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Quenching of metal sticking by photo-oxidation of an amorphous semiconductor: Zn on GeS2
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The sticking probability of Zn on amorphous GeS2 is greatly reduced when the UHV-prepared semi-

conductor 61m is photo-oxidized in the presence of band-gap radiation. The phenomena underlying this
interesting effect have been elucidated in a kinetic and structural study using electron spectroscopy and
x-ray-absorption spectroscopy. Selective photo-oxidation of Ge sites strongly suppresses the formation
of Ge-Zn bonds at the interface: these act as nucleation sites for the growing metal film. A consistent
picture emerges that also accounts for the very different behavior encountered during deposition of Ag
films with and without photo-oxidation in the closely related Ag/GeSz system.

I. INTRODUCTION

Chalcogenide vitreous semiconductors (CVS) such as
GeS2 exhibit a number of interesting and potentially use-
ful photoeffects. While some of these, such as
photodiffusion of Ag or Zn (Ref. 1) and photodarkening
(Ref. 2) have long been recognized, an effect in which the
sticking probability of vapor phase Zn metal on a CVS is
strongly influenced by pretreatment of surface has only
been more recently discovered. ' '" Specifically, it has
been found that irradiation of GeSz or As2S3 thin films
with band-gap light in the presence of 02 (photo-
oxidation) can reduce the initial sticking coefficient of Zn
by several orders of magnitude. Interestingly, the stick-
ing probability of other metals on the photo-oxidized
films is unaffected. A preliminary x-ray-photoelectron
spectroscopy (XPS) investigation of this effect, s using
As2S3 films prepared ex situ showed that irradiation of
the films in air leads to preferential oxidation of the As
sites. Much more controlled i n situ studies, using
Auger-electron spectroscopy (AES) and XPS under UHV
conditions, ' on the photo-oxidation of GeSz in 02 have
shown that in this case, the Ge sites are indeed preferen-
tially oxidized. This implies that the nonchalcogenide
site is crucial in the subsequent nucleation of Zn on the
surface and that the Zn preferentially sticks to the Ge
sites. Preferential oxidation of the nonchalcogenide site
is analogous to the recently reported preferential chlori-
nation of Ga sites on GaAs (110). Previous studies of Zn
deposition of CVS surfaces used a quartz-crystal thick-
ness monitor to determine the amount of Zn deposited;
these demonstrated that the phenomenon is characterized
by an induction period of low sticking probability, which
occurs over less than the first 5 A of Zn deposition. Sub-
sequently, the deposition rate was increased by a factor of
50—200 times, dependent on the extent of preexposure to
illumination and 02', sticking probability effects were seen
even on films which had not been photo-oxidized. While
these experiments were an important demonstration of
the effect, they suffered from a number of limitations.
First, vacuum conditions were poorly controlled, with

pressures on the order of 10 torr and with breaks in
vacuum between the CVS deposition, photo-oxidation
and Zn deposition stages of the experiment, leading to
possible contamination of the film surface. Second, the
gravimetric technique used gives no information on the
chemical identity of the Zn overlayers, their extent of re-
action with the substrate, or of the growth mode.

Here, we present the results of a rigorous study of Zn
deposition on amorphous GeS2 films using a combination
of laboratory/UHV surface science and synchrotron x-
ray-absorption spectroscopy methods. Growth modes on
clean and photo-oxidized surfaces were examined using
AES, while the metal-substrate interaction was studied
by XPS and x-ray excited Auger-electron spectroscopy
(XAES). In addition, the "inverse" system, i.e., GeS2
deposition on Zn, was examined using the same tech-
niques. Using these methods we have also prepared lay-
ered GeS2/Zn sample for a structural study of the
metal/CVS interface using extended x-ray-absorption fine
structure (EXAFS). The results are discussed with refer-
ence to mechanisms for the sticking probability effect and
are also compared to those found for an important
photodiffusion system: Ag-GeS2. ' ' In particular, we
show that the possibility of metal-sulfur or metal-
germanium bonding has important consequences in the
subsequent nucleation and growth characteristics of the
metal overlayer.

II. EXPERIMENT

Experiments were carried out in two UHV chambers,
which have been previously described. ' Both were
equipped with a high-pressure cell/transfer system for
preparation of the photo-oxidized films; in chamber 3
the high-pressure cell could also double as an airlock.
Base pressures of 1 X 10 ' torr or better could be rou-
tinely achieved on both chambers. Chamber A was
equipped with standard UHV techniques: a retarding
field analyzer (RFA) for AES measurements; Ar-ion
cleaning; and mass spectrometer for residual gas analysis.
Chamber B was also equipped with standard techniques
including ion gun, mass spectrometer, and a VSW
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HA100 spectrometer system for XPS/AES analysis. Al
Ka radiation was used for acquiring XP spectra, which
were referenced to the valence-band cutoff, and to the Ni
2p3/p peak (632.9 eV) from the Ni substrate. Both
chambers were equipped with GeS2 and Zn thermal eva-
poration sources. The operation and deposition charac-
teristics of the GeS2 source have been previously de-
scribed. " The Zn source was water cooled to prevent
metal evaporation during bakeout; the water cooling was
turned off during normal operation of the source. During
operation of either source, the chamber pressure
remained below 5 X 10 ' torr. Analysis of the deposited
Zn showed no evidence for contamination as judged from
the AES signal.

The GeS2 substrates required for Zn deposition experi-
0

ments were grown on Ni foil. These were about 80 A
thick and have been previously characterized in detail.
Photo-oxidation of the films took place in the high-
pressure cell, and preparation methods and characteris-
tics of the photo-oxidized films have also been previously
described. ' Samples underwent various degrees of
photo-oxidation in these experiments: those films subse-
quently referred to as "partially photo-oxidized" had
about half a monolayer of oxide coverage on the surface;
those referred to as "fully photo-oxidized" were photo-
oxidized to the saturation point. In this latter case,
several layers of oxidized GeS2 have been formed.

A layered Zn/GeS2 sample was prepared in order to
increase substantially the signal to noise ratio of our EX-
AFS experiments. It contained 12 GeS2/Zn interfaces
prepared in chamber 2 under UHV conditions. Calibra-
tion of the deposited layer thicknesses was carried out us-

ing AES and the sample characteristics are summarized
below.

(1) GeS2 deposited on Ni foil substrate for 1 h (approx.
40 A); (2) Zn deposited for 30 min (approx. 10 A); (3)
GeSz deposited for 20 min (approx. 12 A), steps 2 and 3

repeated a total of six times; (4) GeS2 deposited for 1 h

(approx. 40 A). Once the sample was completed, it was
transferred out of chamber A Uia the high-pressure
cell/airlock to a dessicator where it was shielded from
ambient light during storage and transfer to the synchro-
tron. EXAFS experiments were carried out on the sam-

ple at the Ge and Zn K edges at station 9.3, Daresbury
Synchrotron Laboratory. Experiments were performed
in a fluorescence mode under ambient conditions. Two
standards were also run, both in transmission mode, as
follows. A 10 pm Zn foil was placed directly in the beam
to act as a Zn standard. A ZnS standard was run by
grinding ZnS powder with BN. The mixture was placed
in a cell with Be windows, which was also placed directly
in the beam. Background subtraction of the EXAFS
spectra was carried out, using the EXCALIB and
EXBROOK programs available on the Daresbury Con-
vex system. The spectra were fitted using the program
EXCURV92 (Ref. 12) also on the Daresbury Convex.

III. RESULTS

A. Zn deposition on GeS2

Zinc deposition experiments were initially carried out
in chamber 3 at 300 K. In Fig. 1, the Zn M23M45M45,

S I.M2 3M2 3 and Ge M&M3 V Auger signals are plotted
as a function of Zn deposition time on an as-deposited
GeS2 film and two films, which had previously undergone
different degrees of photo-oxidation. Several features
should be immediately noted: first, on the clean GeS2
film, a distinct break point is observed at 10 min deposi-
tion time in the Zn uptake data. This break point pro-
vides a convenient calibration for the source deposition
rate and in the following discussion will be referred to as
the monolayer point. Over the same time, the S signal has
attenuated to 70% of its initial value, while the Ge signal
is almost completely quenched. The apparent slight
recovery in the Ge signal at about 20 min deposition time
can be attributed to interference from a minor Zn Auger
transition at =50 eV. Second, on the photo-oxidized sur-
faces a distinct induction period before the onset of Zn
deposition is observed. This is characterized by little or
no Zn signal being detected for the first 10—20 min of
deposition time; over the same period, no apparent de-
crease in the S or Ge signals is observed. After the induc-
tion period is complete, changes in the subsequent
growth mode are observed on the heavily photo-oxidized
substrate.

Further experiments on Zn deposition, using XPS, and
XAES were carried out in chamber 8. Calibration of the
Zn source in this chamber indicated that in this case, the
break in the Zn AES uptake curve occurred at 40 min
deposition time (the S AES signal underwent a similar de-
gree of attenuation at this point as in chamber A). Thus,
it is important to note that in the following Figs. 2—4 the
deposition times indicated correspond to a deposition
rate 4 of that observed in Fig. 1. Figure 2 shows the Zn
I.3M4 5M4 5 XAES signal as a function of Zn deposition
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FIG. 1. The Zn, S, and Ge peak-to-peak heights (in arbitrary
units) as a function of Zn deposition time on various GeS2 sub-
strates. Closed circles: clean (as deposited) GeS2,' open squares:
partially photo-oxidized substrate; closed triangles: substrate
photo-oxidized to saturation point.
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FIG. 2. The Zn L3M4 5M4, XAES spectrum as a function of
Zn deposition time on clean GeS2 (main figure) and on a GeS2
film photo-oxidized to the saturation point (inset). The Zn
deposition rate in this case was 0.2S X that of the experiment in
Fig. 1. Thus, a deposition time of 40 min here corresponds to a
deposition time of 10 min in Fig. 1.
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FIG. 3. The substrate G-e 3d3/z 5/2 (a), S 2p, &23/2 XPS (b),
and S KL2 3L2 3 XAES (c) spectra as a function of Zn deposi-
tion time on a cleml GeS2 film. The Zn deposition rate in this
case was 0.25 X that of the experiment in Fig. 1. Thus, a depo-
sition time of 40 min here corresponds to a deposition time of
10 min in Fig. 1.
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FIG. 4. The valence band XPS as a function of Zn deposition
time on a clean GeS& film. The peaks identified as 3 through C
in the GeS& spectrum are identified in the text. The Zn deposi-
tion rate in this case was 0.25 X that of the experiment in Fig. 1.
Thus, a deposition time of 40 min here corresponds to a deposi-
tion time of 10 min in Fig. 1.

time on the clean film; the inset to Fig. 2 shows the same
spectrum for Zn deposition on a GeS2 film photo-
oxidized to the saturation point. The Zn L, 3M45M45
transition contains two distinct electronic contributions:
a major peak consisting of the '6 and 'D transitions, and
a less intense shoulder about 4 eV higher in kinetic ener-

gy attributable to the F transitions. ' '" No changes in
the Zn 2@3&& XPS peak at a binding energy (Eir) of
1021.8 eV were observed. However, Fig. 2 demonstrates
the presence of two distinct chemical states during the Zn
deposition. The main electronic transition ('G/'D) for
the first of these lies at a kinetic energy (Ek) of 990.5 eV
(Auger parameter, a=2012. 3 eV) at low Zn coverages,
saturating at 40 min deposition time. The second chemi-
cal state appears for deposition times greater than 40 min
(i.e., after the break point). Its main transition lies at
Ek =992.3 eV and o, =2014. 1 eV. In the inset, the spec-
tra again indicate the presence of the same two chemical
states except that here both appear to grow simultaneous-
ly. In neither set of spectra is there any evidence for
states typical of ZnS (E& =989.7 eV) or ZnO (Ek =987.7

V) 15

The Ge 3d 3/2 5/z XPS, S 2p, /Q 3/2 XPS, and S
KLr 2 3L 2 3 XAES spectra as a function of Zn deposition
time are shown in Fig. 3. The S XAES transition lies at
energies above those of the primary exciting radiation, Al
Ka at 1486.6 eV, and is thus excited by the bremsstrah-
lung background from the x-ray source. The S spectra
show no change upon Zn deposition: the chemical shifts
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and Auger parameters remain typical of GeS2
(a=2277. 3 eV). Similarly, no changes were observed
during Zn deposition on the photo-oxidized film. In con-
trast, the Ge spectra show considerable changes upon Zn
deposition. The XPS emission shifts from a E~ of 30.5 to
29.5 eV, completed by about 40 min deposition time. The
Ge I.,M4 5M4 5 XAES spectrum shows a similar pattern
with the peak shifting from Ek =1142.6 eV (typical of
GeSz) to Ek =1144.8 eV. The corresponding shift in
Auger parameter is thus from a=1173.1 to 1174.3 eV.
On the photo-oxidized film a similar shift is observed, but
with a distinct contribution from the substrate signal be-
ing observed even at Zn deposition times & 100 min.

The O 1s XPS spectra also demonstrate no change in
chemical shift over the period of Zn deposition on a GeS2
film photo-oxidized to the saturation point. The peak is
at Ez =530.7 eV typical of O in the 2 —oxidation state. '

The spectra do, however, demonstrate considerable at-
tenuation, even at low Zn coverages. By 20 min deposi-
tion time, the peak area has attenuated to 0.56 of its ini-
tial value; the attenuation has reached 0.35 by 100 min
Zn deposition time. Such rapid attenuation was not ob-
served in any other of the XP or electron-excited Auger
spectra.

The valence-band XPS spectrum for clean GeS2 and
for various Zn deposition times on the clean substrate are
shown in Fig. 4. The GeSz valence spectrum consists of
three bands, which have been previously characterized. '

The A band contains S 3p lone pair states at energies
nearest the band gap and S 3p/Ge 4p binding states at
lower energies. The B band consists mainly of Ge 4s
states and band C of S 3s states. As Zn is deposited on
the GeS2 substrate, a peak corresponding to the Zn d
band appears at 11.5 eV and a smaller peak correspond-
ing to the s band at 2.5 eV. There is little apparent
difference in the spectra before and after the break point
at 40 min deposition time.
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FIG. 5. The S, Ge, and Zn Auger peak-to-peak heights, as a
function of GeS& deposition time on a Zn film.

Zn XAES

Zn L3M4 ~M& ~ XAES spectra (Fig. 6) demonstrate the

presence of three chemical states. Two of these were ob-

served for Zn deposition on GeSz. the peak at Ek =992.3

eV attenuates throughout the deposition, while the peak
at 990.5 eV maximizes at about 2 min deposition time
and then attenuates. The new peak, centered at about
988 eV, is considerably weaker and is completely
quenched by about 2 min deposition time.

The remaining XP spectra also show changes in chemi-

cal shift. Thus, the Ge spectra demonstrate the presence
of the same two states as for Zn deposition on GeS2.
Here, the state at +=1174.3 eV is present at deposition
times (2 min, while after 2 min the state at a = 1173.1
eV associated with GeS2 begins to appear, dominating the
spectrum by 15 min deposition time. The S spectra are
more interesting in that they also demonstrate chemical
shifts, indicating a metal-S interaction in the inverse
deposition mode. The S 2p, )23)2E~ and S XAES Ek
start out at values of 161.9 and 2115.0 eV, respectively
(a=2276. 9 eV). These values shift to those typical of
GeS2 by about 2 min deposition time.

B. GeS2 deposition on Zn

In order to shed further light on the nature of the
metal/semiconductor interface, and to aid in the inter-
pretation of the following EXAFS results, we examined
the "inverse" system: GeSz on Zn. GeS2 was deposited
on a Zn film and the Zn L3M45M45 (990 eV), Ge
L3M~ ~M4 ~ (1140 eV), and S LM2 3M2 3 (50 eV) AES in-

tensities measured as a function of deposition time in
chamber B. The results are shown in Fig. 5: Neither of
the S or Ge uptakes demonstrate the presence of a strong
break point. The S signal is also seen to grow much more
rapidly than the Ge signal. This trend is also apparent in
the XP spectra, with higher S:Ge ratios appearing at low
deposition times. At 0.75 min, the S 2p (1325 eV):Ge 3d
(1455 eV) ratio is 3.5 decreasing towards a value of 1.7
(typical of clean GeS2 films) by 15 min deposition time.
Similarly, the S XAES (2115 eV):Ge 3d (1455 eV) ratio is
2.0 at 0.75 min, decreasing to 0.50 at 15 min.

While the Zn 2p3/2 XPS spectra again showed no
change (other than attenuation) on GeS2 deposition, the
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FIG. 6. The Zn L3M4 5M4 5 XAES spectrum as a function of
GeS~ deposition time on a Zn film.
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C. KXAFS

The Ge E-edge EXAFS spectrum and Fourier trans-
form of an 80-A of GeSz deposited on Ni foil and of the
layered Zn/GeSz sample are shown in Fig. 7. The pa-
rameters used in fitting the spectra are given in Table I.
The Zn E-edge EXAFS and Fourier transform for the
Zn/GeSz sample and the ZnS and Zn foil standards are
shown in Fig. 8. The relevant fitting parameters are
given in Table II. An examination of the spectra and
fitting parameters indicates that the Zn present in the
sample has for the most part reacted with GeSz, leading
to both sulfide and germanide formation. A comparison
to the crystalline standards also indicates that the sample
possesses little order beyond about 3 A.

IV. DISCUSSION

A. Zn deposition on GeS&

%'e first consider the case of Zn deposition on the as-
deposited GeSz substrate. The breakpoint in the Zn up-
take data of Fig. 1 indicates a layer-by-layer growth mode
on the clean CVS film, with a clear distinction between
the contact layer and the metallic Zn overlayers which
follow. The Zn XAES spectra in Fig. 2 are consistent
with this interpretation: a contact layer state appears first
and satures at the deposition time corresponding to the
break point. This is followed by the appearance of an
overlayer state with an Auger parameter (2014.1 eV) typi-
cal of metallic Zn. ' A Zn Auger parameter similar to
that for the contact layer (2012.3 eV) has not been previ-
ously reported in the literature. The Ge Auger parameter
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TABLE I. Parameters for the Ge K-edge EXAFS spectra.

80-A GeS& film Zn/GeS~ sampleParameter

First
Shell
(Ge-S)
Second
Shell
(Ge-Zn)
Third
Shell
(Ge-Ge)
E, (eV)
AFAC'
R factor

R1 (A)
N1

A1 (A)
R2 (A)

N2
A2 (A)
R3 (A)

N3
A3 (A)

2.261+0.002
3.7+0.1

0.0063+0.0006
N/A
N/A
N/A

2.95+0.01
2.4+0.5

0.021+0.003
—8.7+0.3
0.75+0.02

39.7

2.277+0.004
1.35+0.07

0.0055+0.0001
2.521+0.003

3.1+0.1
0.0129+0.0006

2.98+0.02
0.8+0.2

0.017+0.005
—6.0+0.3
0.71+0.02

35.8

'The amplitude factor.
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and binding energy are similar to those we have previous-
ly observed for Ge in contact with Ni. " The Auger pa-
rameter shift ha=1. 2 eV and chemical shift kg= —1.0
eV indicate an increase in polarizability and decrease in
electronegativity of the Ge environment' consistent with
Zn-Ge bond formation. The lack of any shift in the
S XPS and XAES spectra is good evidence that S does
not directly bond to Zn in this contact layer. The S
Auger parameter for ZnS is 2276. 1 eV, ' considerably
different from the 2277.3 eV observed here for GeSz.
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FIG. 7. The Ge E-edge EXAFS (a) and Fourier transform (b)
for a clean GeSz film and the Zn/GeSz sample.

FIG. 8. The Zn K-edge EXAFS (a) and Fourier transform (b)
for a Zn foil, ZnS, and the Zn/GeS& sample.
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TABLE II. Parameters for the Zn K-edge EXAFS spectra.

Paraemter

Zn-S

Zn-Ge

Zn-Zn

Zn-S

Zn-Zn

Zn-Zn

Zn-Zn

Zn-Zn

AFAC'

R factor

R (A)
W (A')

N
R (A)
A (A)

R (A)
3 (A)

R (A)
A(A)

R (A)
A (A)

N
R (A)
A(A)

R (A)
2 (A)

N
R (A)
A(A)

N

Sample 4 Zn/GeS2

2.310+0.004
0.014+0.001

3.1+0.1
2.52+0.02

0.015+0.005
0.9+0.2

0.74+0.03
2.6+0.4

38.4

Zn foil

2.651+0.003
0.0226+0.0009

12

3.83+0.01
0.029+0.003

6
4.61+0.02

0.038+0.004
18

4.36+0.01
0.011+0.002

2
5.47+0.09

0.012+0.002
6

0.54+0.03
1.9+0.6

34.5

ZnS

2.333+0.002
0.0091+0.0007

4

3.834+0.007
0.034+0.002

12
4.41+0.02

0.039+0.005
12

0.80+0.03
0.6+0.2

34.4

'The amplitude factor.

The clean film S and Ge uptake data in Fig. 1 are also
consistent with the growth of a Zn-Ge alloy in the con-
tact layer. The Ge signal attenuates extremely rapidly,
having been nearly quenched by the time the contact lay-
er has been completed This rapid quenching has been ob-
served previously in the case of Au deposition on Ge
(111) (Ref. 19), where as little as 0.5 monolayers of metal
was required to quench the Ge M, M3V signal. This
behavior was attributed to a strong electronic
modification of the valence-band density of states as a
Au-Ge compound was formed. A similar effect might be
expected in this case if the contact layer involved a strong
Ge-Zn interaction. The 150-eV S Auger-electron signal
attenuates much more slowly: the 70% attenuation at
the breakpoint is consistent with the overlayer thickness
being some 3—5 A thick, as judged from the universal
electron attenuation curve. ' Thus, the monolayer point
defined from the break in the Zn uptake curve corre-

0
sponds to 3-5 A of Ge-Zn compound.

On the photo-oxidized surface, the uptake curves in
Fig. 1 indicate that, after an initial induction period, the
Zn growth mode changes from layer-by-layer to island
formation. This eQect is especially pronounced on the sur
face photo oxidized to -the saturation point: the absence of
break points and slow exponential decay of the substrate
signal is indicate of a Volmer-Weber growth mode. The
XP spectra indicate very little difference in the nature of
the compounds formed on the photo-oxidized surface
compared with the clean surface. In particular, the Zn
XAES and 0 1s spectra indicate that direct Zn-O bond-

ing does not occur at the interface. However, the XP
spectra do confirm the Volmer-Weber growth mode as is
demonstrated by the inset to Fig. 2: here, the Zn XAES
signals from the Zn-Ge contact layer and metallic over-
layers appear simultaneously at low deposition times.
The rapid attenuation observed in the 0 1s spectra also
indicates that, while Zn does not bond to 0 sites, it does
promote the removal of 0 from the surface region. The
most likely fate for the 0 would be diffusion into the bulk
of the CVS: our previous photo-oxidation experiments
on both GeS2 and AszS3 show that 0 can indeed diffuse
from the surface into the bulk of these materials.

The induction period observed in Fig. 1 must corre-
spond to the phenomena observed by Kolobov et al. us-
ing a quartz-crystal thickness monitor ' in Zn sticking
probability experiments. From our work, judging from
the value of the Zn signal observed at the end of the in-
duction period, the crucial nucleation stage occurs within
approximately the first tenth of a monolayer. An esti-
mate of the average sticking probability during the induc-
tion period on the photo-oxidized surface can be made,
by comparing the initial deposition rates with that on the
clean surface. On the clean GeS2 surface, the Zn deposi-
tion rate is about 1 ML every 10 min. On the partially
photo-oxidized surface about one-tenth of a Zn mono-
layer has been deposited in the same time, while on the
saturated photo-oxidized surface one-tenth of a mono-
layer is deposited in about 20 min. Thus, the initial stick-
ing probability has been reduced by at least an order of
magnitude. An inspection of the gravimetric results of
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Kolobov et al. ' indicates a reduction of approximately
two orders of magnitude in the sticking probability of Zn
following photo-oxidization of As2S3; corresponding data
for GeS2 are not available. Previous work failed to recog-
nize that changes in deposition rate are associated with
changes in growth mode on the photo-oxidized films.

Indeed, the uptake curve for the partially photo-
oxidized surface in Fig. 1 seems to represent a transition
between the layer-by-layer growth mode on the clean sur-
face and the Volmer-Weber growth mode on the film
photo-oxidized to the saturation point. The presence of
oxygen clearly tends to disrupt the formation of the Ge-
Zn alloy contact layer: failure to readily form Ge-Zn
bonds naturally leads to a lower sticking probability of
Zn, given the high Zn vapor pressure and its lack of reac-
tivity with both S and 0 on the photo-oxidized surface.
The induction period then represents the period of low
sticking probability when Zn atoms impinging on the sur-
face have only a small chance of finding a reactive site.
Zn, which does stick produces a Ge-Zn alloy, the forma-
tion of which drives 0 into the bulk of the CVS. Once a
critical amount of Zn has nucleated (about 0.1 ML), is-
lands of metal can grow on the alloy sites more easily,
and the sticking probability becomes close to that on the
clean surface. On surfaces which have been only partially
photo-oxidized, it appears that Zn forces the diffusion of
all the oxygen from the surface to form a completely
reacted monolayer of Zn-Ge alloy with the subsequent
growth mode identical to that on the clean film. On the
saturated photo-oxidized surface, growth of the metallic
Zn overlayer becomes significant before all the oxygen
has been removed, leading to the Volmer-Weber growth
mode.

This behavior during Zn deposition on GeS2 is in con-
siderable contrast to that exhibited by Ag (Refs. 6 and 9)
on the clean and photo-oxidized CVS. In that case, Ag
was found to interact with S sites to form Ag-S bonds and
no direct Ag-Ge bonding was observed. Furthermore,
differences in the growth mode on the clean and photo-
oxidized films were not nearly as marked in the Ag case;
no induction periods were observed, the reacted selvedge
was considerably thicker and, at high metal coverages on
the photo-oxidized films, there was evidence of Ag-0
bonding. The previous observation of preferential oxidi-
zation of the nonchalcogen sites ' ' upon photo-
oxidation demonstrates that the low sticking probability
phenomenon might be a direct result of the preferential
formation of Zn-G or Zn-As, as opposed to Zn-S, bonds
when Zn is deposited on GeSz or As2S3. It seems clear
that we have proved that this is the key process that un-
derlies this phenomenon: preferential oxidation of the
nonchalcogen component of the semiconductor and a
concomitant large change in the nucleation and growth
mode of the Zn film. With Ag, the nonoxidized chal-
cogen sites are still available for bonding and, therefore,
the sticking probability effect should not occur, as is ob-
served.

Why oxygen tends to disrupt the formation of the Zn-
Ge overlayer is still not entirely clear. Both structural
and electronic effects may contribute. Our studies on the

photo-oxidation of GeS2 (Ref. 7) indicate that on the
photo-oxidized films Q atoms directly replace some S
atoms in the lattice forming a GeS~O compound at the
surface. This would not lead to gross changes in the
overall geometry of the Ge site, other than a shortening
of the Ge-chalcogenide bond distance. Thus, the elec-
tronic properties seem the more likely source of the
effect. A consideration of the valence-band XPS spectra
in Fig. 4 suggests a possible origin at least for the prefer-
ential interaction of Zn with Ge as opposed to S sites. As
can be seen in Fig. 4, the Zn d-band valence electron den-
sity lies at the same energies as the GeSz B band. This
band mainly contains contributions from Ge s states. In
contrast, we note that the d bands of most transition met-
als (including Ag) would be expected to lie at the same
energies as the GeS2 3 band, which contains both S lone
pair and bonding states. Thus, there is considerably less
possibility of Zn-S interaction than Ag-S interaction upon
metal deposition on GeS2.

B. GeSz deposition on Zn

The uptake curve in Fig. 5 suggests that GeS2 deposits
on Zn in a simultaneous multilayers growth mode. The S
signal saturates at about 15 min deposition time, similar
to that observed for a calibration uptake for GeS2 deposi-
tion on the Ni foil substrate. Thus, we can estimate a
similar deposition rate [3—4 A every 5 min (Ref. 6)j for
GeS2 deposition on Zn.

The initially large S to Ge intensity ratio observed in
both AE and XP spectra suggest that at short deposition
times the overlying film is S rich, as compared to
stoichiometric GeS2. We have previously observed and
discussed such behavior on both Ni (Ref. 11) and Ag
(Ref. 6) substrates, so this would appear to be a common
occurrence. The effect arises from the fact that the GeSz
source produces both S2 and GeS molecules in the deposi-
tion Aux. The sticking probability of S2 is sharply re-
duced on the initial Ge-S layer, resulting in a much more
S-rich contact layer" than the overlying GeS2 layers.

The presence of S2 in the deposition Aux clearly also
has some important effects on the chemical species
present at the interface. The Zn XAES spectrum indi-
cates the presence of a third chemical state that was ab-
sent during Zn deposition on GeS2. This peak, at 988 eV,
is indicative of Zn-S bonding at the interface, a conse-
quence of the reaction between S2 and Zn which cannot
occur in the "normal" system. Further evidence for Zn-S
interaction is seen from the shift in the S Auger parame-
ter. The low coverage value of 2276.9 eV lies between
those of ZnS (2276. 1 eV) and GeS2 (2277.3 eV). Thus, S
at the contact layer forms Zn-S bonds. The difference be-
tween the Auger parameter observed and that for ZnS
suggests that considerable interaction between Ge and S
still occurs in this contact layer.

The XP spectra also indicate that the Ge-Zn com-
pound is formed at the interface, although at a somewhat
later stage than the Zn-S compound. By 5 min deposition
time, much of the XP signal can be attributed to GeS2,
indicating that overlayers of the CVS have begun to grow
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on the initial contact layer. This growth mode of S-rich
contact layer followed by GeS2 overlayers has been previ-
ously observed on both Ni and S. The presence of zinc
sulfide at the interface further emphasizes what we have
previously observed for the Ag/GeS2 system: that the
nature of the metal/CVS interface can be strongly depen-
dent on which order metal and CVS are deposited. This
is a key point in regard to interpretation of the EXAFS
results (below); i.e., the formation of Zn-S bonds is not an
intrinsic property of Zn growth on GeS2.

C. EXAI'S

An important feature in the Zn X-edge spectrum is a
Zn-S bond distance at 2.31 A, which is close to that ob-
served in the ZnS standard. There is no evidence for dis-
tances )3 A typical of the higher coordination shells of
ZnS, demonstrating the lack of long-range order in the
interlayer region. The XPS results in the previous sec-
tion demonstrate that Zn-S interaction arises from the
GeS2 deposition stage of the sample preparation, in which

S2 molecules interact with the previously deposited Zn me-
tallic overlayer. Thus, this result does not refute our con-
clusion that there is no Zn-S interaction when Zn is de-
posited on GeS2. We also note that there is little evi-
dence in the EXAFS spectrum for a first shell Zn-Zn
bond distance typical of metallic Zn. This demonstrates
that the sample preparation led to almost complete reac-
tion of the Zn metal layer to form a zinc germanide
and/or sulfide.

The Ge E-edge spectra can be fitted significantly with
three coordination shells. Two of these have, with the ex-
ception of the expected reduction in coordination num-
ber, the same parameters as those observed for the first
and second coordination shells of the GeS2 film. The
bond distances are typical of the high temperature form
of crystalline GeS2. ' The remaining shell is more in-
teresting, as it indicates the presence of a Ge-Zn bond
distance at 2.51 A. This shell is also observed in the Zn
K-edge EXAFS at the same bond distance. The coordi-
nation number for this shell is 3.1 in the Ge EXAFS, but
only 0.9 in the Zn EXAFS. This suggests that the Zn-Ge
compound formed is quite Zn rich. Very little structural
information is available on appropriate compounds with
Zn-Ge bonding as there are no well-defined alloy struc-
tures and while a Zn2GeS4 compound is known, no de-
tailed structural study appears to have been carried out. '

Thus, we were unable to run any standards of known
structure with which to further characterize this particu-
lar shell. However, the observation of this Ge-Zn bond
distance is important, since it provides strong
confirmation of a principal conclusion drawn from the
electron spectroscopy: that Zn will interact with Ge sites,
whereas a metal such as Ag which does not show the
sticking probability effect shows no evidence of Ag-Ge
bonding jn the EXAFS spectra. '

V. CONCLUSIONS

In this section, we conclude as follows.
(I) XPS and Auger data for Zn position on clean and

photo-oxidized GeS2 directly demonstrate that chem-
isorption of the metal is effectively confined to the Ge
sites at the surface. These act to produce the nuclei
necessary for subsequent metal film growth. No
significant S-Zn interaction occurs.

(2) Preferential photo-oxidation of the Ge sites strongly
inhibits Ge-Zn bond formation, greatly reducing the Zn
sticking probability and altering the growth mode from
monolayer simultaneous monolayer to Volmer-Weber.

(3) Deposited Zn tends to drive oxygen and/or sulfur
into the bulk as the contact layer evolves towards a Ge-
Zn alloy.

(4) In the "inverse" case, when GeSz is deposited on
zinc, Zn-S bonds are formed due to the presence of Sz
molecules in the impinging fiux (GeS+ Sz). This is impor-
tant for an understanding of the EXAFS results.

(5) The EXAFS data confirm that a Zn-Ge compound
is formed at the metal/semiconductor interface.

(6) Comparison with the very diFerent behavior exhib-
ited by Ag on clean and photo-oxidized GeS2 strongly
suggests that the proposed model for the sticking proba-
bility effect is correct.
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