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Small increments of indium were evaporated at 300 and 100 K onto the van der Waals (0001) surface
of p-type WSe, crystals. The interface formation was investigated in vacuo with x-ray photoemission
spectroscopy, ultraviolet photoemisson spectroscopy, soft-x-ray photoemission spectroscopy, and low-
energy electron diffraction. Additional scanning tunneling microscopy (STM), scanning electron micros-
copy (SEM), and microprobe measurements were performed ex situ. For deposition at 300 K a nonreac-
tive interface is formed and the indium layer grows in the Volmer-Weber growth mode. The size and
distribution of the In clusters for specific coverages were determined ex situ by STM and SEM. The
band bending of 0.55 eV, as determined from binding-energy shifts of the substrate emissions, is far
below the expected Schottky-limit value of 1.1 eV. The observed surface-photovoltage (SPV) shifts of the
substrate emission lines are smaller (up to 0.2 eV) than those from the adsorbate lines. The maximum
adsorbate SPV shift of 0.6 eV at 150 K exceeds the measured band bending, indicating that the band
bending beneath the In clusters must be larger than between them. At a sample temperature of 100 K,
In forms atomically flat layers (Frank—van der Merwe growth) allowing the determination of the actual
band bending of 0.9-1.0 eV below the In-covered surface. For these conditions, the SPV is only 0.1 eV
due to an electrical leakage current. During warmup to 300 K, a transition to the clustered interface
occurs. For this interface, the band bending below the indium clusters could also be determined from
temperature-dependent SPV measurements. The determined barrier height of 1.04 eV is in good agree-
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ment with the value measured at the unclustered interface.

I. INTRODUCTION

The  distribution of electric potentials at
semiconductor/metal interfaces (Schottky barriers) is a
widely investigated topic in surface physics (see Refs.
1-3). The central question is whether the
semiconductor/metal interface behaves according to the
Schottky limit (band bending is given by the work func-
tion difference between semiconductor and metal), or ac-
cording to the Bardeen limit* (band bending is indepen-
dent of changes in the metal work function: Fermi-level
pinning). There is still no agreement on the microscopic
origin of Fermi-level pinning for different semiconductor
materials.>$

In most investigations of metal/semiconductor inter-
faces the results are only related to one coordinate which
is normal to the surface. However, it has been suggested
recently that nonidealities of the current-voltage depen-
dence of Schottky diodes can be related to laterally inho-
mogeneous potential barriers and transport properties.”®
In addition, nonuniform surface-potential distributions
have been discussed for the determination of Schottky
barrier heights by surface-sensitive photoelectron spec-
troscopy.’ In some recent publications on Schottky bar-
rier formation in dependence of sample temperature la-
teral effects have also been considered when metal clus-
ters are formed on the surface.!0~ 13

The inhomogeneous lateral electric potential distribu-
tions may result in drastic effects with respect to the elec-
tric response of such devices. Therefore more detailed in-
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vestigations of interfaces between metal cluster deposits
and nonreacting substrates seem warranted. The size and
distribution of metal clusters was investigated by electron
microscopy for different deposition conditions.!" 16718 It
could be shown that metallic clusters are formed which
are separated from each other by bare semiconductor
areas. The size, distance, and distribution of the clusters
are strongly determined by the experimental conditions
during metal deposition.”” It was expected that the
change of metal overlayer morphology would strongly
influence the development of the Schottky barrier. La-
teral space-charge layers should be formed on the
clustered surface, leaving part of the semiconductor ex-
posed to a reduced electric potential. Thus it is expected
that the final Fermi-level position will be established with
delay compared to nonclustered metal overlayers. The
resulting electric potential distribution has been calculat-
ed by Miyano et al.'® but could not be proven experimen-
tally. However, it was not possible to assign the experi-
mentally observed delay of the final Fermi-level pinning
position as the influence of nonequilibrium potential dis-
tribution due to surface-photovoltage (SPV) effects®® ™%
could not be separated easily.

Layered semiconductors, of the type MX, and MX,
have been investigated as ideal model substrates for
studying semiconductor metal interactions (see Ref. 23
and references therein). Their (0001) cleavage planes are
characterized by a hexagonal array of chemically saturat-
ed chalcogenide atoms and are therefore considered to be
free of dangling bonds. In addition, these surfaces are
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rather inert with respect to chemical surface reactions. It
has been shown that nonreactive interfaces between lay-
ered semiconductors and metals show Schottky limit
behavior, whereas reactive interfaces show Fermi-level
pinning.2*? Many metal adsorbates tend to cluster on
the van der Waals (0001) plane of layered semiconductors
(Volmer-Weber growth)® 32 making such metal/
semiconductor interfaces ideal model systems for investi-
gating laterally inhomogeneous Schottky barriers.

In this paper we present investigations of the p-
WSe,/In interface. The interaction of deposited In with
layered semiconductors has been previously studied.33 3¢
The interfaces have been found to be nonreactive and
with barrier heights close to the Schottky limit. As al-
ready published elsewhere’® In deposited onto WSe,
(0001) faces has a strong tendency to form three-
dimensional islands (metal clusters) at room temperature.

In this investigation the WSe,/In interface was sys-
tematically studied under different conditions with photo-
electron spectroscopy [ultraviolet photoemission spec-
troscopy (UPS), (soft) x-ray photoemission spectroscopy
(S) XPS], scanning electron microscopy (SEM), scanning
tunneling microscopy (STM), and electron microprobe.
In the first set of experiments the formation of the inter-
face was investigated at room temperature (300 K). At
this temperature a strong tendency for cluster growth is
observed (Volmer-Weber growth). In the following ex-
periments indium was deposited at low substrate temper-
ature (LT), where the In layer shows layer by layer
growth (Frank-van der Merwe growth). Upon warming
to room temperature a morphology change to the
clustered state occurs. This change in metal overlayer
morphology makes the In/WSe, system ideal for compar-
ing electronic properties at laterally homogeneous and in-
homogeneous interfaces.

II. EXPERIMENT

Most of the room-temperature (RT) deposition experi-
ments were performed in a VG ESCALAB Mk II system
with an additional evaporation chamber. The base pres-
sure of the system was 5X 107 !! mbar. For all XPS ex-
periments we used Mg K a radiation. The UPS measure-
ments were performed with He I and He 11 light. For the
LT deposition experiments we used a VG ADES 500 sys-
tem with a base pressure of 1X 107 !° mbar. The photo-
emission experiments were performed with synchrotron
radiation (BESSY storage ring, TGM7-beam line, hv=66
eV). All presented core-level line positions and full
widths at half maximum (FWHM’s) are obtained by
curve fitting using a function proposed by Kojima and
Kurahashi.’’ The spectra were referred to the Fermi
edge of the sputtered copper sample holder and are given
in binding energies (BE’s). The work functions ® were
determined from the secondary-electron onset (negative
bias applied to the sample).

Single crystals of p-type WSe, were prepared by
chemical-vapor transport (CVT) in sealed quartz tubes.
Se was used as the transport agent. Hall measurements
on all crystals showed a doping density in the range of
107 cm™3. Typical areas of the crystals were 5X5 mm?.
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The specimens were attached to the Cu sample holders
by Ag epoxy and cleaved in UHV. Perfectly clean and
mirrorlike surfaces were obtained by this procedure.
Low-energy electron diffraction (LEED) measurements
show bright and sharp hexagonal patterns as expected for
the (0001) surfaces. No band bending at the surface was
observed after cleaving as the valence-band onset was
measured close to the Fermi energy in agreement with
the Hall-effect measurements. In addition, no surface
photovoltage shifts by additional bias illumination
(Tungsten halogen lamp, ~100mW cm~2) could be ob-
served, as expected for flat-band conditions at the sur-
face. We also did not observe any BE shifts of the
cleaved substrate by cooling in the dark and with bias il-
lumination, which excludes charging effects of the sample
and the back contact.

The sample temperature was measured with a thermo-
couple attached to the manipulator near the samplehold-
er. A quartz microbalance was used for evaporation rate
control of the In source which was calibrated before
every evaporation step. All given coverages are an aver-
age over the whole surface and do not correspond to ac-
tual overlayer thicknesses at a particular site.

SEM and STM measurements were performed ex situ.
For the SEM measurements a Cambridge Instruments
S253 system was used at 20-kV acceleration voltage. The
STM pictures were measured with a Nanoscope II sys-
tem.

III. RESULTS
A. Deposition at 300-K substrate temperature

1. Interface formation

Indium was evaporated in small increments from sub-
monolayer coverages to 560-A-thick layers. The UPS
and XPS data obtained after each deposition step are
presented in Figs. 1 and 2, respectively. For the cleaved
p-WSe, (0001) surface valence-band and core-level spec-
tra agree with previously published data.>® The core lines
do not show any changes due to chemical shifts with
deposition of indium (Fig. 2). In addition the W/Se in-
tensity ratio does not change with In coverage (Fig. 3).
The valence-band spectra show up as a superposition of
emission intensity from the WSe, substrate and from the
In overlayer (Fig. 1). From this we conclude that the in-
terface is atomically abrupt and nonreactive in agreement
with previously published results on In deposition on lay-
ered semiconductors.’37 35 We only observe a shift of the
substrate emissions due to band bending.

With increasing In coverage strong core-level emission
lines grow in at a constant binding energy (BE is 16.8 eV)
typical for metallic indium. A Fermi edge of the metallic
In overlayer is clearly developed in the He I and He 11
spectra only for coverages larger than 80 A. Its position
is equivalent to the reference Fermi level excluding shifts
due to SPV effects (compare He I spectra, Fig. 1).

The secondary-electron onset of the indium-covered
surface shows two contributions: one at higher BE, which
is related to the semiconductor substrate (®=5.2+0.1
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FIG. 1. He I valence-band spectra of the WSe, (0001)/In in-
terface with increasing nominal In coverage at 300 K.

eV for uncovered surface) and one at lower BE, which is
attributed to the In clusters (®=4.110.1 eV). In spite of
the strong increase of In emission lines the substrate core
line intensities are only weakly attenuated. Even at the
final In coverage of 560 A the W 4f emissions can still be
measured. Compared to the mean free path of photoelec-
trons at this energy (approximately 40 A) it indicates a

three-dimensional cluster growth of the In overlayer
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FIG. 2. Mg Ka core-level spectra of the WSe, (0001)/In in-
terface with increasing nominal In coverage at 300 K.
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FIG. 3. Plot of the In/W and Se/W XPS intensity ratios
(corrected by theoretical cross sections) as a function of nominal
In coverage (taken from Fig. 2).

(Volmer-Weber growth mode). Even in the more surface
sensitive UP valence-band spectra (Fig. 1) we are still able
to 1dent1fy substrate emission up to the nominal coverage
of 560 A. In Fig. 3 we show the In/W intensity ratio.
The shape of the curve is characteristic for Volmer-
Weber growth.3® In order to complement the photoemis-
sion data on the In cluster growth we performed ex situ
electron microscopy studies of the In interface. In Fig. 4
SEM pictures of two samples [with 80 A (a) and 560 A
(b) coverage] are shown. Both pictures show dis-
tinguished areas of indium covered (bright) and un-
covered (dark) parts of the surface. We were not able to
detect any indium between the bright areas with mi-
croprobe measurements. The size and the lateral separa-
tion of the clusters can be estimated from the SEM pic-
tures. For both coverages a broad distribution of cluster
sizes is obtained. The clusters are separated from each
other by approximately 0.5-1 um but also with a wide
distribution of smaller and larger distances.

The actual cluster height was determined by STM. A
WSe, sample was covered with a 40-A In layer. Figure 5
shows a 3X3 pum? area of this sample with In elevations
of approximately 120 A height and 5000 A lateral exten-
sion. The STM pictures also show an average interclus-
ter distance around 0.5-1 yum. Most clusters are aligned
in triangular shapes indicating epitaxial growth of the
metal overlayer on the hexagonal substrate. However,
this was not confirmed by LEED. At increasing coverage
the LEED spots transform into a diffuse background.
Evidently we do not have a definite long-range order of
the deposited In overlayer as has been found for Cu, Ag,
and Au deposition.?>3! It should be noted that it was
very difficult to obtain sharp STM pictures. Most
scanned areas did not stand a second scan indicating very
weak interactions between the adsorbate and substrate.
In summary, indium deposited onto WSe, (0001) surfaces
at room temperature forms three-dimensional metallic
clusters which are separated from each other by bare
areas of the substrate.
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FIG. 4. Scanning-electron-microscope pictures of_ the
WSe,/In interface for different nominal coverages [(a) 80 A, (b)
560 A].
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2. Band bending and surface-photovoltage measurements

The band bending eV, as a function of coverage, deter-
mined from the shifts of W 4/ (XPS) and W 5d_, (UPS)

emissions, is shown in Fig. 6. At 20-A coverage we ob-
serve a maximum value of 0.7 eV. At higher coverages
eV, decreases again to a final value of 0.55 eV. The de-
velopment of eV, is tentatively related either to a change
of cluster (adatom) distribution from smaller to higher
doses, and/or to a change of the work function of the In
clusters during growth. The measured barrier height is
too low when compared to the theoretically predicted
value. Based on the work function difference between in-
dium (®=4.1 eV) and p-WSe, ($=5.2 eV) a band bend-
ing of 1.1 eV should have been obtained according to the
Schottky limit. A rebending due to x-ray or uv induced
SPV can be excluded from either the position of the In
core levels or from the Fermi-level position which were
unshifted at 300 K.

The saturation value of eV, is established considerably
slower than usually measured for Schottky barriers
formed on the more intensively studied III-V compounds,
where the final Fermi-level position is often reached for
submonolayer coverage. We attribute this fact to the ten-
dency of cluster formation on the layered substrate as
similar curves were found for other nonreactive layered
semiconductor/metal combinations as WSe,/Au and
MoS,/Au.?>%

To gain more insight into the junction properties the
SPV induced by additional bias illumination (W halogen
lamp, ~ 100 mW/cm?) was investigated.

After every evaporation step we measured the spectra
with and without bias light, both at room temperature
and at 150 K. In Fig. 7 we show the UPS binding energy
positions of the substrate W 5d , line (a) and the adsor-

bate In 4d line (b) as a function of the nominal In cover-
age. The figures show the binding energy positions at 300
K (circles) and 150 K (squares) measured in darkness
(filled markers) and with bias illumination (unfilled mark-

FIG. 5. Scanning-tunneling-microscope pic-
ture of the WSe,/In interface at a nominal cov-
erage of 40 A.
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FIG. 6. Binding energy shifts due to band bending at the
WSe, (0001)/In interface as function of nominal In coverage
(taken from Figs. 1 and 2).

ers). At 300 K both emission lines show only very weak
SPV shifts in the range of 0.1 V. When cooled down the
SPV shifts are increased up to 0.6 V. Moreover a SPV is
already present without bias illumination caused by the
photoemission source itself. Comparing the two graphs,
it is obvious that the In 4d shifts are larger than the W
5d , shifts. The SPV values do not depend on the photo-

emission excitation source. In Fig. 8 we show these pho-
tovoltage differences at 150 K with additional bias il-
lumination as a function of coverage. The graphs are ob-
tained by subtracting the 300-K dark binding energies
from the 150-K illuminated line positions. The SPV
difference is larger for small coverages. The maximum In
4d SPV (0.6 V) exceeds even the band bending as deter-
mined from the substrate emissions (0.5 eV). This indi-
cates that the band bending below the In clusters must be
larger than the band bending measured from the sub-
strate BE shifts. It should be noted that even at lower
coverages the thickness of the In clusters is large com-
pared to the escape depth of the photoelectrons so that
the substrate emission originates only from bare areas be-
tween clusters.

B. Deposition at 100-K substrate temperature

1. Morphology of the interface

Evidence for inhomogeneous band bending should be
obtained by determining the band bending directly below
the In clusters or below an unclustered interface. There-
fore, we deposited In in small steps onto a sample kept at
a temperature of about 100 K. We obtained a homogene-
ous In overlayer. In Fig. 9 valence-band spectra and in
Fig. 10 W 4f and In 4d core-level spectra of this WSe,/In
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interface are presented for different experimental condi-
tions. All spectra were taken without additional bias il-
lumination. It is interesting to mention the occurrence of

“wiggles” in the valence-band spectrum for 1 A cover-
age. We tentatively assign these wiggles to quantum-size
effects (QSE) in small In clusters as observed for Ag de-
posited on GaAs(110) by Evans et al*! As QSE are
beyond the scope of this paper we will report on these
effects elsewhere. Compared to the RT deposition results
the substrate emissions are diminishing faster and the In
emissions grow in more rapidly. After 20- A nominal In
coverage no substrate valence band or core-level features
can be detected anymore. For the measured electron
kinetic energies the electron mean free path is less than
10 A. Hence it follows that indium grows at this temper-
ature layer by layer (Frank-van der Merwe growth
mode) forming a laminar In overlayer. In addition, the
Fermi edge of the In overlayer is already developed after
5-A nominal In thickness.

While warming up to 300 K the spectra show dramatic
changes in shape which we relate to clustering of the in-
dium overlayer. Beginning very slowly at about 150 K
this transformation accelerates in the temperature range
near 200 K. The main feature of this transformation is
the increase of WSe, emissions in the range between 0
and 3 eV binding energy and the decrease of the Fermi
edge. This process is almost finished in the spectrum tak-
en at 201 K.

Additional evidence for the In overlayer morphology
change is given by the intensity of substrate and In over-
layer core-level spectra (Fig. 10). During warm up to 300
K the substrate intensity increases accompanied by a de-
crease of In emissions. From a plot of the W 4f and In
4d intensities versus temperature (Fig. 11) the transition
point of the In overlayer transformation can be deter-
mined to occur between 160 and 200 K. The In emission
peaks at about 235 K show an interesting structure
characterized by a broad feature without the expected
multiplet splitting which is reestablished at 300 K. This
is related to inhomogeneous electric potential distribu-
tions occurring during the morphology transition as will
be discussed in detail in the next chapter. Line broaden-
ing and asymmetric line shapes were also observed for the
W 4f core levels in the same temperature range.

2. Band bending and SPV

In Fig. 12 the BE shifts of the W 4/ and In 4d emission
lines are summarized in relation to the BE measured on
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FIG. 8. Comparison of SPV shifts of substrate and overlayer
as given in Fig. 7 (difference of the RT—no bias light curve to
the 150 K —bias light curve).

cleaved WSe, and on metallic In on the Cu sample holder
(BE is 16.8 eV), respectively. The source-induced SPV of
the indium-covered areas of the surface was deduced
from Fermi edge and In 4d line shifts (Figs. 9 and 10).
The band-bending value obtained after SPV correction of
the measured W 4f shifts are also shown in Fig. 12.

The W 4f spectrum taken after 10-A indium coverage
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FIG. 9. SXP valence-band spectra (hv=66 eV) of the
WSe,/In interface with increasing nominal coverage at 100 K
(lower part) and during warm-up to 300 K (the Fermi-edge re-
gion is shown enlarged on the right).
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shows a measured band bending of about 0.6 eV.
Corrected for SPV (0.4 V) an equilibrium band bending of
about 1 eV is determined below the In overlayer. At 20-
A coverage the W 4f emission disappears, but appears
again at about 188 K during warming up. At this mo-
ment the measured band bending amounts to 0.85 eV
with a SPV <0.1 V. This maximum uncorrected W 4f
BE shift provides a minimum value for the actual band
bending below the In metal layers which is at least 0.3 eV
larger than the band bending determined from substrate
core-level shifts of the RT experiment (Fig. 6). However,
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FIG. 11. Plot of the In and W SXPS intensities as a function
of sample temperature during warm-up (compare Fig. 10).
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FIG. 12. Binding energy shifts due to band bending and SPV
at the WSe,/In interface for different experimental conditions.

at 300 K, after the morphology change of the interface
has been completed, the measured W 4f BE shift is only
0.2 eV (Fig. 12). The difference to the saturation value in
the RT experiment (Fig. 6) is attributed to the smaller In
coverage which results in larger uncovered areas between
the In clusters. In addition, there may be a small SPV
shift. However, it should be considerably smaller than
the SPV measured for In covered areas (0.3 V).

Also the SPV is strongly affected by the morphology of
the interface. Compared to the BE value of metallic In
on Cu (BE is 16.8 V) all In 4d spectra show SPV shifts.
After 1 A coverage the In 4d position is located at 15.85
eV. This amounts to a SPV of 0.85 V in agreement with
the shift of the Fermi edge in the valence-band spectra
(Fig. 9). During the following evaporation steps the SPV
decreases to 0.1 V at 20 A coverage. Thus, the SPV is
drastically reduced as a function of increasing In cover-
age as often observed in Schottky barrier formation with
laminar overlayers. The decrease in SPV is attributed to
the leakage currents due to the increased surface conduc-
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FIG. 13. Changes of W 4f FWHM and binding energy dur-
ing recooling of the reclustered WSe, (0001)/In interface. The
given flat-band FWHM reference value of 0.34 eV was mea-
sured at 100 K (RT is 0.35 eV).
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tivity of the metal overlayer.?>*

It is obvious that the clustering (starting at a sample
temperature of 150 K) is again accompanied by a SPV in-
crease, although the diode reverse dark current rises with
temperature and should result in a decrease of SPV. At
300 K the SPV of In-covered areas amounts to 0.3 V. In
the In 4d spectra between 219 and 237 K (Fig. 10) the ob-
served broadening is thus related to the coexistence of
clustered and nonclustered areas which are electrically
connected in a different way to defects or to the sample
holder, giving rise to different shunt resistances.

3. Temperature dependence of SPV
at the clustered interface

In order to obtain additional information on the ener-
getic conditions of the clustered p-WSe,/In interface the
sample was recooled to 100 K after warming to 300 K
and the SPV was determined as a function of tempera-
ture. During cooling the W 4f and In 4d spectra do not
change their shape or intensity ratio indicating that the
cluster morphology remains unchanged. Both emission
lines show shifts due to increasing SPV (Figs. 13 and 14).
The In 4d line shifts from 16.4 to 15.9 eV corresponding
to an increase of SPV by 0.5 V. Thus, at 100 K the SPV
again amounts to 0.8 V which reproduces the maximum
observed SPV for the low In coverage at 100 K. In con-
trast the shift of the W 4f peaks, due to SPV, is only
about 0.1 eV. The FWHM'’s of the W 4f line decreases
during cooling from 0.44 to 0.34 eV (see Fig. 13) whereas
the FWHM of the In 44 line remains the same (0.5 eV).

IV. DISCUSSION

A. Morphology of the interface

Corresponding with recently published results on
GaAs/In (Refs. 17, 19, and 43-45) the system p-WSe,/In
also exhibits a pronounced sample temperature-
dependent change in interface morphology. When eva-
porated at a sample temperature of 300 K indium films
grow in the Volmer-Weber mode whereas at 100 K
layer-by-layer growth is observed. (Clustering of the In
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films occurs at annealing temperatures of 150-200 K.)
The interface remains nonreactive and atomically abrupt
for all experimental conditions.. The observed instability
of the clusters during STM measurements indicate very
weak interaction between In clusters and WSe, surface.
In many scanned areas the clusters were “wiped” away
during measurement. Nevertheless we were able to deter-
mine their shape by STM and SEM measurements. The
In clusters have a diameter of about 0.5—-1 ym with gaps
of the same magnitude. The height of the clusters is typi-
cally in the range of 100 A which is considerably smaller
than the lateral extension. Many clusters show pro-
nounced aligned shapes with 60 ° angles suggesting epi-
taxial cluster growth. This ex situ determination of clus-
ter shape and intercluster distance should be considered
with some care. The original distribution and morpholo-
gy of In clusters may be different because of the high sur-
face mobility. In addition, the morphology is probably
different at different stages of the experiment and for
different runs. At RT deposition a more scattered distri-
bution of smaller clusters with smaller intercluster dis-
tances will initially be formed which will coalesce to
larger clusters with increased distances at higher cover-
ages (compare calculations in Ref. 19). Furthermore, the
size and number of clusters obtained from the LT deposi-
tion experiment is rather small. Therefore only a qualita-
tive comparison of cluster morphology and related elec-
tronic properties is possible for the different experiments.

B. Barrier inhomogeneities of the clustered interface

According to the Schottky limit the band bending eV,
is given by the difference of the work functions of semi-
conductor and metal. Therefore the system p-WSe,/In
[p-WSe,: &=5.210.1 eV, obtained from the secondary-
electron onset of He I spectra after cleaving in vacuum,;
indium: ®=4.1 eV (Ref. 46)] should result in a band
bending of 1.11+0.1 eV, which is nearly the maximum
possible value for WSe, (band gap, 1.2 eV). However, in
our 300-K experiment eV, is only 0.55 eV as determined
from the substrate core-level shifts of the In free areas (no
x-ray induced SPV). But, the bias light SPV shifts for the
In 4d overlayer emissions after cooling exceed eV, and
the SPV shifts of the substrate W 4f emission lines. Sug-
gesting that the band bending at the interface is laterally
inhomogeneous, the actual band bending below the In
clusters must be larger than the measured value deter-
mined from BE shifts of substrate emissions coming from
bare areas.

In Fig. 15 this laterally inhomogeneous potential distri-
bution is schematically drawn. The spatial development
of band bending near an In cluster is shown in the lower
part of the picture (in this part the z axis is rotated by
90 °). From this model it is obvious that the measured
substrate line positions represent an average over the
whole uncovered surface. The mean In cluster distance
dy, can be estimated from the STM and SEM pictures.
For low nominal In coverages (80 A) dy, is about 5000 A
and for high In coverages (560 A) dy, is about 1000 A.
These values must be compared to the lateral extension
d, of the space charge layer. In the depletion approxima-
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FIG. 15. Schematic model of the energetic conditions of the
clustered p-WSe, (0001)/In interface. Band bending and
charge-carrier transport is expected normal and parallel to the
surface with the origin below the In cluster,

tion the expression for d; is given by

172
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and taking V,=1 V, £¢=7.3 (Ref. 47), and N ,=10"
cm ™3 we obtain a depletion layer width d, of about 250
A. Following the calculation of Miyano et al.'® the la-
teral depletion width is even smaller than this one-
dimensional value. Compared to the measured cluster
distance distribution as obtained from STM and SEM
data the value of d; should result in a laterally inhomo-
geneous electric potential distribution (lateral band bend-
ing) as shown qualitatively in Fig. 15. It should be noted
at this point that lateral inhomogeneous electric potential
distributions at clustered metal/semiconductor interfaces
have been expected and theoretically discussed for III-V
semiconductors.!”> However, the theoretical expectations
could not be proven experimentally up to now."> For this
reason it was considered that on clustered III-V
semiconductor/metal interfaces intercluster surface
states are formed even on bare areas which result in a
pinning situation. The (0001) van der Waals surface of
WSe, is evidently a counterexample, which is related to
the specific surface properties of the van der Waals plane
exhibiting no dangling bonds or surface states. In view of
this model it is expected that a dense metal overlayer
prepared at 100-K sample temperature should result in
larger band bending as determined from the substrate BE
shifts. Indeed eV, corrected for SPV is at least 0.9 eV
and thus close to the Schottky limit (Fig. 12). Conse-
quently, substrate line widths should be increased by la-
teral inhomogeneities. We do not get clear experimental
evidence for this effect. In the RT deposition experiment
(eV,=0.5 eV), there is indeed some broadening of
valence-band and core-level features (XPS with limited
resolution). In the LT deposition experiment the small
nominal coverage of 20 A leads to large uncovered areas
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with very small eV, shifts ( <0.2 eV, see below and Fig.
13) masking the effect.

C. SPV in dependence on interface morphology

The SPV shifts of In 4d and W 4f line positions as a
function of coverage at 100 K (Fig. 12) agree with previ-
ously published results*? where the synchrotron-induced
SPV nearly disappears due to leakage currents when the
metal overlayer is completed (20-A coverage). There are
different mechanisms which may be responsible for
noninfinite diode shunt resistances: Either a short to the
sample holder is produced or internal shorts to defect
sites on the van der Waals plane are produced. After
warming up the SPV increases because the short circuit is
removed by the clustering of the interface. In the transi-
tion regime a strong broadening of the In 4d line is ob-
served. The emission feature can be fitted with two single
In 4d lines. We relate those to still “connected” and al-
ready isolated clusters. This leads to the splitting in the
In 4d SPV curve between 210 and 300 K in the right
upper part of Fig. 12. Indeed, the higher 240-K SPV
value equals the value obtained by recooling (see below).
After reaching 300 K only one emission remains. In the
lower part of the figure the W 4f shifts compared to the
position after cleaving in vacuum (flat-band position) are
shown. The curve indicated with triangular markers
shows the shifts as measured whereas the quadratic
marked curve is obtained by subtracting the In 4d SPV
shifts from the measured band-bending values. The re-
sulting curve shows the actual band bending without
SPV. However, this is valid only for the unclustered in-
terface, i.e., only up to 200 K. At 7>200 K the W 4f
BE shifts are mostly due to the uncovering of the sub-
strate and not due to SPV shifts. In order to prove this
the clustered interface was cooled down again to 100 K
by which the W 4f lines shift into flat-band direction
caused by increasing SPV at reduced temperatures®®??
(Fig. 13). The effect is relatively small (0.1 V) for the W
4f lines. For the clustered interface a strong SPV-
induced shift is only expected for the substrate emission
lines below the metal clusters (which, however, are
beyond the information depth) and for the In overlayer
lines. In the bare areas only small SPV shifts are expect-
ed due to the smaller band bending and minority carrier
flux from these areas to the In-covered areas (Fig. 15).
The SPV-induced shift of the In cluster binding energy is
significantly larger and can be used for a determination of
the subcluster energy diagram as will be shown below.

Simultaneous with the W 4f shift towards flat-band
condition, the W 4f line width decreases by 0.1 eV (Fig.
13). This effect is small because eV, is already reduced
due to the synchrotron-induced SPV at RT (eV, <0.2
eV). The line width at flat-band conditions after cleaving
in vacuum (0.34 eV, also indicated in the diagram) is not
changed by cooling to 100 K.

D. Determination of barrier height and photocurrent
from temperature-dependent SPV measurements

According to previously published methods®*3® for es-
timating the apparent synchrotron-induced SPV, it was
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possible to fit the temperature-dependent SPV shift of the
In cluster emissions.

Neglecting leakage currents, recombination in the
space-charge region and tunneling over the barrier the to-
tal current j,,, passing the semiconductor/metal barrier
in an idealized photovoltaic device is given by

. . . . —qVgpy/kT .
Jiot =Jen —Jpn =Jole seY —D—Jmm» )
where j;, is the photon-induced current, j, is the therm-
ionic emission current over the barrier, Vgpy is the SPV,
and j, is the reverse saturation current. j, can be ex-
pressed in the thermionic emission model by®
—®, /kT

Jo=A*T?% °°7 (3)
where A* is the effective Richardson constant and ®, is
the barrier height. During photoemission measurements
we have approximately open circuit conditions, i.e.,
Jiot =0. Therefore solving Eq. (2) with (3) to Vgpy yields
the expression for the open circuit photovoltage:
J
B4
Jo

kT

Vspy=—1In . 4)
PV

The In SPV curve of the clustered interface shown in Fig.
14 was fitted with Eq. (4). The fitting parameters were
the barrier height ®, and the photoinduced current j,.
The Richardson constant was set to 4 * =120 assuming
an effective mass of m*=m, according to exciton bind-
ing energy measurements from Anneda.*® The drawn line
in Fig. 14 represents the best fit with

zmA

2 b

Jpp=4.1X10"
cm

®,=1.04 eV .

For the crystals used (doping density of about 10'7 cm™3)
the energy difference of E to the valence-band maximum
is about 0.1 eV. Hence the band bending below the indi-
um clusters can be determined to be 0.9 eV which is close
to the actual measured value in the 100-K experiments.
The remaining discrepancy can be explained by idealiza-
tion of the junction and by the temperature-dependent
band gap, which has not been taken into account.

The obtained photocurrent density of the transformed
WSe,/In junction illuminated with 66-eV synchrotron ra-
diation agrees with recently published estimates®®*° and
is considerably larger than j; estimated for the mono-
chromatized synchrotron light originally and expected
for the He 1 and Mg Ka radiation [j,,(He)=9X107*
mA/cm?; Jpn(Mg Ka)=6X1073 mA/cm?].° The SPV
obtained in the RT experiment (0.6 V at 150 K) also fits
nicely to this calculation indicating that eV, is also about
0.9 eV below the In cluster and considerably larger than
the substrate core-level shifts.

V. SUMMARY AND CONCLUSION

In this paper we have presented experimental results
which indicate the presence of an inhomogeneous lateral
surface potential distribution on clustered p-WSe,
(0001)/In Schottky barriers. The band bending deter-
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mined at the clustered interface is considerably smaller
than the actual band bending measured at 100 K for the
nonclustered interface. This leads to the conclusion that
at clustered interfaces besides SPV corrections also inho-
mogeneity corrections have to be taken into account
when determining the band bending. The inhomogeneity
shows up in larger metal cluster SPV shifts compared to
the substrate shifts. In addition, SPV measurements as a
function of temperature allow the determination of the
actual band-bending value below the clusters which could
be substantiated by comparison to the measurements of
the nonclustered interface. These results differ complete-
ly to previously published results on III-IV
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semiconductor/metal cluster interfaces, which may be
taken as evidence for a more ideal junction formation val-
id for the layered semiconductors without dangling
bonds.
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FIG. 4. Scanning-electron-microscope pictures ofa the
WSe%/In interface for different nominal coverages [(a) 80 A, (b)
560 Al.



FIG. 5. Scanning-tunneling-microscope pic-
ture of the WSe,/In interface at a nominal cov-
erage of 40 A.




