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Studies of the Ag-Ge(100) interface
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The growth mechanism, chemical interaction, crystallographic relationships, and electronic prop-
erties of Ag deposited at room temperature on Ge(100)-(2)& 1) were studied. Nucleation of deposited

1
Ag at about 3 monolayer coverage to form Aat and metallic Ag(110) islands was observed with

high-energy electron diffraction and photoemission from the valence bands. The growth of Ag at
higher coverages was determined to be three dimensional. The 3d core levels of surface atoms of
Ge(100)-(2)& 1) did not shift relative to the bulk with Ag coverage of a few monolayers, indicating a
very weak interaction between Ag and Ge and negligible intermixing. Annealing experiments
showed that the deposited Ag became highly clustered at elevated temperatures and did not wet the
Ge(100)-(2)&1) surface. We will compare the present results with those for Ag deposited on
Ge(111).

I. INTRODUCTION

Despite considerable work in recent years on the
research of properties of metal-semiconductor interfaces,
many problems and questions still remain. ' Part of the
difficulty may arise as a result of the lack of exact repro-
ducibility in the sample preparation procedures (such as
cleaving) and/or insufficient characterization of the sys-
tems under study, and therefore, ambiguities often exist in
the interpretation of the experimental data. Thus even the
seemingly simple question as to the presence or absence of
substantial atomic interaction and/or chemical reaction at
the metal-semiconductor interface has no clear-cut answer

in many instances.
The interfaces made of noble metals deposited on ele-

mental semiconductors such as Ge and Si are expected to
be relatively simple compared with interfaces involving

compound semiconductors and/or transition-metal over-

layers, based on the chemical reactivities of these materi-
als. Many of the noble metal-elemental semiconductor in-

terfaces have been investigated rather extensively before;
the major experimental results on the atomic structures
and electronic properties were described in a recent review
article by Le Lay. The least studied system was Ag-
Ge(100). This system as well as Ag-Si and other Ag-Ge
interfaces should be particularly simple because no stable
Ag-Si or Ag-Ge compounds seem to exist, and therefore,
the interface boundaries are likely to be relatively sharp.
Indeed, in a recent study of Ag deposited on Si(111) at
about 100 C we found that a Ag overlayer just a few
atomic layers thick was essentially indistinguishable from
single-crystal Ag(111) in the measured bulk and surface
electronic properties, indicating no or negligible mixing of
Si into Ag. The purpose of this paper is to provide a
clear-cut picture of the interface structure of Ag deposited
on Ge(100)-(2X 1) at room temperature. We report results
from photoemission and high-energy electron diffraction

(HEED) measurements. To the best of our knowledge,
there is only one other detailed study of this system, by
Lince et al. , using low-energy electron diffraction
(LEED), Auger spectroscopy, and scanning electron mi-

croscopy. Some of the present results have been submit-
ted for publication previously in the form of a short pa-
per. Here, we will present a more detailed discussion of
the measurements of photoemission line intensities and
line shapes for the Ge 3d core levels and Ag 4d valence
levels as well as the HEED patterns as a function of Ag
coverage. From the information about the atomic struc-
ture (HEED results) and the electronic properties (photo-
emission results) we provide strong evidence that the Ag-
Ge(100) interface is abrupt with no detectable intermixing.
The deposited Ag nucleates at about —,

' monolayer (ML)
coverage and exhibits the (110) face in two domains; the
subsequent growth is three dimensional. We will compare
our present results with those for Ag-GaAs(100) which is
expected to behave quite similarly (even the lattice con-
stants of Ge and GaAs are almost identical).

Our HEED observation regarding the initial growth of
Ag seems to be different from that by Lince et al. using
LEED [nucleation to form Ag(110) at submonolayer cov-
erages versus the observation of an apparent Ge(100)-
(1X1)-like patternj. Furthermore, in a recent study of
Ag-Ge(111) interfaces prepared at room temperature Ros-
si et al. s explained their results in terms of a model in
which a strong chemical interaction took place at the in-
terface resulting in a complex interface with a narrow in-
termixed region two or three layers thick, and almost pure
Ag islands grown on top of it. Since our results indicate
that the Ag-Ge(100) interaction is rather weak, an ex-
planation is necessary for the quite different conclusions
reached for Ag-Ge(100) and Ag-Ge(111). We will discuss
the discrepancies and possible explanations. Such a dis-
cussion might also be useful to the explanation of
discrepancies found in results for other interface systems.
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II. EXPERIMENTAL

Photoemission measurements were performed at the
240-MeV electron-storage-ring Tantalus at the Synchro-
ton Radiation Center of the University of Wisconsin—
Madison using a photoemission chamber with a base pres-
sure of about 10 ' Torr. Photon energies were selected
to enhance surface or bulk spectral contributions using a
3-m toroidal-grating monochromator. Photoelectrons
emitted from the sample were energy analyzed by a
double-pass cylindrical-mirror analyzer operated with a
pass energy of 5 or 10 eV. Photoelectron count rates were
in the range of 10 to 10 counts/sec typically. The
photoemission chamber was also equipped with a HEED
system for in situ investigation of the sample surface
structure.

A nominally ultrapure (undoped) Ge single crystal was
oriented to within 1' of a (100) plane by Laue back-
diffraction and mechanically ground and polished with
this alignment. A clean Ge(100)-(2X1) surface was ob-
tained through repeated cycles of Ar-ion bombardment at
500 eV followed by annealing to about 450'C. The princi-
pal contaminant seen during this process was carbon; cy-
cles were repeated until a carbon-free surface remained
after annealing as evidenced by Auger spectroscopy. Our
carbon detection limit was estimated to be about 0.02
monolayer. At this point HEED patterns for the sainple
displayed sharp (2X 1) diffraction streaks with good con-
trast, indicating a smooth Ge(100)-(2X1) reconstructed
surface. Carbon contamination would reappear several
hours after a clean surface was prepared; new surfaces
were generated by additional sputter and anneal cycles as
needed throughout the photoemission experiments.

Ag was evaporated from a small Ta boat The .deposit
thickness was determined using a quartz-crystal monitor;
for the small coverages this monitor was used to deter-
mine rates of evaporation through long and repeated tim-
ings. Once calibrated the thickness was established by
controlling the length of time the shutter was open. It is
estimated that these determinations may be in error by as
much as 20% for the lower coverages and less for the
higher coverages; however, the conclusions of this paper
are based on repeated experiments with many different
films. All depositions were performed with the sample
near room temperature. The chamber pressure during
evaporation rose to the 10 -Torr range and dropped back
to the 10 ' -Torr range after the evaporator was shut off.
Twelve roughly exponentially increasing coverages from
0.01 to 40 A were examined with photoemission and
HEED. Since we determined the Ag growth to be in (110)
planes, references to Ag coverage in this paper are also
made in terms of equivalent Ag(110) monolayers. These
are spaced 1.45 A apart in bulk Ag. We also point out
that since the development of the Ag overlayers is by nu-
cleation and subsequent three-dimensional growth, this
expression reflects the average deposit thickness over the
sample surface. In these terms, coverages ranged from
0.007 to 27.5 ML in these experiments. The Ge sample
position during Ag evaporation was different from that
during the subsequent photoemission measurements. An
effort was made to reproduce the sample position each
time in order to compare the photoemission intensities for

different Ag coverages. We tested the precision of our in-
tensity measurements by repeating the same measurement
for different Ag films with the same Ag coverage several
times, and found that an uncertainty of about 20% in in-
tensity was typical. This uncertainty was mainly derived
from irreproducibility of the sample position due to
mechanical play of our long-travel manipulator. The
measured spectra shapes were, however, quite reproduci-
ble because the angle-integrated geometry was not sensi-
tive to this effect.

HEED was used to examine all Ag films prepared for
photoemission. Many additional films, including dif-
ferent coverages than these, were prepared for examina-
tion by HEED in another ultrahigh vacuum chamber lo-
cated at the University of Illinois. The same Ge sample
was used for these additional measurements. In addition,
a Ge molecular-beam source heated with an electron beam
was used to grow Ge epitaxial overlayers on the Ge sam-
ple at about 400'C. HEED results on Ag films deposited
on the sputtered and annealed Ge surface and the Ge sur-
faces grown by molecular-beam epitaxy were identical
within experimental accuracies. The nucleation of Ag on
Ge(100) was reproducibly observed many tiines.

III. RESULTS

A. HEED studies

Some typical HEED patterns are shown in Fig. 1. Fig-
ure 1(a) is the pattern observed for clean Ge(100)-(2X 1)
with the incident electron beam approximately along the
Ge[011] azimuth. The half-order streaks due to the
(2 X 1) reconstruction are almost as intense as the
integral-order ones. The spots lying on the middle and
lower arcs are diffraction spots from higher Laue zones.
The spots on the middle are are all half-order spots, while
the spots on the lower arc correspond to both the integral-
and half-order spots. The pattern observed with the elec-
tron beam along the perpendicular azimuth, Ge[011], is
identical to Fig. 1(a) because of the two possible orienta-
tions of the (2X1) domains oriented at 90' apart. ' The
domained structures of Ge and Si surfaces are quite com-
mon; only the cleaved (111) surfaces sometimes show
single-domain structures over a macroscopic scale. Of
course, the (100) face of Ge cannot be obtained by
cleavage.

With increasing Ag coverages on Ge(100)-(2X1) up to
about 0.5 A ( —,

' ML), the entire Ge(100)-(2 X 1) pattern is
seen to fade somewhat but remains sharp. Beyond —,

' ML
coverage, additional diffraction streaks corresponding to
Ag(110) appear abruptly, indicating that nucleation of Ag
occurs at this coverage. This behavior has been firmly es-
tablished by repeated measurements with very fine steps
in increasing Ag coverages. " The Ag after nucleation
displays domains with two orientations 90' apart; the
Ag(110) domains are oriented with the [001] direction
parallel to the Ge[011] or [011] direction. The crystallo-
graphic relationship between the Ag domain in one orien-
tation and the top atomic layer of Ge(100), unreconstruct-
ed due to Ag coverage (see below), is shown schematically
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FIG. 1. HEED patterns for (a) clean Ge(100)-(2X 1) and (b)—(j) the same surface covered with Ag. The patterns on the left and
right are with the incident electron beam aligned approximately with the Ge[011]and Ge[OT1] directions, respectively. The Ag cover-
ages are as follows: (b) and (f) 2 A; (g) 5 A, (c) and (h) 10 A; (d) and (i) 20 A; (e) and (j) 40 A. The electron-beam energy was
8 keV. Some pictures were overexposed in order to show some relatively faint diffraction streaks.

in Fig. 2. Because the lattice constant of Ge is approxi-
mately v 2 times as large as that of Ag, the atomic ar-
rangment shown in Fig. 2 is approximately lattice
matched (within about 2%) along the Ag[001] direction.

Just beyond the nucleation threshold, the Ag(110) dif-
fraction pattern and the Ge(100)-(2X1) pattern coexist

with full fourfold symmetry. The streakiness and sharp-
ness of the Ag(110) pattern indicate that two-dimensional
islands are formed with average lateral dimensions of at
least 30 A. As more Ag is deposited, the half-order
streaks from the Ge substrate disappear completely at
about 1 A coverage, but the integral-order streaks are still
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Ge
after annealing. While heating Ag films to about 400'C,
a sudden sharpening of the diffraction pattern was ob-
served. Upon cooling to room temperature the Ge(2X1)-
reconstructed pattern was again clearly visible, along with

very sharp but dotty diffraction lines indicating highly
three-dimensional Ag structures containing (110) and
(100) faces. Evidently, annealing this system resulted in

large areas of the Ge becoming uncovered, the Ag atoms
being highly clustered. This result implies that the bond-

ing between Ag and Ge is weak, and Ag does not wet
Ge(100) at elevated temperatures.

[OiI] [OOI]
Jl

B. Core-level studies

= [0 I I]

Ge (IOO) Ag (I IO)
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FIG. 2. A schematic drawing to show the crystallographic
relationship between the Ge(100) surface atomic plane (unrecon-
structed due to Ag coverage) and a Ag(110) monolayer. The
open and cross-hatched circles represent Ge and Ag atoms,
respectively. The crystal directions are indicated. The two lat-
tices are nearly matched along Ag[001].

quite visible. Thus the (2X 1) reconstruction of Ge(100) is
suppressed at this coverage. Figures 1(b) and 1(f) show
the diffraction patterns for 2 A (1.4 ML) Ag coverage
with the electron beam along the Ge[011] and [011]direc-
tions, respectively. The bright spots on a circular arc are
integral diffraction spots from the Ge substrate; the long
streaks are derived from the Ag(110) overlayer with a cor-
responding lattice spacing of 2.89 A along the [110]direc-
tion. The diffraction streaks of Ag islands corresponding
to the lattice spacing of 4.09 A along the perpendicular
Ag[001] direction (see Fig. 2) are very weak and cannot be
seen clearly in Figs. 1(b) and 1(f). This is interpreted as
being due to elongation of the Ag islands in the Ag[110]
direction. This observation is further confirmed by mea-
surements of streak widths and intensities in the HEED
patterns obtained with the electron beam directed at other
azimuthal directions.

Figures 1(c)—1(e) show the diffraction patterns with the
electron beam along the Ge[011] direction for Ag cover-
ages of 10, 20, and 40 A, respectively. Figures l(g)—1(j)
are patterns with the electron beam along the Ge[011]
direction for Ag coverages of 5, 10, 20, and 40 A, respec-
tively. As Ag coverage is increased, the pattern still cor-
responds to Ag(110). The development of diamond-
shaped diffraction spots for Ag coverages more than a
few ML indicates the formation of three-dimensional
structures, that is, the resulting Ag film is rough.

The growth of Ag on Ge at room temperature thus
proceeds via nucleation with subsequent three-dimensional
growth. This behavior is nearly identical to that observed
for Ag on GaAs(100). The nucleation occurs at a Ag
coverage of about 0.5 A for both systems. This is perhaps
not surprising because Ge and GaAs have very similar
properties and nearly identical lattice constants.

HEED was also used to examine Ag films during and

Chemical reactions between the growing Ag film and
the Ge substrate would be expected to induce chemical
shifts in the binding energies of the Ag and Ge core lev-
els. ' The Tantalus ring does not produce usable flux at
the energies required to excite the Ag cores, so only the
Ge 3d levels at about 30-eV binding energy were studied.
Both bulk- and surface-sensitive spectra were obtained at
38- and 70-eV photon energies, respectively, for clean and
Ag-covered Ge(100)-(2X 1).' Excellent signal-to-noise ra-
tio was available for all core spectra up to about 5 A (3.4
ML} Ag coverage. The total instrumental-energy resolu-
tion of these spectra was about 0.30 eV as determined
from the observed width of the Fermi levels of Ag depo-
sited on the sample holder.

The surface-sensitive Ge 3d core-level line shape is a
sensitive measure of the degree of interaction between Ag
and Ge at the interface. For clean Ge(100)-(2X 1), the line
shape includes a component due to emission from surface
atoms which is shifted 0.41 eV towards lower binding en-
ergies relative to the bulk, due to the different bonding of
the surface atoms. ' In this experiment, the surface-
sensitive Ge lines show no detectable change in shape
from the clean case with increasing Ag coverage to 3.4
ML. Not only are there no extraneous features or shifted
components, but the surface-shifted component charac-
teristic of the clean (2X 1) surface remains evident. Fig-
ure 3 shows surface-sensitive Ge 3d core spectra for clean
Ge(100)-(2X1) (circles) and one covered with 2 A (1.4
ML} Ag (crosses). The solid curve is from a least-squares
flt to the clean spectrum used previously to determine the
surface shift; the model function has been described else-
where. ' The long- and short-dashed curves in Fig. 3 in-
dicate the bulk and surface contributions to the core-level
spectrum for clean Ge(100)-(2X1). The fit between the
clean and Ag-covered spectra and each to the fitted curve
is quite good, suggesting a minimum of interaction of the
Ag with the surface. Certainly no strong chemical reac-
tion has taken place. The continued presence of the
surface-shifted component with Ag coverage and the fact
that the (2X1) reconstruction is already suppressed at
this Ag coverage indicate that the intrinsic-surface core-
level shift for Ge(100)-(2X1) is probably not sensitive to
the (2X1) reconstruction which involves perhaps only
distortions in the registry of the first few atomic layers
from the unreconstructed configuration. The vacancy
models' for the (2X1) reconstruction in which alternate
rows of surface atoms are missing cannot explain the
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FIG. 3. Surface-sensitive photoemission spectra of the Ge 3d
core levels taken with h v=70 eU. Circles are data for the clean
Ge(100)-(2)& 1) surface while crosses are for the surface covered
with 2 A (1.4 ML) Ag. The two spectra have been normalized

to the same area. Binding energies are referred to the valence-

band maximum. The solid curve is a least-squares fit to the
clean spectrum; the long- and short-dashed curves (displaced

vertically for clarity) show the contributions from the bulk (B)
and surface (5) of Ge, respectively.

present result easily, because to suppress the reconstruc-
tion the surface atoms have to be substantially rearranged,
and changes in surface-core-level energies are expected as
a function of Ag coverage. The present results are quite
similar to those for Ag deposited on GaAs(100) at room
temperature, for which both the Ga and As 3d surface
core levels show only very small changes in energy with

Ag coverage.
The photoemission intensities of the Ge core levels de-

crease with increasing Ag coverage. However, the de-
crease in intensity of the surface-sensitive spectra is much
slower than what one would expect from attenuation by
uniform overlayers. Figure 4 shows the normalized in-
tegrated intensity of the 3d core levels as a function of Ag
coverage (circles). The dashed line represents the expected
exponential decrease assuming laminar growth and an
electron escape depth of 5 A appropriate for this energy. '

Significant emission can be seen even at the highest cover-
age used (40 A). On the basis of uniform-layer attenua-
tion practically no intensity (less than 4X10 of the
original intensity) would be expected for such a thick
layer coverage. These observations suggest either an
uneven growth, leaving areas with less coverage and al-
lowing emission from the Ge surface to come out, or rnix-

ing of Ge into the Ag overlayers. Both possibilities have
been suggested for the case of Ag on Ge(111) surfaces
which display similar attenuation behavior; however, in
view of the lack of any core-level distortions, mixing is
unlikely to be the cause in the present case. Nonlaminar
growth, evidenced by HEED measurements, is definitely a
cause for this behavior.

+ I.o-
M

UJ

z,'

O—0.6-
Cf)
0)

LU
O
O
~ O.2-
UJ0

UJ

0 0 0
0 x

0

Ag ON Ge (IOO)
0 hv =7Q eV

Ge 3d
~ Ag 4d

0 0
P

/
I o~

Cl )I 5A ~ o
0

0 ~f1
0 —iJ—
I I I I I I rr I rr I

0 2 4 6 8 o I 0 20 40
Ag COVERAGE (A)

FIG. 4. Relative photoemission intensities (normalized in-

tegrated area) for the Ge 3d core levels (circles) and the Ag 4d
levels (squares) as a function of Ag coverage, taken from
surface-sensitive (hv=70 eV) spectra. The long-dashed curve
shows the expected decrease in intensity of the Ge 3d core levels
assuming attenuation by uniform Ag layers and with an
electron-escape depth I =5 A. The short-dashed curve connects
the squares. The experimental uncertainty in intensity is about
20%%uo.

C. Valence-band studies

Figure 5 shows angle-integrated photoemission spectra
for Ge and Ag valence bands at all Ag coverages used in
the photoemission experiments. The photon energy used
was 70 eV, so these curves contain a significant fraction
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FIG. 5. Valence-band spectra for clean Ge(100-(2)& 1) and
for surfaces with increasing Ag coverage at h v=70 eV. Curves
are displaced vertically by arbitrary amounts for clarity. Curves
for lower Ag coverages are amplified by the indicated factors.
The energy scale is referred to the Fermi level.
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FIG. 6. The full width at half maximum of the Ag 4d band
(see Fig. 5) with estimated background subtracted as a function
of Ag coverage.

of emission from the surface layers. The Ag 4d-derived
bands are visible at the lowest coverage (0.01 A) as a
small peak superimposed on the Ge valence bands. This
peak grows in intensity and widens with increasing Ag
coverage. The relative integrated intensity of this Ag 4d
peak with estimated background substracted is shown in
Fig. 4 (squares) as a function of Ag coverage. Because the
uncertainty in the intensity measurement is relatively
large (about 20%), we cannot use this data to distinguish
different growth modes. The increase in width of the Ag
4d peak is related to the 4d-band formation; at the
highest coverage (40 A) and 4d peak looks essentially the
same as that for bulk Ag. The full width at half max-
imum of the Ag 4d peak is plotted in Fig. 6 as a function
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FIG. 7. Magnified photoemission spectra (from Fig. 5) in the
vicinity of the Fermi level. The zero of the energy scale is set to
the Fermi level indicated by the dashed line.

of Ag coverage. The abrupt increase in width around —,
'

ML Ag coverage is another indication of the nucleation of
Ag, in agreement with HEED measurements.

After nucleation, the Ag islands are sufficiently flat
and large to show the Ag(110) diffraction pattern. To in-

vestigate if the Ag islands are metallic (i.e., there is a suf-
' ficiently high density of states at the Fermi edge), we

show in Fig. 7 the magnified valence-band spectra near
the Fermi edge for different Ag coverages. The Fermi
edge is well developed for the higher coverages, and its lo-
cation is indicated by the dashed line. The clean spectrum
shows that the valence-band maximum of the Ge sub-
strate, which can be quite accurately located by linear ex-

trapolating the leading slope, is at about 0.1 eV below the
Fermi edge. Significant emission from states at the Fermi
level can be seen in Fig. 7 for Ag coverages of 0.4 A and
greater, consistent with the picture that the Ag islands
formed after nucleation are metallic. ' From core-level
measurements, the Fermi level remains at about 0.1 eV
above the Ge valence-band maximum for Ag coverages up
to a few ML.

IV. DISCUSSION

We will summarize our major results first before dis-
cussing the comparisons with other authors' results on re-
lated systems.

Ag deposited on Ge(100)-(2X1) at room temperature is
dispersed for coverages less than about —,

' monolayer. A
sharp nucleation process occurs at a Ag coverage of about

monolayer and relatively flat, elongated, and metallic
Ag(110) islands are formed; the covered part of the Ge
surface and immediate vicinity become (1 X 1), while the
rest of the surface is still (2X 1). As more Ag is deposit-
ed, the (2 X 1) reconstruction of Ge becomes totally
suppressed at about 1-A coverage, and the Ag growth is
three dimensional. From core-level studies and HEED
studies of films before and after annealing, one can con-
clude that the Ag-Ge interaction is very weak and there is
no evidence of any strong chemical reaction or intermix-
ing. All experimental results are consistent with an
abrupt interface. The clean Ge surface is p type and the
valence-band maximum remains at about 0.1 eV below the
Fermi level for several layers of Ag coverage. The clean
Ge(100)-(2X1) surface is most likely derived from the
(1 X 1)-unreconstructed surface by distortions in the regis-
try of the first few atomic layers such that chains or di-
mers are formed on the surface. ' As Ag is deposited, the
reconstruction is suppressed but the surface core-level en-
ergies are not changed. The vacancy models for Ge(100)-
(2X1) are most probably not correct. The results for Ag
on Ge(100) are extremely similar to those for Ag on
GaAs(100). Ag-GaAs(100) is also an abrupt interface
displaying nearly identical growth details. The major
difference is in the Fermi-level positions; the final Fermi-
level position of Ag-GaAs(100) is near midgap and de-
pends somewhat on the starting surface reconstructions.
%e have no good theories to explain the Fermi-level posi-
tions for all these surfaces; this Schottky barrier problem
is well known and has not been solved completely.

Results of our observation of the Ag-film growth are in
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substantial agreement with the low-energy electron-
diffraction results of Lince et a/. who also observed
three-dimensional growth of Ag(110) at coverages of more
than a couple of monolayers. However, they reported a
Ge(100)-(1X1)-like pattern for about 1 ML of Ag on
Ge(100). We repeatedly observed submonolayer nu-

cleation with the coexistence of Ge(100)-(2X1) pattern
and the Ag(110) pattern just beyond about —, monolayer

of Ag coverage for Ge surfaces prepared by molecular-
beam epitaxy and for Ge surfaces prepared by sputtering
and annealing. A probable explanation for this difference
is that the Ag(110) layers at low coverages do not give rise
to a LEED pattern intense enough to be easily recognized.
If this is the case, the substrate (1X1) pattern will dom-

inate. HEED is quite sensitive to small islands on a sub-

strate as demonstrated by our present measurements.

Apart from the above question, our results and the results

of Lince et al. are mutually consistent. They also ob-

served clustering of Ag upon annealing with the reappear-
ance of Ge(100)-(2 X 1) and concluded that the Ag-Ge in-

teraction was weak.
From our core-level intensity measurements (Fig. 4) and

the Auger intensity measurements of Lince et al. , the Ge
substrate must be fairly well covered by Ag for one mono-
layer coverage. Because of the uncertainties in our inten-

sity measurements and the uncertainties in the electron-
escape depth, we are not certain if three-dimensional
growth already starts below monolayer coverage after nu-

cleation. If three-dimensional growth proceeds right after
nucleation, the growth mode is called the Volmer-Weber
mode. If three-dimensional growth occurs only after the
completion of the first monolayer the growth mode is

called the Stranski-Krastanov mode. Because the nu-

cleation starts at —, ML and the Ag film is quite flat for
coverages up to about 2 ML (no detectable three-
dimensional structure with HEED), there is perhaps very
little practical difference between these two possibilities
for the present case. A fraction of the Ge surface is prob-
ably still uncovered after three-dimensional growth starts
elsewhere on the Ge surface. Some surface defects always

exist, and they may affect the exact details of film
growth. Growth of Ag at elevated temperature, on the
other hand, is definitely described by the Volmer-Weber
mode,

In a recent study of the Ag-Ge(111) interface prepared
at room temperature, Rossi et al. explain their results in
terms of a model in which a strong chemical interaction
took place at the interface resulting in a complex interface
with a narrow intermixed region, two or three layers
thick, and almost pure Ag islands grown on top of it.
Since chemical reaction and atomic intermixing are not
expected to be critically dependent upon crystal faces for
real systems with defects, their model is at variance with
ours. They based their conclusions on the following ob-
servations: (1) The Ag 3d intensity for submonolayer cov-
erages was about 30% less than expected for smooth-layer
formation from linear extrapolation of data at the lowest
coverage of 0.08 ML. This was taken as evidence of Ag
penetration into Ge. (2) The valence-band structure de-

rived mainly from the Ge 4s states at about 10.5 eV below
the Fermi level shifted toward lower binding energies with

increasing Ag coverage. The shift was saturated at about
0.3 eV for Ag coverages greater than about 1 ML. This
was taken as evidence of chemical interaction with a
resultant reduced valence-band width. (3) The Ge 3d in-

tensity after Ag coverage was more than expected for
smooth-Ag-layer growth. This was taken as evidence of
mixing and/or uneven growth.

Evidence described in (1) above is really too weak to be
conclusive. If the error bars indicated by Rossi et al.
(Fig. 5 of Ref. 8) are taken into account, one can easily
show that their data are also consistent with a model in
which no penetration of Ag into Ge occurs. Specifically,
the dashed line in that figure can be redrawn to have a
smaller slope and to pass through the origin and all error
bars associated with data points for 8 & 1 ML (the re-

duced intensity scale should be changed correspondingly).
Evidence described in (2) above is also too weak to be

conclusive. The Ge 4s photoemission structure is very
broad and asymmetric, so it is difficult to determine its
position precisely. Furthermore, the shift may be due, at
least in part, to changes in band bending occurring with
the deposition of a metal. The band bending as a function
of Ag coverage can be determined precisely by measuring
the Ge core-level position if the interface chemical shift is
very small [which is true for Ag-Ge(100)j. A core-level
shift of about 0.2 eV towards lower binding energies was
reported by Rossi et al. for Ge(111), and this value is
comparable to the reported shift in the Ge valence 4s
states of approximately 0.3 eV, also towards lower binding
energies. So the net shift in the Ge 4s states is extremely
small, if nonzero. Considering the experimental accuracy,
the results are not conclusive.

Evidence described in (3) above is consistent with
three-dimensional growth or the existence of pinholes or
cracks in the overlayer, as we have shown that intermix-
ing does not occur. By measuring the attenuation of the
Auger signal from the Ge(111)-(2X8) substrate as a func-
tion of Ag coverage at room temperature, Berturcci
et al. ' concluded that Ag growth was layer-by-layer
(Frank —van der Merwe mode) on Ge(111)-(2X8). Since
the (2X 8) reconstruction is suppressed by Ag coverage, it
seems reasonable to assume that layer-by-layer growth of
Ag also occurs on Ge(111)-(2X1) which is the reconstruc-
tion for samples obtained by cleavage at room tempera-
ture (this is the type of sample used by Rossi et al. ). If
this assumption is valid, then the evidence described in (3)
above could be explained as due to pinholes or cracks in
the Ag overlayer. Practically all samples prepared by
cleavage have some defects or steps over an area of mac-
roscopic scale, and these defects or steps could conceiv-
ably produce pinholes or cracks in the overlayer. We do
not know if the above explanation applies to the data in
Ref. 8, because no details about surface quality were
given.

Therefore, our results and conclusions are not incon-
sistent with the data reported in Ref. 8, when experimen-
tal uncertainties are taken into account.

V. C(ONCLUSIQNS

A detailed investigation of the Ag-Ge(100) interface us-

ing photoemission spectroscopy and HEED has been
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made. The major experimental results are summarized in
the previous section. The crystallographic relationships,
growth mechanism, chemical interactions, and electronic
properties are discussed. The results provide a fairly clear
picture of the interface behavior. Another purpose of the
present research is to determine the Ge(100)-(2X1) sur-
face structure by examining the spectroscopic and
structural information as a function of Ag coverage.
From our results, we can only say that the vacancy
models are most likely not correct. More research is de-
finitely needed. By using other adsorbates which interact
differently with Ge(100)-(2&& 1) than Ag, it is hoped that
in the future we will be able to distinguish different sur-
face sites, if they exist (such as predicted by the asym-
metric dimer model), through selective adsorption, so that

a more definitive picture about the surface reconstruction
of Ge can be obtained. '
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