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The initial stages of interface formation for In and Sb, each separately adsorbed on the Ge(100)-
(2X1) surface, have been investigated for various submonolayer coverages with use of synchrotron-
photoemission and high-energy electron-diffraction techniques. By examining the evolution of the
substrate and adsorbate core-level line shapes during the adsorbate growth it is possible to deduce
chemical and structural information. The dimer-related surface-shifted component of the Ge 3d
core level is found to gradually convert into a component possessing a binding energy indistinguish-
able from the bulk component for increasing Sb coverages. For submonolayer In depositions, this
surface-shifted component results in a chemically shifted interface component which is distinguish-
able from the emission from bulk atoms and unreacted Ge dimers. The resulting chemical shifts are
consistent with expectations based on electronegativity arguments. For both In and Sb, the
adsorbate-to-substrate bonding coordination number is obtained for various submonolayer cover-
ages. The homogeneity of the adsorbate bonding is evaluated by examining the width of the In and
Sb 4d core-level line shapes. The Fermi-level position relative to the gap for various In and Sb cov-
erages and the Schottky-barrier heights are obtained. Photoemission from the valence bands shows
a modification in the dimer-derived surface states upon In and Sb adsorption; the surfaces show lit-
tle density of states at the Fermi level for coverages below 1 monolayer. Structural models for the
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In/Ge(100)-(2 X 2) and Sb/Ge(100)-(2 X 1) surfaces which correlate with the data are discussed.

I. INTRODUCTION

The adsorption and growth of III-V compounds on the
Si and Ge surfaces have attracted much attention in re-
cent years. The relatively mature Si-based microelectron-
ics industry should serve as an ideal foundation for the
future fabrication of III-V integrated-circuit components
relying on single-heterostructure, superlattice, and
quantum-well forms of construction on Si and Ge sub-
strates. Basic device performance largely depends on the
ability to produce high-quality epitaxial growth of III-V
films on the substrate. In order to optimize the material
properties, it is essential that basic information concern-
ing the interface, such as atomic and electronic structure
and the barrier height, be well known. Although much
emphasis has been placed on the GaAs/Si interface, it is
important to investigate the behavior of various
AMBY/CY systems for a better understanding of the
effects of lattice mismatch, surface reconstruction,
surface-step morphology, electronic interface-barrier for-
mation, and the basic adsorbate-to-substrate interface
chemistry.

This work is a study of the initial stages of interface
formation of In and Sb, each separately, with the Ge(100)
surface with use of the techniques of synchrotron-
photoemission spectroscopy and high-energy electron
diffraction (HEED). The HEED measurements are used
to determine changes in the long-range periodicity and
assess the overall quality of the adsorbate-induced recon-
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structions on Ge(100). Basic electronic and chemical
characteristics of each interface formation are evaluated
by assessing changes occurring in the Ge 3d, Sb 4d, and
In 4d core-level line shapes and binding energies during
the submonolayer growth. The In/Ge(100) data are com-
pared with previous photoemission and HEED results for
In/Si(100)." Like Si(100)-(2X 1), the Ge(100)-(2X 1) sur-
face is known to consist of dimers which contain one dan-
gling bond per surface atom; the dimer nature on both
surfaces has been confirmed by scanning tunneling mi-
croscopy (STM).%® The dimers give rise to a distinct shift
relative to the bulk in the core-level line shape. The pho-
toemission intensity from the surface-shifted component
is a direct measure of the number of dimer dangling
bonds on the surface. With adsorbate coverage on the
surface, some of the dangling bonds may become in-
volved in the chemisorption bonding, and the core-level
binding energies of the corresponding surface atoms may
change. By examining the modification of the substrate
core-level line shape, it is possible to determine the aver-
age number of surface dangling bonds which are modified
in the presence of an adatom for various submonolayer
coverages; this quantity is just the adsorbate-to-substrate
bonding coordination number (BCN).! The BCN is a
quantity of fundamental interest in surface studies, since
it provides important information concerning the chemis-
try of surface dangling bonds and the resulting adsorp-
tion geometry. The determination of the BCN using the
core-level photoemission technique was first demonstrat-

3004 ©1990 The American Physical Society



41 ... PROPERTIES OF In AND Sb ADSORBED ON Ge(100) . . .

ed for In/Si(100),! and later performed for Sn,* Ag,’ and
Sb (Ref. 6) deposited on Si(100). For these systems, the
BCN, adsorbate core-level, valence-band, and electron-
diffraction measurements have led to structural models
which correlate well with the data."*> In this paper we
show that this approach may be extended to other sub-
strates which possess a well-defined surface core-level
shift, such as Ge(100)-(2X1).

The Ge 3d core-level line shape of clean Ge(100)-
(2X 1) has been investigated in some detail.” ' The in-
tensity of the surface-shifted component of a core level
reflects the relative population of the surface sites, and a
precision quantification of this relation is essential for ad-
sorption studies. A previous investigation of Cl adsorp-
tion on Ge(100) has sought to quantify the surface-shifted
component by comparing the intensity of the chemically
shifted component with the clean-surface intensity; the
contribution of Ge surface atoms to the shifted core level
was reported to be about 0.62 monolayer (ML).’ In
another previous study, a reference surface consisting of
a known submonolayer coverage of Ge deposited on
Si(100) was used to perform an in situ comparison with
the Ge(100)-(2X 1) surface, and 0.87 ML of Ge surface
atoms were found to contribute to the surface com-
ponent.!® The present study will further examine the re-
lationship between the clean-surface emission and the re-
sulting emission from adsorbate-bonded Ge interface
atoms.

The Sb 4d and In 4d core-level line shapes were exam-
ined to evaluate the relative homogeneity of the adsor-
bate site bonding. For a given adsorbate, sites which pos-
sess distinctly different local chemical environment due to
variations in bond hybridization and coordination num-
ber may show distinct binding-energy shifts.!! Further-
more, an evaluation of changes in binding energy relative
to the valence-band maximum (VBM) during the adsor-
bate growth can indicate the degree to which the adsor-
bate has been incorporated into the local bulk-crystal
electrostatic potential.* The intensity variation of both
adsorbate and substrate core levels is also crucial in
evaluating the natures of the overlayer growth mode,
sticking coefficient, bulk diffusion, and surface segrega-
tion.

Changes in electronic properties are further evaluated
by examining the valence-band density of states near the
Fermi level. Changes in surface states and formation of
interface states may occur during the overlayer growth,
and correlations between surface core-level emission and
surface states during overlayer growth has been previous-
ly investigated for a variety of systems.!? The Fermi-level
position relative to the gap has been measured as a func-
tion of adsorbate coverage, and the Schottky-barrier
heights are obtained.

II. EXPERIMENTAL DETAILS

The photoemission experiments were carried out with
use of synchrotron radiation from the University of Illi-
nois beam line on Aladdin, the 1-GeV storage ring at the
Synchrotron Radiation Center of the University of
Wisconisn—Madison at Stoughton, Wisconsin. Light
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from the ring was dispersed by an “Extended Range
Grasshopper” monochromator, which was designed and
constructed by Brown and his co-workers.!> The photo-
electrons were analyzed with a Leybold-Heraeus EA-10
hemispherical electrostatic analyzer. The overall instru-
mental resolution was about 0.2 eV. The sample Fermi
level was determined by observing emission from the Fer-
mi edge of a polycrystalline Au sample in electrical con-
tact with the Ge samples.

The p-type Ge(100) sample was aligned by Laue
diffraction to within 1° and mechanically polished to a
mirror finish. The clean Ge(100) surface was prepared by
repeated cycles of argon-ion sputtering at 400 °C and fur-
ther annealing at 600°C after sputtering. A small mix-
ture of quarter-order and half-order spots indicative of
some c(4X2) and (2X2) ordering was observed within a
sharp two-domain (2X1) pattern. It is the intensity of
the (2X 1) pattern which suggests the nominal Ge(100)-
(2X1) convention used here. The In and Sb overlayers
on Ge(100) were prepared by evaporation from electron-
beam-heated crucibles each containing 99.999% pure ele-
mental In and Sb. The rate of deposition was separately
monitored for each material using a quartz crystal thick-
ness monitor and was maintained at about 1 ML/min. In
this paper 1 ML of In or Sb is defined as 6.24X 10"
atoms/cm,? which is the site-number density for the un-
reconstructed Ge(100) surface.

III. RESULTS FOR Sb/Ge(100)

A. Coverage versus exposure

Two substrate temperatures, 7=>50 and 400°C, were
used in the growth of Sb on Ge. At the lower growth
temperature, the Sb vapor simply condenses on the sub-
strate. Thus, the measured exposure equals the coverage.
At the higher temperature, the buildup of Sb on the sub-
strate stops after ~1 ML exposure due to saturation of
all bonding sites and reevaporation; this behavior is simi-
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FIG. 1. The Sb coverage as a function of the Sb exposure on
Ge(100) with the substrate temperature maintained at 400°C
during exposure. A solid line is shown through the data to
serve as a guide for the eye.
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lar to that of the Sb/Si(100) system.®'#!> Therefore, it
becomes necessary to distinguish the exposure from the
coverage. Also, the bulk solubility of Sb in Ge is
~0.01% at 600°C;!6 thus Sb incorporation into bulk Ge
is not expected to be significant under our experimental
conditions. By comparing the Sb core-level intensities
from samples prepared at these two temperatures, it is
possible to deduce the coverage from the exposure for the
high-temperature case. For Sb exposures less than ~0.5
ML, the Sb coverages are found to be equal to the Sb ex-
posures. The results are summarized in Fig. 1. The
smooth curve is a guide to the eye, which shows a satura-
tion behavior.

B. HEED

For growth at T=>50°C, the as-deposited Sb gradually
diminished the intensity of the J-order lines of the origi-
nal (2X1) pattern. The }-order line intensities are
significantly reduced at 0.5 ML coverage relative to the
primary, and further deposition of Sb results in a (1X1)
diffuse pattern at 1 ML coverage. This suggests that as-
deposited Sb on Ge(100) at near room temperatures is
disordered. For T=400°C, the (2X 1) pattern is seen to
remain for all Sb exposures in this study. The quality of
the (2X 1) pattern is seen to gradually diminish with the
lines becoming more diffuse as the coverage approached
saturation.

C. Ge 3d core level

The Ge 3d core-level line shape for clean Ge(100)-
(2X 1) has been previously analyzed.”!® As with the case
of Si(100)-(2X 1), a distinct surface shift is found toward
lower binding energies. The experimental result (dots),
the overall fit (solid line), and the surface and bulk contri-
butions (labeled B and S, offset in the vertical direction
for clarity) for a photon energy of 90 eV are shown at the
bottom of Fig. 2. In short, the fit involves a bulk and a
surface-shifted component, each represented by a spin-
orbit split doublet, riding on a cubic polynomial back-
ground. The doublet is represented by the sum of two
Voigt functions (convolution of a Gaussian with a
Lorentzian). The background function, surface shift,
spin-orbit  splitting, I(ds,,)/I(d;,) intensity ratio
(branching ratio), Lorentzian width, Gaussian width, and
the surface and bulk emission intensities are treated as
fitting parameters. The relative binding-energy scale in
Fig. 2 is referred to the bulk contribution of the Ge 3d5 ,,
core level which is at 29.32 eV below the VBM.” This en-
ergy is an intrinsic property of the Ge crystal and is in-
dependent of the adsorbate coverage. The surface core-
level shift is —0.43 eV from the fit, and other relevant
parameters can be found in previous publications.” !0

The results for the Sb-covered surfaces are also shown
in Fig. 2 for T=400°C. The line shapes indicate that the
surface-shifted component in the clean case is simply re-
duced by the Sb coverage, implying that the surface
atoms after bonding to Sb assume a bulklike binding en-
ergy. Thus, the spectra were analyzed in the same
manner as in the clean case. The surface shift was left as
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a variable in the fits to test the accuracy of the model,
and the results indeed indicate that the surface shift
remains close to —0.43 eV for all Sb coverages. The
highest exposure which shows a barely detectable
surface-shifted component is about 0.6 ML, and after
which any further Sb exposure is not found to induce any
measurable changes in the line shape. The conversion of
the surface core-level binding energy to a bulklike value
by Sb adsorption observed here is similar to that reported
before for In, Sn, Ag, and Sb adsorption on Si(100).14~6
The Ge 3d core-level line shapes for T=50°C show a
very similar behavior and therefore not shown here. The
S-component weight (the intensity of the shifted com-
ponent relative to the total intensity) is shown in Fig. 3 as
a function of Sb exposure. The results are indeed very
similar for both growth temperatures.

From the measured S-component weight, the number
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FIG. 2. Ge 3d core-level spectra (dots) taken with a photon
energy of 90 eV for the clean Ge(100)-(2X 1) surface and Sb-
covered Ge(100) prepared at growth temperature T =400°C.
The Sb exposures are indicated. The solid curves are the result
of a fit to the data. The decomposition of the spectra into bulk
(B) and surface (S) contributions are shown by the dotted and
dashed curves, respectively. The relative binding energy scale is
referred to the Ge 3ds,, core-level component of the bulk con-
tribution.
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FIG. 3. The S-component weight (fraction of total intensity)
for various Sb exposures on Ge(100). Solid circles and open tri-
angles indicate data for growth temperatures 7=50 and 400°C,
respectively.

of Ge monolayers contributing to the shifted core-level
component for various Sb coverages can be obtained.
The clean-surface contribution to the S-component emis-
sion has previously been determined to be 0.87+0.09
ML.!® It was further concluded in this study that both
kinds of dimers, buckled and nonbuckled, contribute to
the S-component emission, and the departure from the
ideal case (1 ML) was attributed to missing-dimer-type
defects. Although another previous study yielded a
different value (0.62 ML) for the surface-shifted contribu-
tion,” we believe that the 0.87 ML value is a more accu-
rate one, and this value will be used below for the
analysis. A detailed discussion of this point will be given
later.

The reduction in intensity of the surface-shifted com-
ponent for increasing Sb coverages is directly related to
the number of surface dangling bonds being saturated by
Sb adsorption. These atoms, after bonding to the Sb, ex-
hibit a bulklike binding energy. From the results in Fig.
3, the average number of Ge surface atoms bonded to
each Sb adatom (the BCN) is obtained and shown in Fig.
4.47% The data extend to 0.6 ML Sb coverage only, be-
cause essentially all dangling bonds are saturated beyond
this coverage and no surface-shifted component remains
in the spectra. The uncertainty in the Ge dimer-atom
population on the clean surface leads to a systematic er-
ror of about 10% in the data points shown in Fig. 4; ran-
dom fluctuations are due to the limited experimental pre-
cision. The BCN for both substrate temperatures is ini-
tially about 1 for Sb coverages below 0.1 ML and in-
creases to about 1.5 at 0.4 ML, and then decreases slight-
ly to about 1.4 before and disappearance of the S com-
ponent at ~0.6 ML. These data suggest that the initial
interaction of Sb with Ge(100) is relatively insensitive to
the substrate temperatures tested here.

The bulk Ge 3d core-level binding energy is found to
change with respect to the measured Fermi-level position
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FIG. 4. The Sb-to-Ge bonding coordination number (BCN)
for various Sb coverages on Ge(100). Solid circles and open tri-
angles indicate data for growth temperature 7=50 and 400°C,
respectively.

as a function of Sb exposure. This band-bending shift
does not show in Fig. 2 because the spectra are aligned
with respect to the VBM (with a constant offset). The
clean Ge(100)-(2 X 1) surface is known to be p type, with
the Fermi-level position residing about 0.1 eV above the
VBM.!” Figure 5 shows the Fermi-level position relative
to the VBM (the energy zero) as a function of Sb expo-
sure. The results are very similar for the two growth
temperatures at exposures below ~0.7 ML. This is con-
sistent with the earlier suggestion that the initial Sb-Ge
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FIG. 5. The Fermi-level positions (open circles and solid tri-
angles for growth temperatures 7=50 and 400 °C, respectively)
and the Sb 4d,,, core-level binding energies (solid circles and
open triangles for T'=50 and 400 °C, respectively) for various Sb
exposures. The Sb 4d;5,, binding energies have been offset 32.47
eV relative to the valence-band maximum (energy zero) to illus-
trate the correlations with the band edges. E. denotes the
conduction-band minimum of Ge.
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interaction is similar for the two growth temperatures
(see Fig. 3 and related discussion). At higher exposures,
the resulting Schottky-barrier height is found to be
0.45+0.05 eV for T=50°C and 0.35+0.05 eV for
T=400°C. The difference here is probably mainly relat-
ed to the amount of Sb on the surface; the Sb coverage on
the substrate at T=400°C saturates at ~0.7 ML, while
the buildup of Sb on the substrate at 7=>50°C is continu-
ous.

D. Sb 4d core level

The Sb 4d core-level spectra (dots for both growth tem-
peratures are shown in Fig. 6 for various exposures. The
spectra were fit with a spin-orbit-split doublet riding on a
cubic polynomial background. The spin-orbit splitting
and branching ratio are found to be coverage and temper-
ature independent from the fit within tight tolerances,
and the statistical averages are 1.246+0.008 eV and
0.703+0.013, respectively. The Lorentzian width for all
exposures was constrained to 0.266 eV in the fitting pro-
cedure, which was the value obtained from the lowest ex-
posure.

The Sb 4d Gaussian full width at half maximum
(FWHM) from the fit is shown in Fig. 7 for both growth
temperatures, which provides a measure of the homo-
geneity of the Sb site bonding. For example, Sb bonded
to Sb and Sb bonded to Ge may not exhibit exactly the
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FIG. 6. The Sb 4d core-level spectra (dots) taken with a pho-
ton energy of 90 eV. The Sb exposures are indicated. The
overall fits to the data are indicated by the solid curves. The
upper and lower panels of the figure show the spectra taken for
growth temperatures 7=50 and 400°C, respectively. The
binding-energy scale is referred to the Sb 4d;,, core-level com-
ponent.
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FIG. 7. The Sb 4d Gaussian full width at half maximum
(FWHM) for various Sb exposures to Ge(100). Solid circles and
open triangles indicate data for growth temperatures 7"=>50 and
400 °C, respectively.

same core-level binding energy. Second nearest-neighbor
effects can also lead to small shifts.!! The effect of these
unresolved small shifts on the line shape can be modeled
by a Gaussian broadening. For T'=50°C, the Gaussian
FWHM is seen to increase for exposures approaching 0.5
ML, and then to decrease for increasing exposures. For
T =400°C, the Gaussian FWHM is found to decrease for
exposures approaching 0.5 ML, and then to level off. The
data suggest that the sample prepared at the higher
growth temperature has a greater degree of homogeneity.
This is consistent with the HEED results, which show
that the sample prepared at T'=>50°C is disordered.

It is also interesting to examine the behavior of the Sb
4d core-level binding energy with respect to the band
edges in order to assess the spatial extent of the crystal-
potential barrier.* If a foreign atom is incorporated into
the Ge lattice, its local electrostatic potential should be
determined by the crystal, and its core-level binding ener-
gy should be tied to the VBM position. The results are
shown in Fig. 5. The core-level data are shown in the
figure with an arbitrary offset of 32.47 eV from its actual
position to facilitate a comparison with the Fermi-level
position and the band edges. For both growth tempera-
tures, the Sb 4d core-level binding energy remains ap-
proximately constant relative to the band edges, while the
Fermi-level position shows large changes. This suggests
that the Sb cores are located within the dipole layer on
the surface. Also, the Sb 4d core-level binding energies
for the two growth temperatures are slightly different.

E. Valence bands

The valence-band photoemission spectra for various
coverages, taken with a photon energy of 130 eV, are
shown in Fig. 8. The clean Ge(100)-(2X 1) spectrum is
shown at the bottom of the figure. The binding energy is
referenced with respect to the Fermi level labeled E¢ in
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the figure. These spectra should represent the density of
states (DOS) to a good approximation in our angle-
integrated geometry. The clean-surface spectrum shows
a distinct hump, labeled D in the figure, situated about
1.2 eV below the Fermi level. Previous photoemission
and STM experiments have investigated the possibility of
a surface state on Ge(100)-(2X1). Rowe and Christ-
man,'® using an angle-integrated geometry and gas-
exposure techniques, concluded that a peak located 1.3
eV below the Fermi level is derived from a dangling-
bond-type surface state. Nelson et al.,'” using angle-
resolved photoemission in a normal-emission geometry,
showed two states at 0.6 and 1.3 eV below the VBM
which were sensitive to contamination and showed no
dispersion with respect to the photon energy, and con-
cluded these were derived from surface states. More re-
cently, Hsieh et al. demonstrated with the “k, scan”
technique that there is a significant bulk valence-band
contribution to the 1.3-eV peak for photon energies less
than ~16 eV.%° For photon energies ranging from 24-45
eV Hsieh et al. showed that peaks located 0.5 and 1.3 eV
below the Fermi level were nondispersive and could be
due to surface-state emission. However, it was also
pointed out that contributions from bulk critical points
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FIG. 8. The angle-integrated valence-band spectra taken
with a 130 eV photon energy and shown for various Sb expo-
sures on Ge(100). The upper and lower panels of the figure were
for growth temperatures 7=400 and 50°C, respectively. The
binding energy is referred to the Fermi level (Er). The dashed
line (labeled D) at 1.2 eV binding energy represents the position
of the dimer dangling-bond surface state.
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could not be ruled out. Kubby et al.,? using STM and
tunneling spectroscopy, showed that a sharp surface-state
peak derived from the Ge-dimer dangling bonds was lo-
cated at 1.0 eV below the Fermi level. Differences in
binding energy between the STM, angle-integrated, and
angle-resolved photoemission experiments may be due to
the varying degrees in which each technique samples k.
Thus, it is likely that the peak observed 1.2 eV below the
Fermi level in Fig. 8 is due, at least in part, to surface-
state emission; we adopt this interpretation here.

The surface-state feature for both growth temperatures
is seen to be suppressed by the Sb adsorption. The peak
becomes smeared into a shoulder for Sb coverages be-
tween 0.2 and 0.3 ML. Due to the overlapping intense
bulk emission, it is impossible to quantify the reduction
of the surface state, but the general trend is consistent
with the Ge core-level data (Fig. 2) which showed that
the surface core-level emission became suppressed
through the saturation of the dangling bonds. A similar
effect for various adsorbates on the Si(100)-(2X 1) surface
has been reported before.""*”° In Fig. 8, the structures
located 2—10 eV below the Fermi level are mainly de-
rived from the bulk valence bands.!®?® By overlaying
these spectra, it is evident that there is a uniform move-
ment of these features towards higher binding energies
for increasing Sb coverages; this is due to the band bend-
ing discussed above (Fig. 5). At all exposures less than
~1 ML the density of states at the Fermi level remains
low.

IV. RESULTS FOR In/Ge(100)

A. HEED

The In deposition was performed at a substrate tem-
perature of 50°C, which is much lower than the thermal
desorption temperature of In. The bulk solubility of In in
Ge is ~0.001% at 150°C,' so In incorporation into the
bulk should be negligible. Thus, the coverage equals the
exposure. For In coverages below 0.2 ML, the HEED
pattern remained similar to the original clean-surface
(2X1) pattern. At approximately 0.2 ML additional
weak (1, 1) diffraction lines were observed, indicating the
formation of a (2X2) structure. The (2X2) structure be-
came fully developed at 0.5 ML coverage, where the in-
tensity of the primary and all +-order spots were about
equal. For coverages greater than 0.5 ML, the (2X2)
pattern is seen to diminish while a (4X 1) pattern was ob-
served to form for coverages between 0.5 and 1 ML. The
+-order spots were seen to maximize in intensity at ~0.8
ML, and were less intense than the l-order spots in this
coverage range. For coverages greater than 1 ML, a
diffuse (1X 1) pattern with a significant intensity modula-
tion along the primary diffraction streaks was seen; this
indicates the beginning of three-dimensional growth.
When the 1-ML-covered Ge(100) surface was annealed
for 1 min at 400°C, a sharp (5X4) pattern was observed.
The behavior at T=50°C is similar to that of In/Si(100),
which also showed an In-induced (2X2) pattern at 0.5
ML, followed by a three-dimensional growth for higher
coverages.!?!



3010

B. Ge 3d core level

The Ge 3d core-level spectra for the clean and In-
covered surfaces are presented in Fig. 9. The deconvolu-
tion of the clean-surface spectrum into bulk and surface
contributions has been discussed above (see Fig. 2). The
surface-shifted component for the clean surface is seen to
be gradually replaced by a hump with a binding energy in
between the bulk and clean-surface contributions for in-
creasing In coverages. As a first trial, a two-component
analysis similar to the one used for Sb adsorption on
Ge(100) was employed. The resulting intensity of the S
component (the shifted component) was found to in-
crease, and the shift of the S component was found to
gradually move from the clean surface position of —0.43
to —0.33 eV for coverages approaching 0.5 ML. After
~0.5 ML coverage, the intensity of the S component
stopped growing, and the binding energy remained fixed
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hy=80 eV Fit
In Coverage | 77 B

(ML)

Photoemission Intensity (arb. units)

PR
TS R — -

Relative Binding Energy (eV)

FIG. 9. The Ge 3d core-level spectra (dots) taken with a pho-
ton energy of 80 eV for clean Ge(100)-(2X 1) and In-covered
Ge(100). The coverages of In are indicated. The solid curves
are the result of a fit to the data. The decomposition of the
spectra into the bulk (B), surface (S), and interface (C) contri-
butions are shown by the dotted, dashed, and dash-dotted
curves, respectively. The relative binding energy scale is re-
ferred to the Ge 3ds,, core-level component of the bulk contri-
bution.
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at —0.33 eV. Clearly, in this preliminary analysis, the
movement of the S component relative to the B com-
ponent is a result of emission from both reacted and un-
reacted dimers. Since no S component binding-energy
shift is observed for coverages beyond ~0.5 ML, it is ap-
parent that all Ge dimer atoms are reacted at this cover-
age and the chemically bonded In-to-Ge interface layer is
fully developed. This correlates well with the full devel-
opment of the (2X2) HEED pattern at this coverage.
Therefore, a refinement of this fitting procedure is neces-
sary to account for the differences between the reacted
and unreacted portions of the surface. A third com-
ponent labeled C has been introduced to account for
emission from reacted Ge dimers in addition to the origi-
nal S component which represents emission from un-
reacted dimers. During the fit, the relative binding ener-
gies of the S and C components were constrained to
—0.43 and —0.33 eV, respectively, since these values
reflect the binding energy of each type of site for the
clean and fully reacted surfaces. The results of the fits
are shown in Fig. 9. Since the C and S components have
very similar shifts, it is important to assess the quality of
the fit. The residue (difference between the data and fit)
normalized to the peak height is shown in Fig. 10 for
each of the six spectra in Fig. 9. The residue shows just
noise and is seen to be less than 3% (the root-mean-
square residue is about 1%); thus, the quality of the fits is
high. The weights of the S and C components are plotted
in Fig. 11 for various In coverages. The S component is
seen to decrease linearly and disappear at 0.4-0.5 ML
while the C component increases linearly and maximizes
at the same coverage. If the behavior of the C com-
ponent is ignored, the BCN can be obtained by analyzing
the intensity reduction of the S component as was done
for the Sb/Ge case. At ~0.5 ML In coverage, essentially
all Ge dimers are reacted, resulting in a BCN of ~2.
However, to account for the intensity variation of the C
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FIG. 10. The residue (difference between the data and fit)
normalized to the peak height for those spectra shown in Fig. 9.
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FIG. 11. The weight (fraction of total intensity) of the S
(open circles) and (open triangles) components for various In
coverages on Ge(100).

component as well, it is necessary to enhance the model.
The discussion will be presented after the remaining data
have been examined.

The position of the Fermi level relative to the band
edges is shown in Fig. 12, and the data have been ob-
tained by measuring the changes in the Ge bulk core-
level binding energy relative to the Fermi level as for
Sb/Ge(100) discussed earlier. The Fermi level is seen to
gradually shift downward for increasing In coverages,
and the final position is located approximately at the
VBM. Thus, the Schottky-barrier height is roughly zero.
This band-bending shift is opposite to the case for
Sb/Ge(100), which showed the Fermi-level movement to-
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FIG. 12. The Fermi-level positions (solid circles) and the In
4ds,, core-level binding energies (solid triangles) for various In
coverages. The In 4ds,, core-level binding energies have been
offset 17.47 eV relative to the valence-band maximum (energy
zero) to illustrate the correlations with the band edges. E.
denotes the conduction-band minimum of Ge.
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wards the conduction-band minimum. This is to be ex-
pected qualitatively, since In is an acceptor and Sb is a
donor in Ge.

C. In 4d core level

The In 4d core-level spectra are shown in Fig. 13. Like
the Sb 4d core-level line shapes, the In 4d spectra were
fitted with one spin-orbit split component. The Lorentzi-
an width was constrained to equal 0.180 eV, which was
the value obtained from the lowest coverage. The statis-
tical average of the spin-orbit splitting and branching ra-
tio for all coverages are 0.874+0.008 eV and
0.709+0.005, respectively. The In 4d Gaussian FWHM
as a function of In coverage is shown in Fig. 14. The
FWHM is relatively constant for coverages below 0.5
ML, suggesting that there is a good degree of uniformity
for all of the bonding sites. At ~0.5 ML there is a sud-
den increase; thus, additional sites with different binding
energies are introduced resulting in the broadening. The
In 4d;,, binding energy relative to the VBM is shown in
Fig. 12 alongside the Fermi-level data. The In 4d5,, en-
ergy is offset 17.47 eV from its actual position to facilitate
a comparison with the Fermi-level position and the band
edges. The In 4d core position is seen to approximately
remain constant, but a small sudden change of ~0.03 eV
is noted at ~0.5 ML coverage. This is again correlated
with the full development of the (2X2) phase.

D. Valence bands

The angle-integrated valence-band spectra for various
In coverages taken with a photon energy of 80 eV are
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FIG. 13. The In 4d core-level spectra (dots) taken with a
photon energy of 80 eV are shown for various In coverages.
The lines represent the overall fit to the data. The binding ener-
gy is referred to the In 4d5,, core-level component.
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FIG. 14. The In 4d Gaussian FWHM for various In cover-
ages on Ge(100).

shown in Fig. 15. The clean spectrum is shown at the
bottom; the surface state at 1.2 eV binding energy is la-
beled D. The clean-surface spectra shown in Figs. 8 and
15 appear to be different, and this is due to the difference
in photon energy used for each. The surface-state emis-
sion is reduced by In adsorption, in agreement with the
interpretation that the surface dangling bonds are being
saturated by In adatoms. However, due to the overlap-
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FIG. 15. Angle-integrated valence-band spectra taken with
an 80 eV photon energy for various In coverages on Ge(100).
The binding energy is referred to the Fermi level (Ef). The
dashed line (labeled D) at 1.2 eV binding energy represents the
position of the Ge dimer dangling-bond surface state.
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ping bulk emission, it is impossible to quantify the reduc-
tion. The behavior is similar to that observed for
Sb/Ge(100) and In/Si(100).!

V. DISCUSSION AND MODEL DEVELOPMENT
A. The In- and Sb-induced chemical shifts

Like the much studied Si(100)-(2X 1) system, the prin-
cipal mechanism leading to the surface shift of the Ge 3d
core level is the increased electron localization about
each dimer atom due to an unsaturated dangling orbit-
al.h*~&1! Upon adsorption, the dangling bonds rehybri-
dize to form new chemisorption bonds. The binding-
energy shift resulting from this bonding depends on the
electronegativity of the adsorbate species. If the newly
formed bond is covalent, then the surface Ge-atom bind-
ing energy will become bulklike, since its local bonding
environment is bulklike. If, however, the bond is ionic,
the charge transfer and the resulting shift in electrostatic
potential will cause a chemical shift relative to the bulk
atoms. From earlier studies of adsorption-induced shifts
on Si(100) and Ge(100) surfaces, highly ionic chemisorp-
tion bonding is found to induce an energy shift of up to
about 1 eV, and the shift is approximately proportional
to the electronegativity difference.!?"2° The propor-
tional factor has been empirically determined to be ap-
proximately 0.38 eV for unity difference in electronega-
tivity based on the Sanderson scale.!"?* We have chosen
the Sanderson scale in this discussion instead of the Paul-
ing scale, because the Sanderson scale was developed
after the Pauling scale and represents an improvement.?*
There are, of course, other effects involved in the chemi-
cal shift, but the electronegativity model seems to ac-
count for the dominant part of the shift for all of the sys-
tems that have been examined so far.!! The electronega-
tivities of Ge, Si, In, Sb, As, and Ag are 3.59, 2.84, 2.84,
3.34, 4.11, and 2.57, respectively.?* Therefore, for Sb ad-
sorption on Ge(100) the conversion of the Ge 3d surface-
atom emission to a component experimentally indistin-
guishable from the bulk emission is a consequence of the
similarity in the electronegativities between Ge and Sb.
The electronegativity model also suggests a chemical shift
of about —0.29 eV relative to the bulk for In/Ge, which
is very close to the value of —0.33 eV observed here.

B. Intensity of the chemically shifted core level

The adsorption of Ag on Ge(100) has been studied be-
fore.!” A (1X1) HEED pattern was observed for cover-
ages approaching 1 ML. The Ge 3d core-level line shape,
however, remains unaltered as the weights and energy po-
sitions of the shifted component for the clean surface and
the 1-ML-Ag-covered surface are the same. The ob-
served chemical shift for Ag adsorption, same as the
clean-surface shift, is again in good accord with the elec-
tronegativity model mentioned above. Note that the
equivalence of the weight for the S component (the sur-
face component for the clean surface) and C component
(the chemically shifted component for 1-ML-Ag-covered
surface) was originally believed to support the notion that
the S-component emission is due to 1 ML of surface
atoms.!’
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The most significant difference between In/Ge(100)
and Ag/Ge(100) is the weight of the resulting C com-
ponent relative to the S component, which is illustrated
in Fig. 11 for In/Ge(100). A number of other photoemis-
sion studies have focused on the resulting intensity of the
single interface core-level component for adsorbate-
covered Ge(100) and Si(100) systems which show a
partially ionic interface character and hence an observ-
able chemical shift: As/Si(100),”® Cl/Ge(100),’ and
S/Ge(100).2” In each of these systems, the resulting in-
tensity of the single interface component was greater than
the intensity of the original surface component, but the
increase depends on the adsorbate. Also in each case, the
chemical shift is sufficiently large to be resolved easily,
and the intensity increase of the surface component can
be seen by visual inspection of the raw spectra without
performing a fit (not the case for In/Ge). Previous count-
ing of clean surface atoms has been performed by assum-
ing that exactly 1 ML of adsorbates bond to 1 ML of sur-
face atoms,”?® and the resulting intensity of the interface
component was compared to the intensity of the surface-
shifted component for the clean surface. Schnell et al.
applied this procedure to Cl/Ge(100) and found that
0.62+0.05 ML contribute to the clean-surface S-
component emission.” This differs from the Ag/Ge(100)
results and the 0.87+0.09 ML obtained by the absolute
determination technique.lo Furthermore, the Ge(100)-
(2X1) and Si(100)-(2X 1) surfaces are expected to very
similar, and an independent experiment based on a com-
parison between Si(100)-(2X 1) and Si(111)-(7X7) found
the S-component contribution to be 0.92+0.07 ML for
Si(100)-(2X1).2 A recent theoretical calculation by Ar-
tacho and Yndurain has also concluded that the S-
component emission for the clean surface should be 1 ML
(less the defects).*°

Another relevent case is the As-saturated Si(100). This
system is believed to form 1 ML of As dimers on the Si
surface;?® the main direct evidence comes from the STM
results of Becker et al.3! Bringans et al. showed that the
As/Si(100) system exhibits an interface Si 2p core-level
component which has a weight of 0.60 compared to the
S-component weight of 0.17 for the clean surface.?® A ra-
tio of these two weights [as done with Cl/Ge(100) in Ref.
9] gives an S-component contribution of 0.28 ML; which
is far below all of the values mentioned above.

The large discrepancies and variability in the S-
component contributions determined by the adsorption-
techniques discussed above are much beyond the typical
variation in sample quality and suggest the need for mod-
el improvement. First, there is the possibility that the ad-
layer will unequally attenuate the interface layer which
possesses reacted surface atoms and the subsurface layers
which solely contribute to the bulk emission of the core
level. This is easily visualized, for example, if the adsor-
bate bonding positions fall in sites located in the interface
atomic plane so that only the subsurface emission is at-
tenuated. But this effect is fairly small and cannot ex-
plain the large discrepancies noted above. Secondly, it is
possible that chemisorption-bond formation may affect
the core-level cross section of the reacted Ge atoms.
There is some evidence for this effect. For example,
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Himpsel et al. have observed changes in the Si 2p photo-
ionization cross section for the various oxidation states of
oxygen adsorbed on Si.¥ The wave function of a core
level is, of course, essentially decoupled from the environ-
ment. However, at the fairly low photon energies used in
these core-level studies, the final states for core excitation
are far from atomiclike, and therefore, a significant
modification to the cross section due to a change in the
chemical environment should be possible. Varma et al.
have reported changes in the cross 'section of quasi-
valence-band features of thin Hg films on Ag(100) which
have been attributed to changes in environment.>* There
is not necessarily a direct, simple link between the change
in cross section and the ionicity of the chemisorption
bond;* structural effects could be much more impor-
tant.?® Indeed, the results for Cl, As, S, Sb, In, and Ag
adsorption mentioned above do not show any obvious
trend relating the ionicity of the chemisorption bond and
the cross section change. Considering all of the above-
mentioned results, a variation in the Ge 3d cross section
caused by the In adsorption is the most likely explana-
tion, and we will adopt this interpretation here. An in-
spection of the data in Fig. 11 shows that the cross-
section enhancement is roughly a factor of 2.

C. Structural model for In/Ge(100)

The present photoemission and HEED results for
In/Ge(100) are very similar to the results for In/Si(100).!
For both systems, the HEED behavior shows a (2X2)
pattern developing for In coverages approaching 0.5 ML,
followed by another In-induced reconstruction. The In
4d Gaussian FWHM (Fig. 14) shows an approximately
constant value for coverages below 0.5 ML, followed by a
rapid increase. This suggests that all adsorption sites
possess similar bonding configurations for coverages less
than 0.5 ML, and new configurations are introduced for
coverages greater than 0.5 ML.

Owing to the large correspondence between the
In/Si(100) and In/Ge(100) systems, we propose that the
same structural models proposed previously for
In/Si(100) should also describe the behavior of
In/Ge(100).! The models for low coverages (isolated ada-
toms) and 0.5 ML coverage [fully developed (2X2)] are
shown in Figs. 16(a) and 16(b), respectively. The Ge(100)
dimers are still present after In adsorption. At low cover-
ages, each In adatom saturates three dangling bonds, be-
cause the chemical valence of In is 3. At 0.5 ML cover-
age, the In atoms form dimers with the dimer bond rotat-
ed 90° relative to the Ge dimer bonds. This (2X2) struc-
ture saturates all Ge dangling bonds and accounts for the
valence of In. The In atoms probably lie close to the
same plane as the Ge dimers to preserve the planar struc-
ture of the trivalent sp? configuration of In. For cover-
ages greater than 0.5 ML, the In begins to fill sites other
than those illustrated in Fig. 16(b), leading to the ob-
served line broadening.

From the above structural models and assumed cross-
section enhancement due to chemisorption, it is possible
to use a discrete-layer attenuation model to analyze in de-
tail the S- and C-component intensities shown in Fig. 11.
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(a) (b)

FIG. 16. A picture of structural models for (a) the adsorption
position for an isolated In adatom on Ge(100) occurring at
lower coverages, and (b) the ideal In/Ge(100)-(2 X 2) surface ful-
ly developed at 0.5 ML. The In and Ge atoms are illustrated by
solid and open circles, respectively.

In the following analysis we assume a factor a, to be
determined, for the enhanced cross section of the reacted
dimer atoms relative to the unreacted dimer atoms. The
intensities of the S, C, and B components of the Ge 3d
core level (denoted I, I, and I, respectively) are given
by the following equations:

Is=XglI, , (1)
Ic=aX.I, , (2)
Ipg=BI,[(1—Xp)+e '+ 2/ 1+ ... ], (3)

and
B=1+2"?-1)0, )

where I, is the emission intensity for a Ge(100) mono-
layer, X5 and X are the fractions of a monolayer for the
unreacted and reacted Ge dimer atoms, respectively,
Xr=Xs+X-=0.87 ML is the total number of dimer
atoms,'® d=1.415 A is the interlayer spacing along the
[100] direction, / is the phenomenological electron escape
depth, B is an attenuation factor caused by the growth of
In which affects only the subsurface emission, and © is
the In coverage for coverages less than 0.5 ML. Equa-
tions (1)—(4) can be solved to yield

a={X B \Ug /I 1—Xp+(e?'—1) 1 —Ig/Ic} 71,

(5)

XSZB(IS/IB)[1—X7+(ed/1—1)“1]’ ©
and

Xc=a*IB(IC/IB)[1—XT+(ed/1_1)_1] . o

Using the experimental S-component weight for the clean
surface, Eq. (6) gives /=6.4 A which agrees with previ-
ous results.”® Equation (5) yields @ =2.310.3 from a sta-
tistical average of the data in Fig. 11. Therefore, there is
roughly a factor of 2 increase in the core-level cross sec-
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tion for the reacted Ge atoms.
given by

nipleGe=(X,;—X5)/0=X,/0 . ®)

The In-to-Ge BCN is

The BCN calculation from both the Xg and X values
[Egs. (6) and (7), respectively], using the average value for
a, are shown in Fig. 17 using different symbols with a line
showing the differences. The overall consistency is good.
Although this is no proof that the model is correct, it
shows that the assumed cross-section enhancement due to
adsorption can explain all of the data. The BCN is seen
to remain at ~2 for coverages below 0.5 ML. This corre-
sponds very well with the model shown in Fig. 16(b) for
the (2X2) structure. The BCN value should be 3 for the
structure shown in Fig. 16(a) for the low-coverage limit.
The interpretation here is that most of the In atoms form
(2X2) islands already at the lowest coverage employed in
this study; thus, the low-coverage limit is never realized
in our experiment.

D. Structural analysis of Sb/Ge(100)

The Sb-to-Ge BCN values shown in Fig. 4 indicate a
significantly different behavior than for In/Ge(100). The
BCN is ~1 for coverages below 0.1 ML and increases to
~1.5 for coverages approaching 0.4 ML. For this type
of behavior, together with the constancy of the (2X1)
pattern observed in HEED for T'=400°C, it is unlikely
that the same sort of dimer pairing seen for In is the
predominant bonding configuration for Sb. One possible
structural model involves the replacement of Ge by Sb,
similar to what has been reported before for the
Sn/Si(100) system.* The models for low coverages (isolat-
ed adatoms) and ideal 1-ML-covered (2X 1) surface are
shown in Figs. 18(a) and 18(b), respectively. The elec-
tronic configuration for Sb in such a site is likely to be the

Ge(100)
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3| AC Component

2?IIgIzéxi‘°T

In—to—Ge BCN

0 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

In Coverage (ML)

FIG. 17. The In-to-Ge BCN for various In coverages. The
calculation using the S- and C-component weights are indicated
by solid circles and triangles, respectively; a connecting line il-
lustrates the differences.
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FIG. 18. A picture of structural models for (a) the adsorption
position for an isolated Sb adatom on Ge(100) which represents
a replacement site, and (b) the ideal 1 ML saturated
Sb/Ge(100)-(2X 1) surface. The Sb and Ge atoms are illustrat-
ed by solid and open circles, respectively.

trivalent s2p> to account for the three bonds. The two s
electrons form a nonbonding lone-pair orbital. The re-
placement site will have an effective BCN of 1, since each
replacement Sb atom eliminates one Ge dangling bond.
Because the BCN is ~ 1.5 for coverages approaching 0.4
ML, it is apparent that other bonding configurations
must also exist for which one Sb atom modifies more than
one Ge atom; the details of these configurations cannot
be deduced from the present data but probably involve
structures similar to the ones shown in Fig. 16. Because
the atomic radius of Sb is significantly larger than that of
Ge, the ideal (2 X 1) structure shown in Fig. 18(b) is prob-
ably not stable. The actual structure might involve de-
fects and distortions to relieve the strain; this may ex-
plain the fact that the saturation coverage of Sb on Ge is
somewhat less than 1 ML and the HEED pattern is
somewhat diffuse at saturation coverage for T=400°C.
The correlation of the Sb 4d core-level binding energy
with the VBM (Fig. 5) is also consistent with the replace-
ment model.* The idealized structure shown in Fig. 18(b)
happens to be the same structure proposed previously for
As/Si(100)-(2X 1) based on photoemission and STM re-
sults.?®3!

For the related Sb/Si(100) system prepared at 350°C,
the BCN is initially 3 for low coverages and gradually ap-
proaches 2 for coverages approaching 0.5 ML,® which is
different from that reported here for Sb/Ge(100). This
indicates a fundamental difference between the interac-
tions of Sb with Si(100) and Ge(100). For comparison,
significant differences in behavior have also been reported
before between Sb/Si(100) and As/Si(100).° Owing to the
differences in atomic sizes, lattice constants, the elec-
tronegativities (reactivities), the various group-V and
group-IV interface systems may or may not show similar
behaviors.

VI. SUMMARY AND CONCLUSIONS

The initial stages of interface formation between In and
Sb with the Ge(100) surface have been examined with
photoemission and HEED. The adsorbate-induced core-
level chemical shifts are seen to correlate with electrone-
gativity differences. The photoemission intensities from
the surface, interface, and bulk contributions of the Ge
substrate core level are measured as a function of adsor-
bate coverage to yield the BCN. The present data and
previously published data on other similar systems sug-
gest that the core-level cross section may be significantly
affected by a change in the local chemical environment of
the atom. The degree of homogeneity of the adsorbate
bonding is examined by measuring the widths of the ad-
sorbate core levels. Photoemission from the valence
bands shows the modification of the Ge dangling-bond
surface states by the adsorbates. The variation of the
Fermi-level position relative to the Ge band gap and the
Schottky-barrier height are measured; the results are
qualitatively consistent with the notion that In and Sb act
as an acceptor and donor in Ge, respectively. Structural
models are developed based on these results.

The present study applies the method of BCN deter-
mination as reported previously for a related substrate,
Si(100). In principal, this technique should be applicable
to any semiconductor surface which possesses a well
defined surface atom core-level emission. For an im-
proved understanding of III-V epitaxial growth, the
study of fundamental interactions of group-III and -V
atoms, each individually with group-IV semiconductor
surfaces, is particularly essential. An optimization of the
tailoring of interfaces and microstructures will require a
detailed understanding of adsorbate behavior on the
atomic level.
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