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Cr, Co, Pd, Au, and In overlayers on PbS(100): Adatom interactions and interface formation
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High-resolution synchrotron-radiation photoemission has been used to investigate Cr-, Co-, Pd-,
Au-, and In-adatom depositions at room temperature on cleaved PbS(100) single-crystal surfaces.
In general, these adatoms induce disruption of the substrate but the growth morphology and the
distribution of the released Pb and S atoms in the overlayer varies a great deal. The deposition of
adatoms of Cr, Co, Pd, and Au in small amounts leads to the appearance of a chemically shifted Pd
Sd core-level component and at high coverage there is substantial Pb segregation to the free surface.
Pb segregation is greatest for Cr and diminishes for Co, Pd, and Au. This ordering reflects
difFerences in the amount of substrate disruption (greatest for Cr, least for Au) and the low solubility
of Pb in these metals. The S 2p core-level results also reveal chemical changes associated with Cr-
sulfide formation and the dissolution of S in, and on, the growing metal overlayer (surface segrega-
tion is greatest for Pd and Au and least for Cr). In contrast, studies of the In/PbS interface show
that In forms clusters, that there is some disruption of the substrate, that S is expelled to the sur-

face, and that Pb is released into the In overlayer.

INTRODUCTION

The formation of metal overlayers on semiconductors
presents a variety of challenging theoretical and experi-
mental problems related to the electrical properties, the
tendency for reaction and chemical intermixing, and the
possibility of forming unique interface-stabilized prod-
ucts. ' Photoelectron spectroscopy has been one of the
more frequently used of the many experimental tech-
niques to investigate these microscopic properties be-
cause it has the ability to examine changes in chemical
environment with inherently high surface sensitivity. '

Major advances in understanding interfacial phenome-
na have come from studies of such prototypical semicon-
ductors as Si, Ge, GaAs, InP, and some of the ternary
semiconductors. In contrast, much less is known about
interface formation for the IV-VI compound semiconduc-
tors and, to our knowledge, there have been no reported
photoemission studies of the microscopic interactions
that occur at PbS interfaces. (References 3—5 have pro-
vided insight into the microscopic properties of several
metal overlayers on PbTe. ) At the same time, this system
offers the opportunity to correlate phenomena observed
at III-V and II-VI compound interfaces to those observed
for a system with different bonding and crystal structure,
particularly adatom-induced disruption and the cover-
age-dependent distribution of released anions and cations
in the growing metal layer.

Lead sulfide is a small-band-gap semiconductor (0.41
eV at 300 K) which crystallizes in the rocksalt struc-
ture. ' As for the other lead chalcogenides, its main
technological applications are in infrared optoelectronic
devices as detectors and laser sources. ' The electronic
states of PbS refiect strong ionic bonding that is very

different from the sp hybrid character of the covalent di-
amond and zinc-blende semiconductors. There is also
some small covalent bonding due to the overlap of the
directional p orbitals of Pb with those of S. The valence
bands are therefore mostly p type in character, with a
lower split-off s-like band. " ' X-ray and angle-resolved
ultraviolet photoemission studied' of PbS have revealed
the density of electronic states, the details of the energy
bands, and the position of the Fermi level at the (100) sur-
face. ' ReAection high-energy electron diffraction
(RHEED) has been used to study growth modes for thick
noble-metal overlayers on PbS(111) at both room and
elevated temperatures. Studies of interface formation
involving PbTe have shown nonabrupt interfaces with
out-diffusion of both Pb and Te atoms.

In this paper we present the results of a room-
temperature study of interface formation for Cr/
PbS(100), Co/PbS(100), Pd/PbS(100), Au/PbS(100), and
In/PbS(100). These metals were chosen in order to con-
sider the interfacial properties for systems which were ex-
pected to be reactive (Cr), weakly reactive (Co and Pd),
and nonreactive (Au). Indium was expected to be unreac-
tive and to grow on the surface via clusters. As such, the
results provide a wide range of behavior for comparison
with other semiconductor interfaces.

High-resolution core-level and valence-band results in-
dicate that these metals do not produce atomically abrupt
interfaces with PbS. Instead, disruption is observed at
low coverage for Cr, Co, Pd, and Au with the greatest
amount of disruption and tendency for compound forma-
tion being observed for Cr and the least for Au. The
high-coverage regime is characterized by metal-overlayer
formation accompanied by substantial surface segrega-
tion for atoms of both Pb and S. Line-shape analysis of
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the Pb 5d and S 2p core-level energy distribution curves
(EDC's) taken with markedly different photoelectron
mean free paths makes it possible to model the atom dis-
tribution and assess chemical reaction.

EXPERIMENTAL

The photoemission experiments were carried out at the
Wisconsin Synchrotron Radiation Center using the Alad-
din electron storage ring and a Grasshopper Mark II
monochromator and beamline. These measurements em-
phasized core-level line-shape changes and core-level in-
tensity variations as a function of the amount of metal de-
posited. Photoelectrons were energy analyzed with a
double-pass cylindrical mirror analyzer in a vacuum sys-
tem described in detail elsewhere. The tunability of the
photon source made it possible to choose photon energies
to give equal electron inelastic mean free paths X for Pb
5d and S 2p photoelectrons, namely 60 eV for Pb and 204
eV for S in the surface-sensitive mode (A, -4 A) and 40
and 175 eV in the bulk-sensitive mode (A, -9 A). Mono-
chromator bandwidths and analyzer pass energies were
selected to give overall resolution of -200 meV for the
Pb 5d core levels. The corresponding resolution was
-500 meV for the S 2p studies. For the valence-band
EDC's, the overall resolution was -400 meV.

The PbS crystals were cut to give rectangular bars
2X2X6 mm with the small face parallel to the (100)
plane. The samples were cleaved in situ at a pressure of
—5 X 10 "Torr. These samples cleave easily, as expect-
ed from their rocksalt structure. The quality of the
cleaved surface was judged visually and with valence-
band and Pb 5d core-level spectra. Adatoms of Cr, Co,
Pd, Au, and In were evaporated from resistively heated
tungsten boats that had been thoroughly degassed so that
the pressure was below 3X10 ' Torr during evapora-
tion. An Inficon crystal thickness monitor was used to
determine the evaporation rates (typically —1 A/min).
The amount of material deposited will be expressed in
angstroms in this paper. The conversion factor to
substrate-equivalent monolayers (ML) would be 0.74
ML/A for Cr, 0.80 ML/A for Co, 0.60 ML/A for Pd,
0.52 ML/A for Au, and 0.34 ML/A for In, assuming the
deposition of one adatom per semiconductor atom site on
the PbS(100) surface where the planar density is
1.13X10' atoms/cm .

Analysis of the Pb 5d and S 2p core-level EDC's was
done by line-shape decompositions using a nonlinear
least-squares minimization subroutine on an IBM RT
computer. The method involves simultaneous fitting
based on a cubic polynomial background function and
components introduced to represent the core-level struc-
tures. As discussed in Ref. 25, semiconductor core-level
line shapes can be represented by Voigt functions which
are the convolution of Lorentzian (core-hole lifetime
broadening) and Gaussian (instrument and phonon
broadening) functions. For atoms in metallic environ-
rnents, a more accurate representation is the Doniach-
Sunjic (DS) line shape because of the asymmetry at
higher binding energy due to screening and many-body
interactions at the Fermi level. In our analysis adjust-

able parameters included the Lorentzian width, branch-
ing ratio, spin-orbit splitting, peak intensities, energy po-
sitions, Gaussian linewidths, and background parame-
ters. We allowed up to two spin-orbit-split doublets,
one representing the substrate and the other representing
atoms released from the substrate (no evidence was found
for a surface-shifted core level for the clean surface). Our
fits were obtained by keeping the Lorentzian width, the
branching ratio, and the spin-orbit splitting of all the
components of a single atomic species fixed for all cover-
ages at the values determined for the cleaved substrate.
The Gaussian widths of the adatorn-induced features
were allowed to vary to account for changes in local
bonding. DS line shapes were used to fit the core-level
spectra for the Pb species released from the substrate,
and typical values of the asymmetry factor ranged from
0.11 to 0.12. In all cases, self-consistency achieved by
fitting all of the spectra taken with two different photon
energies and for a range of coverages greatly increased
our confidence in the line-shape decompositions.

RESULTS AND DISCUSSION

In the following we address the differences and corn-
mon features observed during the deposition of reactive
(Cr), relatively unreactive (Co, Pd), and nonreactive (Au)
metal adatoms onto cleaved PbS(100). Our experimental
results indicate substantial Pb segregation for Cr, Co, Pd
and Au. There is also sulfur segregation for Co, Pd, and
Au and an indication of Cr-S compound formation. The
deposition of In also induces disruption and S surface
segregation, but the released Pb atoms are dissolved in
the In overlayer.

In Figs. 1 —5 we summarize the surface-sensitive Pb 5d
and S Zp results for Cr/PbS(100), Co/PbS(100), Pd/
PbS(100), Au/PbS(100), and In/PbS(100) interfaces taken
at h v=60 and 204 eV, respectively (A, -4 A). In each
case, the Pb 5d results are shown on the left and those for
S 2p are shown on the right. The Pb 5d energy scale en-
ables us to observe the full spin-orbit-split pair. Spectra
that are vertically offset show the effects of metal deposi-
tion. These EDC's have been normalized to constant
height to emphasize line-shape changes and have been
shifted in energy to account for variations in band bend-
ing. Representative line-shape decompositions for
Au/PbS in Fig. 4 show how the chemical environments
change with metal deposition and emphasize similarities
and differences. Those for Pd/PbS (Fig. 3) are very simi-
lar to those for Au/PbS and decornpositions for Cr and
Co spectra are not shown because visual inspection is
sufhcient to identify the relative amounts of the substrate
and the adatom-induced components. More quantitative
information about intensity variations is given through
the attenuation curves of Figs. 6—8. These were deter-
mined by measuring the total integrated core-level emis-

0
sion after the deposition of 0 A of metal and normalizing
that quantity to the emission for the cleaved surface,
In[I(0)/I(0)]. In such attenuation curves, layer-by-layer
metal growth would be revealed by a straight line with
1/e decay length corresponding to the photoelectron
mean free path. In addition, the line-shape decomposi-
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Notice that no significant free Pb signal is observed in these
spectra.

FIG. 6. Top and middle panels: Pb Sd attenuation curves for
Cr/PbS(100) and Co/PbS(100}. The component-specific at-
tenuation results for the surface-sensitive spectra show the rapid
decay of the substrate for Cr/PbS and the growth of the segre-
gated component. Pb persists at high coverage because of its
low solubility in Cr. The results for Co/PbS are analogous but
the amount of disruption is much smaller. Bottom panel: S 2p
core-level attenuation curves for Cr/PbS(100) and Co/PbS(100)
at photon energies of 204 and 175 eV. For Cr/PbS, the bowing
is due to the growth of the Cr-S reaction product and its subse-
quent attenuation.
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thickening In overlayer. For S, the trend is reversed with the
greatest expulsion being observed for In overlayers and the least
for Cr because of reaction with Cr.

ment of the substrate to that of a disrupted chemical
configuration. Indeed, it is interesting to note the cover-
age at which the two components are equal, it being
lowest for Cr (0.8 A) and -8 A for Co, —12 A for Pd,
and -20 A for Au. This indicates that -0.8 A of Cr is
sufficiently disruptive that only half the emission is from
those Pb atoms in Pb-S bonding configurations. The
amount of substrate disruption can be estimated from the
attenuation curves of Figs. 6 and 7. For Cr, the amount
is roughly 9 A. For the other overlayers, the amount of
disruption is considerably less.

The Gaussian width of the disrupted-Pb component is
well defined at low coverages (e.g., FWHM of 0.43 eV for
2 A of Cr), and this indicates that Pb is found in a rela-
tively uniform chemical environment. (Alternatively, it
could indicate that Pb is insensitive to that environment,
but the results of Figs. 1 —4 show Pb 5d shifts of
0.62 —1.13 eV for these metals. ) With increasing metal
deposition, the disrupted-Pb 5d core-level component
showed only slight variations in the Gaussian width
(0.43 —0.41 eV for Cr between 1 and 13 A), remaining
sharp and well defined at higher coverages. Spectra at in-
termediate coverages can be fit with weighted amounts of
the substrate, and the shifted components appear at the
same position for all coverages (lower binding energy rel-
ative to the substrate of 1.13 eV+0.03 eV for Cr, 1.00
eV+0.03 eV for Co, and 0.62 eV +0.03 eV for Au and Pd
relative to the substrate). For the shifted component, it
was necessary to use the DS line shape because of'metal-
lic screening for Pb atoms released in the metallic over-
layer (DS asymmetry factors of 0.12 for Cr, 0.11 for Co,
Au, and Pd).

The results shown in Figs. 1 —4 show the disappearance
of the substrate component and the growth of a disrupted
component at a fixed energy relative to the substrate.
This is shown quantitatively for Cr/PbS at the top of Fig.
6 where there is a rapid decrease in the substrate corn-
ponent (labeled 1) as a function of Cr deposition but a
rapid increase in the disrupted component (labeled 2).
For the surface sensitive results (s), the total amount of
Pb present decreases only slightly relative to the cleaved
surface so that by a deposition of 10 A the amount of Pb
emission is 80%%uo of that of the starting surface. The
bulk-sensitive results show a smaller Pb contribution,
again normalized to the clean surface emission. Togeth-
er, these results indicate Pb enrichment of the surface re-
gion. In particular, Pb atoms released from the PbS sub-
strate by the deposition of Cr are expelled from the grow-
ing Cr overlayer and segregate to the surface. At high
coverage, the amount of Pb at the surface remains almost
unchanged, as can be seen from the almost Aat Pb 5d at-
tenuation curve at the top of Fig. 8.

Analogous behavior is exhibited for Co/PbS, but the
rate at which the substrate is converted and/or covered
up is slower, and the overall amount of surface-
segregated Pb is smaller (center panel of Fig. 6 and top of
Fig. 8). For Pd and Au, these rates are reduced further.
From the top panel of Fig. 8, were the Pb surface sensi-
tive attenuation curves are compared, we can see that the
amount of Pb present in the surface region is greatest for
Cr and then decreases in the order Co, Pd, Au (see espe-
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0
cially the results after 40 A deposition because the sub-
strate component is completely attenuated). The con-
stant shift in binding energy of the Pb Sd component and
the small variation in Gaussian width with coverage are
indications that the segregated Pb atoms are in reason-
ably equivalent chemical environments. Moreover, the
persistence of the liberated atoms at the surface indicates
that they are very slowly incorporated in the thickening
layer (dissolved or kinetically trapped). This is consistent
with the estimated positive heats of solution of Pb in Cr,
Co, and Au (136.7, 97.2, 10.4 kJ/mole, respectively).
For Pd, the heat of solution would indicate a more favor-
able mix, —89 kJ/mole, but the experimental results indi-
cate that Pd and Au behave in analogous fashions.

It is interesting to point out that the relative binding
energy of the segregated Pd Sd component is identical for
Au and Pd overlayers and relatively close for Co and Cr
overlayers. The changes in relative binding energy can be
related to differences in chemical environments for these
segregated atoms. If we assume that the Pb atoms are
coordinated with only metal atoms, then their energies
should track with their heats of solution in those metals.
Indeed, our results show a larger shift for the reactive
metals than for the less reactive metals, in agreement
with the heats of solution. The fact that (Cr, Co) and
(Pd, Au) show similar shifts indicates the qualitative
character of this correlation and the fact that the segre-
gated atoms are not fully coordinated in a three-
dimensional sense. Analogous trends and qualitative
agreement with solubilities have been reported for metal-
GaAs and metal-InP interfaces where the final energy po-
sition of the cations corresponds to the dilute limit.

Comparison of these metal-PbS interface results to
those for metal-InP and -GaAs interfaces show both simi-
larities and differences as far as the cation behavior is
concerned. For PbS, the constant binding energy of the
Pb Sd core levels suggests chemical environments which
are relatively constant, consistent with a model in which
the Pb atoms are strongly expelled to the surface. In con-
trast, the Ga emission at disrupted interfaces always
shifts steadily to lower binding energy, indicating that the
Ga atoms released from the substrate and detected in the
photoemission experiments are in progressively higher di-
lution in the metal overlayer. Although Ga segrega-
tion is observed, it is not detected at high coverage for
overlayers of Cr, Co, and Pd. Ga does persist at the sur-
face for Au overlayers. For In released at the corre-
sponding metal-InP interfaces, we find strong expulsion.
At high coverage, there is a shift in In 4d binding energy
when the In content of the surface region starts to dimin-
ish. Indium at the Cr- and Co-based InP interfaces then
behaves in an analogous fashion to Pb except that the In
solubility in the overlayer is higher. For the Pd/InP and
Au/InP interfaces, the behavior is quite different because
of the expulsion of P and the more effective retention of
In in the metal layer due to the more favorable Pd—In
and Au —In bonds.

In a recent paper we examined segregation at a large
number of metal-semiconductor interfaces, showing that
the effect can be qualitatively understood in terms of a
model which considers the cohesive energy and relative

atomic sizes of the substrate and overlayers species.
Following Ref. 34, the cohesive energy of Pb is lower
than that of Ga or In, and the atomic size of Pb is larger
than Ga or In. The model then predicts that Pb would be
expelled to the surface of a given metal overlayer more
readily than would either Ga or In, consistent with the
above discussion. Indeed, the Pb 5d attenuation curves
of Figs. 6—8 show substantial Pb at the surface and little
tendency to be dissolved at high metal coverages.

The In/PbS(100) interface evolves differently from
those discussed above. As shown in Fig. 5, the deposition
of In produces a weak Pb Sd component at 1.10 eV+0. 03
eV lower binding energy. This can best be seen from the
Pb Sd3/p component of Fig. 5 because of the overlap of
the Pb Sd~&z component with the growing In 4d emission
(labeled 1 and 2). Whereas this adatom-induced com-
ponent does grow, it remains small compared to the sub-
strate emission. Even after the deposition of 34 and 60 A
A of In, it is considerably weaker than the substrate com-
ponent, and we conclude that the released Pb atoms are
not expelled as strongly to the surface. This is consistent
with the thermodynamic heat of solution of Pb in In,
namely —296 kJ/mole. Moreover, the spectra of Fig. 5
and the attenuation results of Fig. 8 show that the sub-
strate is still visible after -60 A. At that coverage, the
1/e decay length of 22 A is much too large for layer-by-
layer growth. We conclude that there is In adatom clus-
tering on the surface, analogous to what has been report-
ed for In/PbTe and other semiconductor surfaces.
Finally, it is interesting to note that there is a small
feature shifted to lower binding energy relative to the
dominant In emission (labeled In 2 in Fig. 5). We associ-
ate this with In atoms coordinated with Pb, consistent
with the small amount of Pb that is in an environment
different from PbS.

Cross sectional slices through these fully developed in-
terfaces (except In) would show a concentration of Pb
atoms near the surface, limited amounts of Pb in solution,
and relatively little at the buried interface. The amount
of Pb present at the surface would be greatest for Cr
(where the solubility is lowest) and lowest for Au or Pd.
The growth mode appears to be uniform layer by layer.
In contrast, In adatoms exhibit a strong tendency for
clustering. For In/PbS, it is likely that there will be Pb
near the buried interface because of its solubility in indi-
um.

Sulfur behavior

These generalizations concerning the distribution of Pb
atoms can be only partially extended to the S atoms.
Similarities are reAected in adatom-induced S 2p core-
level component, as shown at the right of Figs. 1 —5,
while differences involve the origin of the reacted com-
ponent.

On the right-hand side of Fig. 1, we present
background-subtracted surface-sensitive S 2p core-level
EDC's for Cr/PbS(100) taken at a photon energy of 204
eV. Small amounts of Cr disrupt the substrate, as shown
at the left of Fig. 1 for Pb, and there are changes in the S
spectra refIjected by a broadening of the core-level emis-
sion (Cxaussian width 740—840 meV for 0.2 —1.4 A com-
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pared to 730 meV for the clean surface). With increasing
deposition, the S 2p centroid shifts to higher binding en-

ergy as the Cr-induced component grows and the sub-
strate contribution is attenuated. Comparison with the
Pb attenuation results of Fig, 6 shows that the substrate
contribution is negligible after the deposition of —5 A of
Cr. At 13 A deposition, the new component appears at
0.63+0.03 eV relative to the substrate. Even at this cov-
erage, however, it is very broad, indicating a variety of
inequivalent chemical configurations. At higher cover-
age, the Cr-induced component narrowed slightly.

At the bottom of Fig. 6, we show changes in the in-
tegrated S 2p emission as a function of Cr coverage for
photon energies of 175 (open circles) and 204 eV (closed
circles). The surface-sensitive data taken at hv=204 eV
reveal the slow decrease in the S 2p intensity for the first
few angstroms of deposition, a slower rate until —10 A,
and then a rate which corresponds to a 1/e length of
-20 A (compared to a photoelectron mean free path of 4
A). The data taken with a higher escape depth (h v=175
eV, A, -9 A) show a much more rapid decay, the
inAection, and then a 1/e decay length of —14 A. From
the Pb spectra with its well-separated components, we
can estimate the amount of disruption to be -9 A and
again note that the substrate 1/e length is less than 1 A
while disruption is occurring. The attenuation curves
therefore represent the rapid loss of emission from the re-
treating substrate, the growth of the reacted component,
and then the gradual reduction in S emission with in-
creasing Cr deposition. Moreover, these results show
that the amount of S near the surface is greater than that
farther from the surface at higher coverage, indicating
significant surface segregation of S. The inequivalent
chemical environments are refiected by the broad S 2p
core-level emission of Fig. 1. The formation of a Cr-S re-
action product is also consistent with the heats of forma-
tion of bulk Cr-S compounds (e.g., CrS at —155 kJ/mole
and Cr2S3 at —364 kJ/mole). Comparing the results at
the top and bottom of Fig. 8 for Cr/PbS shows that the
amount of Pb segregation is much greater than that of S
and that this interface represents the extreme case for
adatom-induced reaction and anion trapping.

The Co/PbS(100) interface also provides evidence of a
new S component shifted 0.75+0.03 eV with substantial
broadening at low coverage. Examination of the EDC's
indicates that changes occur much more slowly for
Co/PbS than for Cr/PbS. (A similar conclusion can be
drawn from the Pb spectra by noting the amount of metal
which is needed to produce two pairs of doublets of equal
intensity. ) In particular, these S results indicate that the
amount of metal sulfide which forms is very small and
may be negligible. Indeed, a better description of inter-
face evolution would be based on the Co/GaAs system
where limited disruption was observed, where As was
both dissolved in the overlayer and segregated, and where
no compounds were formed. The heats of formation for
Co-S are favorable, but to a lesser extent than Cr.

The results for the Pd/PbS(100) and In/PbS(100) sys-
tems also indicate limited disruption and the formation of
a readily distinguishable new bonding configuration for S
(0.98+0.03 eV for Pd and 1.29+0.03 eV for In relative to

the substrate). For Au/PbS(100), the S 2p core-level
spectra show a slight shift toward higher binding energy
at high metal coverages for the Au-induced component,
1abeled 2 in Fig. 4. Indeed, it is dificult to separate the
two components. As for Co, the heats of formation for
Pd-S, Au-S, and In-S compounds are low and the inter-
face profile can be described in terms of segregation and
solution rather than compound formation.

Finally, we note from Fig. 8 that the amount of segre-
gated Pb and S at high coverage is comparable for
Co/PbS and Pd/PbS with Pb segregation being the
stronger for Co/PbS and S segregation being stronger for
Pd/PbS. For Au/PbS, the amount of S segregation is
much greater than Pb. For In/PbS, the solubility of S in
In is so low that the S emission at high coverage actually
exceeds that observed for the cleaved, clean surface. For
In/PbS, the minimum observed at low coverage in the at-
tenuation curve for S is analogous to that encountered for
InP interfaces; it is related to the growth of In nuclei of
sufFicient size that expulsion of the S is energetically
favored. Again from Fig. 8, the Cr/PbS and In/PbS in-
terfaces appear as the extremes with symmetric behaviors
for Pb and S observed in these two systems. It is quite
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FIG. 9. Valence-band energy distribution curves for Au/PbS
as measured with a photon energy of 60 eV showing the failure
of the overlayer to converge to that representative of pure Au.
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clear that the EDC's and the attenuation curves reAect
the balance between reaction, solubility, and segregation
at high coverage and that the chemical driving forces are
equivalent for these thin films.

The results obtained with core-level photoemission for
Au/PbS(100) interface are complemented by valence-
band results, as shown in Fig. 9 for spectra taken with a
photon energy of 60 eV. Peaks labeled 1 and 2 in the
bottom-most EDC are due to the three S-derived 3p-type
valence bands of PbS and agree well with the previously
XPS and UPS spectra. ' ' The s-type bands derived
from Pb 6s levels are located -8 eV below the Fermi lev-
el and are not shown in our spectra. The deposition of
Au leads to the development of states at the Fermi level.
These states are apparent at 0.4 A and are typical for a
metallic interface surface layer. The very strong Au 5d
emission can easily be seen for coverages as low as 0.1 A.
By —1 A, the Au 5d splitting is -2.2 eV and remains
constant for higher Au coverages. This value is smaller
than the value for bulk Au (2.4 eV), but is close to that
reported for Au/Ge interfaces. As for Au/Ge, we con-
clude the presence of S and to a lesser extent Pb in the
surface region to be responsible for the deviation from
the pure-Au splitting.

Schottky barrier formation

The detailed line-shape analysis for the Pb Sd spectra
makes it straightforward to determine changes in sub-
strate core-level binding energies as a function of metal
deposition and thereby investigate Schottky barrier for-
mation. For the clean surface, we found the Fermi level
to lie almost at the conduction-band minimum. From the
Pb 5d spectra of Figs. 1 —5, we measured total changes in
Fermi level position of —0. 15+0.02 eV for Cr/PbS,
—0.09+0.02 eV for Co/PbS —0. 13+0.02 eV for
In/PbS, 0. 10+0.02 eV for Au/PbS, and 0. 16+0.02 eV
for Pd/PbS, where negative values indicate movement of
the Fermi level into the conduction band. The final pin-

ning positions for Cr, Co, and In correspond to degen-
erate positions of the Fermi level above the bottom of the
conduction band. Contrary behavior is observed for Au
and Pd, where the measured final positions of the Fermi
level are within the band gap. These results are similar to
those reported in Refs. 3—5, where degenerate Fermi lev-
el positions were found for p-PbTe(100) for the materials
Pb, Al, Ge, and In and where Au deposition led to a final
pinning position within the band gap. A general observa-
tion is that the final position of the Fermi level is fixed at
submonolayer coverages for all interfaces and varies con-
siderably depending on the metal deposited to form the
overlayer.

CONCLUSIONS

These core-level photoemission results have allowed us
to describe the evolution of the metal-PbS(100) interface
for the representative metals Cr, Co, Pd, Au, and In. In
all cases, the deposition of metal atoms triggers substrate
disruption and the formation of interfaces which are not
atomically abrupt. Instead, there is out-diffusion of both
Pb and S atoms. Surface segregation is observed for these
released atoms with an amount determined by the solubil-
ity in the evolving metal layer (this solubility changes as
the layer thickens, as discussed for metal III-V inter-
faces).
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