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chemisorption, scanning tunneling 
microscopy of, 303 

0 on Cu(llO), 
chemisorption, scanning tunneling 
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0 on Cu(IOO), 303 
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