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Cluster formation and atomic intermixing at the reactive V/Ge(111) interface
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A detailed low-energy electron-diffraction, synchrotron-radiation, and resonance-lamp
photoemission-spectroscopy study of the reactive V/Ge(111)2)&1 interface is presented. High-
resolution core-level and valence-band results indicate the formation of vanadium islands for cover-
ages 6 less than -2 A (average radius -20 A, number density —10' cm ). Core-level decompo-
sition makes it possible to then follow the growth and attenuation of each Ge species. In particular,

0
disruption of the substrate occurs above -2 A and an intermixed V-Ge region forms. This reacted

0
region is ultimately covered up for 6)20 A, but strong out-diffusion of Ge allows the formation of

0 0
a more V-rich species up to —80 A. Beyond -80 A, Ge out-diffusion is significantly reduced and a
pure vanadium overlayer forms. Evolution of the Schottky-barrier height variation was monitored
through binding-energy changes for the Ge 3d core level and, although the Schottky-barrier height

0

+b was completely developed by -2 A, a slow increase of Nb was observed as a secondary effect of .
atomic intermixing (-0.05 eV after 10 A).

I. INTRODUCTION II. EXPERIMENTAL TECHNIQUES

For the last decade or so, major efforts have focused on
the microscopic properties of metal-semiconductors inter-
faces and how they influence the macroscopic properties
of the junction. ' Nonetheless, Ohmic contacts and mi-
croelectronic devices are still being built using empirical
prescriptions —from which we conclude that our basic
understanding of this very complex problem is far from
complete. In this context, both reassessments of the large
amount of information already available and wider, sys-
tematic studies of metal-semiconductor interfaces are in
order. At issue are questions related to adatom clustering
on surfaces and their role in intermixing and Schottky-
barrier formation, atomic intermixing and local bond-
ing configurations at an interface, and the influence on
the reaction kinetics of defects and impurities present at
semiconductor surfaces. '

The increasing interest in refractory-metal—
semiconductor interfaces is connected to both their tech-
nological applications and to fundamental scientific prop-
erties related to interaction between sp semiconductors
and d-band metals. ' In this paper we report a study of
one of these interfaces, V/Ge(111)2X l. Germanium was
chosen because high-resolution Ge 3d core-level informa-
tion could be used to follow the evolution of the interface
in a very detailed way. Indeed, by performing Ge 3d
line-shape decomposition it was possible to characterize
the different Ge environments which form and to follow
the relative concentration of each during the growth of
the interface. Results presented here suggest adatom ag-
gregation at low coverages before the onset of reaction,
followed by the formation of an inherently heterogeneous
interface. They also show that significant Ge out-
diffusion occurs to very high coverage although the pri-
mary reacted region is completed after -20 A of vanadi-
um deposition.

The photoemission studies were done at the Synchro-
tron Radiation Center's Tantalus light source using the
3-m toroidal grating monochromator and the grazing in-
cidence "Grasshopper" monochromators and in our labo-
ratory at the University of Minnesota using a helium reso-
nance lamp. Primary studies of the Ge 3d core levels
were conducted at h v=40, 50, and 75 eV in order to vary
the surface sensitivity of the measurements. The valence-
band studies were conducted using photon energies of 50
to 21.2 eV to enhance, respectively, the V 3d and the sub-
strate emission. The valence bands were recorded with an
overall resolution of 300 meV for hv=50 eV and 170
meV for h v=21.2 eV. A very detailed study of the V/Ge
behavior in the low-coverage regime (6 &2 A) examined
the Ge 3d core emission with an overall resolution of 200
meV. This high-resolution study made it possible to dis-
tinguish three different core-level components and to
determine their binding-energy variations and line-shape
changes. We estimate a reproducibility of the relative po-
sition of the different components within 0.05 eV.

Both of the photoemission spectrometers operated with
a collection geometry having the photon beam incident on
the sample at about 45' (s-polarized light for synchrotron
radiation, unpolarized light for resonance lamp) and the
surface normal directed into the collection annulus of the
cylindrical mirror analyzer (CMA). ' Low-energy elec-
tron diffraction (LEED) and resonance-lamp photoemis-
sion studies were conducted in parallel in order to corre-
late electronic evolution with structural modification of
the interface using the same sample. Ge crystals (n type
with Sb dopant, 5—10 Qcm) oriented along the [111]
direction were cut to give dimensions -4&4&20 mm.
These posts were notched, etched, and finally cleaved
in situ to obtain Ge(111)2X1 surfaces. The quality of
each cleave was checked with valence-band and core-level

32 5149 1985 The American Physical Society



5150 de1 GIUDICE, JOYCE, RUCKMAN, AND %'EAVER 32

photoemission and, when possible, with LEED to assure a
weH-defined 2)& 1 reconstruction. Evaporation of V films
was performed using a resistively-heated 5-mil Mo boat
and required 100—110 A from a regulated power supply.
The operating pressure of each experimental chamber was
mid-10 " Torr and evaporations were always done at
pressures better than 2 & 10 ' Torr. Extended degassing
of the V source was necessary to obtain such low pres-
sures but was essential to obtain contamination-free V
surfaces. The rates of evaporation were determined using
a quartz thickness monitor. Every coverage was obtained
by first stabilizing the evaporation rate at 1 A/min prior
to exposing the sample to the V source {source-to-sample
distance -30 cm). All of the studies reported here were
conducted at room temperature. The results are represen-
tative of many cleaves and repetitive evaporation cycles.
In this paper we use angstrom units where 1 A=0.95
monolayer (ML) =6.95 X 10' atoms/cm .

EA

(D

C&

V)

E
(D
O
O

CL

V/Ge (I I I ) 2x I 2

40

lean

I -2 2 I

Relative Binding Energy (eV)

2
I

I

-2

= (n)

60

20

12

III. EXPERIMENTAL RESULTS

In Figs. 1 and 2 we report results which show the
behavior of the Ge 3d core emission at the V/Ge interface
taken at two different photon energies (40 and 50 eV) with
different surface sensitivities Q, -20 and 10 A, respective-
ly). ' Analogous results were obtained at 75 eV with

FIG. 2. Ge 3d core-level EDC's as in Fig. 1 but with greater
surface sensitivity (hv=50 eV). Again, three distinct species
can be identified. On the right-hand side we show line-shape
decompositions for h v= 50 eV and for different overlayer thick-
ness. The core EDC's could be fit with three doublets for all

0
coverages greater than -2 A, allowing only the relative
amounts of components 1, 2, and 3 to vary.
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FIG. 1. Core-level results for the Ge 3d core at hv=40 for V
overlayers after the subtraction of inelastic background. The tic
marks indicate the relative binding-energy position for the sub-
strate (1},the intermixed (2},and the segregated (3}species. The

0
substrate emission is present up to -20 A of V coverages. Re-
sults are corrected for a band bending of 125 MeV (bottom-most
line}.

higher surface sensitivity but poorer energy resolution. In
Fig. 3 we show high-resolution results in the ultralow-
coverage range 0—2 A. In each figure the bottom energy
distribution curve (EDC) is for the clean surface, and
EDC's offset vertically reveal the evolution characteristic
of the interface. The energy scales have been corrected to
compensate for changes in the Fermi-level position. The
initial band bending of 125 meV was achieved by 2 A, as
indicated by the horizontal line. Further metal deposition
reversed this band-bending trend, and the features rigidly
shifted to lower binding energy as determined from the
trailing edge of the bulk Ge 3d core emission. In the data
presented, this shift is also taken into account and will be
discussed in subsequent paragraphs.

The Ge 3d core EDC's show gradual changes in shape
for 0&0&2 A, as shown in Fig. 3. This is consistent
with line-shape broadening due to weak but non-negligible
interaction of V atoms with the substrate and with the
structural relaxation for 2 && 1 to 1 & 1. Analogous
broadening was reported for the Ag/Ge system for which
no intermixing was observed. ' Indeed, we find no evi-
dence of a reacted Ge component until the overlayer cov-
erage exceeds -2 A. Above 2 A, the new component,
which is shifted -0.5 eV to lower binding energy, grows
and can be observed up to 50—60 A of nominal film
thickness (see tic marks in Figs. 1—3). For e&20 A, a
third, fully-shifted component appears at 0.95-eV lower
binding energy relative to the unreacted component. This
then dominates until 8 & 80 A when the intensity of the
Ge 3d core emission drops, indicating that the reacted re-
gion serves as a barrier for subsequent out-diffusion of Ge
atoms. We can then identify three distinct regimes of in-
terface formation based on the appearance of the Ge 3d
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FIG. 3. High-resolution results for Ge 3d cores at h v=50 eV
at low V coverages. As shown by tic marks, the component as-
sociated with the formation of an intermixed layer starts to
form clearly at -2 A. A continuous broadening is also ob-
served at lower coverage (see discussion in text). The bottom
line shows the total amount of the band bending.
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cores. The first corresponds to a weakly interacting re-
gime, the second to an intermixed V/Ge phase, and the
third to covering up of the V/Ge overlayer.

On the right-hand side of Fig. 2 we present representa-
tive line-shape analysis results for the Ge 3d core EDC's.
To obtain these decompositions, we used empirically-fit
doublets shifted by 0.5 and 0.95 eV relative to the sub-
strate component with spin-orbit splitting of 0.6 eV and
branching ratios of 0.61 (hv=50 eV). It is important to
note that every Ge 3d EDC for 0)2 A could be fit in
this way by varying only the relative intensity of the com-
ponents, each one located at a fixed position in binding
energy and corresponding to well-defined configurations
for the Ge/V atoms. With these results it will be possible
in the next section to semiquantitatively model the inter-
face chemical and atomic distribution.

In Figs. 4 and 5 we show the valence-band modifica-
tions induced by successive depositions of V onto
Ge(111)2X1 for photon energies of 50 and 21.2 eV,
respectively. ' The bottom EDC in each figure is for the
clean, cleaved Ge(111)2X1 surface. The feature denoted
by D, which is Ge derived and has minimal overlap with
V derived states, has been used to align the spectra at low
coverages in both figures. The low coverage EDC's (0—2
A) in Fig. 5 are normalized to the emission of clean
Ge(ill) and show little change in Ge features beyond
steady attenuation. At the same time, difference curves
reveal the growth of V 3d emission within 2—2.5 eV of
the Fermi level (not shown). The growth of these V-
induced states is particularly evident from Fig. 4 because
spectra at h v= 50 eV emphasize the V character and be-
cause of the enhanced surface sensitivity at that energy.
There, the shaded region highlights the changes between
the clean surface and the 0.5-A covered surface.
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FIG. 4. Valence-band EDC's for V overlayers with he=50
eV. The feature denoted by D was used to align the low-

0
coverage spectra. The presence of a reacted species for 0 & 2 A

0
is reflected by peak C. For 0)35 A, the spectra converge to
bulk V with the splitting of the d bands into two features la-
beled A and B. The shaded area represents the difference be-
tween the clean Ge EDC and the one at 0.5 A of V coverage.
The upper panel shows the V d bands at different energies with
high resolution for a thick V film.

As the d bands grow, the main feature labeled A nar-
rows and shifts to 0,3 eV below Ez (total shift of 0.5 eV
between 3 and 100 A as measured at 21.2 eV). The weak
structure denoted by C about 4.5 eV below EF persists to
-25 A and is related to states of the V-Ge reacted phase.
Its disappearance and the growth of peak B at about 2.2
eV correspond to the onset of the third interface growth
regime identified from the core results as the covering-up
regime. Finally, the valence band (VB) evolves slowly to
that of metallic vanadium such that by -80-A coverage
the convergence is complete, as judged by the 21.2-eV
spectra.

At the top of Fig. 4 we report VB spectra for a thick
film of V at h v=2. 12, 50, and 60 eV with -200-meV to-
tal resolution for 21.2 and 50 eV. From these spectra it
can be seen that structures A and B identified in the
evolving interface ultimately split into four features which
can be related to the band structure (Ai at 0.3 eV, Az at
0.9 eV, B2 at —1.8 eV, and Bi at -2.5 eV). At 21.2 and
50 eV we are, respectively, near the minimum and the
maximum for the photoionization cross section for d
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FIG. 5. Representative EDC's showing the effect of increas-
ing V coverage for hv=21.2 eV. The valence-band spectra
from the intermixed V/Ge species (2&e&20) show a well-

defined structure at 4.5 eV below EF (peak C). The increasing
emission at 2.2 eV (peak B), together with a sharpening of the
feature A, marks the convergence to a V-like valence band that

0
occurs for 8)40 A of coverage.

modes for this kind of interfaces include layer-by-layer
(Frank —van der Merve), three-dimensional islanding
(Volmer-Weber), and island growth over a monolayer
(Stranski-Krastanov) behaviors. Careful analysis of the
results of our low-coverage core-level studies makes it
possible to model the growth of V on Ge prior to the on-
set of reaction. It should be clear, however, that the over-
layer is inherently metastable since reaction is triggered at
—2-A coverage.

In Fig. 3 we report some of the core-level EDC's
recorded at 50 eV with a measured overall resolution of
200 meV, i.e., much less than the observed broadening of
the Ge 3d doublets [0.5 eV full width at half maximum
(FWHM)] so that it is possible to determine variations in
FWHM (line-shape broadening) indicative of charge redis-
tribution. As shown, the first clear evidence of a shifted
component appears at 2 A, but a continuous broadening
of the doublet is observed as the V coverage is increased
from 0 to 2 A. Analogous results were obtained at 75 eV
with greater surface sensitivity but with lower overall
resolution. Any attempt to fit these spectra by varying
the intensity of the doublet associated with the reacted
species was unsuccessful up to 2 A of coverage. We thus
believe that the initial broadening is not related to the for-
mation of a reacted species but more likely to
chemisorption-induced perturbation of the charge distri-
bution at the surface.

In Fig. 6 we report attenuation curves I(e)/I(0) for
the Ge 3d core emission for e (2 A based on core EDC's
taken at 50- and 75-eV photon energies. Different sym-
bols are for different cleaves and the scatter represents the

states. ' We can then emphasize the d character of the
VB states, and we see that the main d contribution comes
from the states around A2 and B2. Insight into the origin
of these features, particularly with regard to their angular
momentum character, can be gained through comparison
with band calculations. ' ' The experimental structure at
—0.3 eV appears to be a superposition of p and d states
related to the X pocket. Moreover, the d-derived density
of states (DOS) is consistent with the energy location of
experimental peaks Aq and 82 with more mixed angular
momentum character for the peak closest to Ez.

The results presented in Figs. 1—5 emphasize the
changing Ge environment and its correlation to changes
in the valence-band structures. These results all point to
the existence of several well-defined V/Ge interface re-
gimes. In the following we discuss those results and use
them to model the evolving interface.
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Studies in the low-coverage region allow us to charac-
terize the initial stage of interface formation, identify or-
dering or the lack of overlayer ordering, determine the on-
set of reaction, and examine the driving forces of interface
reactions.

Previous work with metal-semiconductor interfaces
have shown that metal overlayers can exhibit a number of
different structural morphologies. ' ' ' ' ' The growth

FIG. 6. Attenuation curve for Ge 3d in the low-coverage re-
gion for two different photon energies (hv=50 eV, open sym-
bols; h v=75 eV, solid symbols). The scattering is representative
of the statistical error. The dashed line represents the exponen-
tial attenuation for the model denoted by A in the top model.
Model B (island formation) shows good agreement with the ex-
perimental results (continuous curve).
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statistical error. As shown, the attenuation of the Ge 3d
core emission is quite insensitive to variations in the elec-
tron escape depth. This is very surprising and is incon-
sistent with layer-by-layer growth of the sort sketched as
type A, shown at the top of Fig. 6, since this mode re-
quires exponential variation with escape depth. Assuming
a reasonable escape depth of A, =5 A for hv=75 eV, we
see from the calculated behavior (dashed line labeled A in
Fig. 6) that layer-by-layer growth cannot explain the ex-
perimental data. Instead, if we assume islands which in-
teract with the substrate in the contact area (model 8 in
Fig. 6), then we should expect an attenuation of the form
(1—ae ~ ). In particular, if we assume that the islands
are hemispherical with average radius R and concentra-
tion n„at least in the early stages of nucleation, then a
depends substantially on n, and on characteristic parame-
ters of the interface constituent materials, including atom-
ic weight and density. The attenuation takes the form'
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B. Intermediate region

The intermediate region corresponds to coverages
between 2 and about 40 A, where the reaction starts and
the overlayer chemistry is fully developed. The morphol-
ogy of the intermediate region can best be seen through
analysis of the core level where each component is con-
sidered separately —as can be done with line-shape decom-
position of the sort shown in Fig. 2. At the top of Fig. 7

5

where I, is the electron escape depth and P is a function of
the already-mentioned parameters. As shown, this model
provides very good agreement with the experimental re-
sults with a=0.09. This is consistent with an average is-
land radius R -20 A at 8=2 A and an average island
concentration of n, —10' islands/cm . Moreover, once
these parameters have been determined, a variation of the
escape depth produces a second-order correction for the
value of a (of the order of few percent), in agreement with
the experimental results.

Our valence-band results of Figs. 4 and 5 can be inter-
preted as attenuation of the Ge features and the appear-
ance of V-induced states. Difference curves at 21 eV re-
veal the growth of new states near the Fermi level about
in the position of V 3d emission. No evidence was found
in the difference curves for e & 2 A of the feature denoted
by C and associated with the formation of the intermixed
region. LEED results show, however, that there is no or-
dered overlayer formation. Indeed, the 2X1 LEED pat-
tern for freshly cleaved Ge changes after the deposition of
0.1—2.0 A in a I X 1 pattern, indicating reconstruction of
the metastable Ge(2X1) pattern due to metal adatoms.
The LEED pattern fades between 2 and 3 A into an in-
creasing background. The absence of metal-induced
structure seems to indicate that at low coverageg a disor-
dered layer is formed. Moreover, the persistence of the
ordered substrate pattern to a coverage greater than 2 ML
argues against epitaxial growth at room temperature and
is consistent with the formation of islands.

This kind of cluster growth ceases at e-2 A as the
clusters become unstable and provide the energy necessary
to disrupt the substrate. Fujimori et al. have discussed
such disruption in terms of the coalescing of islands —or
coarsening. Such cluster-induced reactions have been do-
cumented recently for Ce/Si. Models involving cluster
formation have been proposed recently for some interfaces
by Ludeke and by Zunger. Upon disruption, intermixed
V-Vie regions are formed, growing along and into the sur-
face as will be discussed in the next section.
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FIG. 7. (a) Relative intensity attenuation curves for pho-
toelectron escape depths of 8—20 A obtained by varying hv. (b)
and (c) Attenuation curves for the Ge 3d core emission. Dif-
ferent symbols correspond to different cleaves. Also shown are
results for the growth and/or attenuation curves of the various
Ge 3d components based on the line-shape analysis {Fig. 2).
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The substrate is attenuated with an escape depth of -7 A. The
second species associated with intermixed V/Ge grows to 40/o
of the initial signal and remains quite constant in the region be-
tween 10 and 20 A. After 20 A, the segregated species is
present and is responsible for the characteristic plateau in the

0
total attenuation curve. Over -80 A, the interface is covered
up with a V film which is increasingly effective as a barrier for
Oe out-diffusion.
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we plot in[I(e)/I(0)] for different photon energies for
0&6&120 A for the total emission from the Ge 3d
cores. In the bottom two parts of Fig. 7, we show the
growth and/or attenuation for each of the components
identified in the line-shape analysis (Fig. 2). From Fig.
7(a) it appears that the total Ge 3d core emission is at-
tenuated almost exponentially between 2 and 40 A with
characteristic escape depth of 25, 20, and 16 A for
hv=75, 50, and 40 eV, respectively. This behavior is
misleading, however, as can be seen from panels (b) and
(c) of Fig. 7. There we can identify and follow the three
distinct Ge species and see that the Ge-1 substrate emis-
sion is exponentially attenuated with a photoelectron es-
cape depth of -7 A. This is in reasonable agreement
with what might be expected for hv=75 eV [-5 A for
propagation through crystalline Ge (Ref. 14)].

Once reaction has been triggered at the interface, the
component shifted 0.5 eV to lower binding energy grows,
reaching a plateau region at -8-A coverage with total
emission of 38—40% of the initial signal [Fig. 7(b)].
This reacted phase dominates until -20 A and can be as-
sociated with the formation of regions of the intermixed
V-Ge phase. The invariance of binding energy of the
reacted Ge component indicates that the local chemical
environment does not change significantly as the reaction
occurs. Changing the photoelectron escape depth within
the interface region [10 A with hv=50 eV, Fig. 7(c)] al-
lows us to see that the substrate is still attenuated with the
same characteristic length, whereas the Ge-2 phase in-
creases more slowly and reaches 34% of the initial signal
at 12 A. The variation of the plateau value with the es-
cape depth seems to be consistent with the presence of a
concentration of -40% of Ge in the reacted layer. This
number is, however, meaningless and cannot give us the
composition of the reacted overlayer without parallel
understanding of the growth morphology. Indeed, it is
calculated by assuming layer by layer growth —compared
to what is most likely heterogeneous growth of the V/Ge
interface. Significantly, our results show that a uniformly
distributed reacted species is grown, independent of the
details of the lateral morphology.

Valence-band results (Figs. 4 and 5) show that the new
feature denoted by C is present in the intermediate region,
appearing first at about 3 A and becoming well defined
between 5 and 20 A. For 6 & 20 A, it decreases in intensi-
ty and disappears completely by 30 A. These states can
be associated with V—Ge bonds in the intermixed phase.
Eventually, they disappear because the intermixed region
is covered up by a vanadium layer.

For coverages above 20 A, a third Ge 3d component
appears located —0.95 eV lower in binding energy than
the bulk component. This component grows and reaches
a maximum at 30—40 A. The results in Fig. 7 show that
an apparent strong gradient for this species exists across
the film since the Ge-3 signal is reduced by 30% on going
from h v= 75 to h v= 50 eV and by 60% to 40 eV (7% of
the total intensity within the plateau region of the curves).
In reality, the relative variation of the escape depth with
different photon energies could be altered across the poly-
crystalline film and could be another reason for the
behavior of the attenuation curve. Although we cannot

yet unambiguously describe the distribution of the Ge-3
species across the interface, we can say that this species is
related to Ge atoms in a V-rich overlayer. The Ge is, of
course, still bonded to vanadium, as shown by the fixed
binding energy at which it is located. Similar behavior
had been observed for many metal-semiconductor inter-
faces, including Ce/Si(111) and Cr/GaAs(110). '

The valence-band results of Fig. 5 also show that the
20-A coverage corresponds to a change in the morphology
of the interface since a new feature appears at 2.2 eV.
Comparison to results for the thick film shows that this is
characteristic of a metallic V film. The observed sharpen-
ing of the main feature A after 20 A reflects the forma-
tion of a V-rich overlayer, consistent with results for
Cr/Si (Ref. 10) and Cr/GaAs (Ref. 21).

C. High-coverage region

The results shown in Fig. 7 reveal that the Ge-3 surface
species is dominant for 6 &40 A. Between 40 and 80 A,
the concentration of this Ge species is nearly unchanged.
For coverages over 80 A, however, there is an abrupt
change in slope of the attenuation curves. From this we
conclude that the Ge out-diffusion channels are now
much less efficient (but not zero) and the interface is
covered up by a thick (polycrystalline) metallic film of
vanadium. Note, however, that the rate of attenuation is
still far from what one would expect for layer-by-layer
covering of the surface. Instead, the intensity of the Ge-3
species drops to 4% of the total Ge 3d initial intensity at
a coverage of 120 A (h v=75 eV). Finally, we see from
the valence-band EDC's of Fig. 5 that convergence to me-
tallic V has occurred.

D. Schottky-barrier results

The Ge 3d core-level spectrum has been measured at
hv=40 eV with a resolution of -300 meV. This energy
is the most bulk sensitive (escape depth —15—20 A) avail-
able, giving electron kinetic energies of 6.5 eV for the Ge
3d core. It is then a good monitor for the variation of the
Ge bands induced by metal deposition, considering that
after 2 A the presence of reacted components can make it
very difficult to position the substrate doublet for more
surface-sensitive results.

The Schottky-barrier height is defined as @b E, EF, —— —
where E, is the bottom of the conduction band and EF is
the Fermi level. Variation in band bending implies a rigid
shift of all the Ge features, including the core levels. The
results reported in Fig. 8 present the relative barrier
heights &bb —4&b(clean) where @b(clean) is the reference
zero and can be obtained from other measurements. As
shown, the interface formation between 0 and 2 A is re-
sponsible for a reduction of the barrier height by 0.125 eV
with respect to the original value, previously determined
by the pinning of the Fermi level by surface states. As al-
ready demonstrated by other workers, ' ' this final value
of +b does not depend on the kind of surface assumed as
starting point, but is only affected by the bonding at the
interface.



32 CLUSTER FORMATION AND ATOMIC INTERMIXING AT THE. . . 5155

V Coverages (A)

6 IO

V/Ge (I I I) hu =40eV

Clean Ge (2x I)00 -------——--------—————----—-----—---————--—
\

\
OOU

OX )()(

I I0 Q

(
Q

I

-O.i—
O
CJ

V)

CD)
0

-0.2

FIG. 8. Changes in the Schottky-barrier height relative to
clean Ge(2X 1) value with V coverages. The barrier is complete-
ly developed by 2 A. After this point, the trend is reversed.

terized by dividing the process of the interface formation
into several stages which have different growth morpholo-
gies and stochiometeries. A first region, in which metal
islands nucleate and grow on the surface, is followed by
the formation of a thick intermixed layer -20 ML wide.
After 20 A, the reaction is completed and further metal
depositions are accompanied by Ge surface or near-
surface segregation up to 80 A. Finally, the interface is
covered with the metal.

It was not long ago that the reactivity of a metal-
semiconductor interface was reported by looking only at
the deviation of the total core-level attenuation from the
layer-by-layer mode. Our work shows how those devia-
tions are related to well-defined stages which occur during
the interface formation. Efforts are presently underway
to vary the temperature of the interface to enhance and re-
tard reaction and to use other techniques to ultimately
create more quantitative models of reacting interfaces.

0

From Fig. 8 we can see that by 2 A, when the reaction
has started, a slow increase in C» is observed. This can be
related as a secondary effect to the development of the
reacted Ge-2 phase. Indeed, as the reaction proceeds, the
interface condition appears to change and a lowering of
the Schottky barrier is observed. After 10 A, it is no
longer possible for us to follow this trend due to the in-
creasingly dominant reacted Ge-2 component.

V. CONCLUSIONS

Our experimental results show that the growth of the
V/Ge interface is very complex, but that it can be charac-
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