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The room-temperature Au/p-type CdTe, Ag/n-type CdTe, Cu/n-type CdTe, and Cu/p-type
CdTe interfaces have been studied with x-ray and ultraviolet photoelectron spectroscopy for the
cleaved CdTe(110) surface. These interfaces are all found to be nonabrupt, with a significant con-

centration of dissociated Te in the overlayer for all three overlayer metals.

The corresponding

noble-metal interfaces with Hg,_,Cd, Te are discussed with respect to these results. The final po-

sition of the surface Fermi level Er for each interface is Ep

—Eygy=0.9510.1 eV for Ag/n-type

CdTe, 1.0£0.1 eV for Cu/n-type CdTe, 0.9+0.1 eV for Cu/p-type CdTe, and 0.8+0.1 eV for

Au/p-type CdTe.
for these metals on n-type CdTe.

I. INTRODUCTION

In the study of metal-semiconductor interfaces, the
morphology of the interface is of interest both intrinsi-
cally, since the driving forces behind the observed inter-
facial chemistry are still not fully understood, and also
because of the interplay bétween interface morphology
and Schottky-barrier height. Studying the interfaces
with II-VI compound semiconductors such as CdTe is
also of relevance to III-V compound semiconductor in-
terface research, as the greater ionicity of the II-VI com-
pound semiconductor provides insight into the role of
cation—anion bonding in interface formation.! This pa-
per presents a photoemission study of noble-metal inter-
faces with CdTe: more specifically, the Au/p-type CdTe,
Ag/n-type CdTe, Cu/n-type CdTe, and Cu/p-type
CdTe interfaces. Bulk thermodynamic data relevant to
the determination of the interface morphology are given
in Table I, which shows heats of metal-telluride forma-
tion from Ref. 2 as well as calculated heats of alloying
AH,(Cd; M) of Cd at infinite dilution in the overlayer
metals (M ).

CdTe is not only of practical interest, for instance for
solar-cell technology, but also serves as a prototypical
II-VI semiconductor for the purposes of interface
research. Previous studies’™> of metal interfaces with
the cleaved CdTe(110) surface have tended to concen-
trate more on the Schottky-barrier height than on the in-
terface morphology, while both will be emphasized in
this paper. Finally, studying the metal/CdTe interface is
helpful in understanding the more complex metal-
Hg,_,Cd, Te interface, in which there has recently been
increasing interest.®~ !> Hg,_.Cd, Te (MCT), a pseudo-
binary alloy with a band gap'’ varying from 0 to 1.50 eV
(at 300 K) as the composition is varied from x =0 to 1,
is of technological importance as an infrared detector.
Related to the variable band gap is a marked instability
in the Hg—Te bond,'* which in turn plays a crucial role
in metal-MCT interface properties. A comparison with
the corresponding metal-CdTe interfaces will thus assist
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From these results one would expect Schottky barriers between 0.5 and 0.7 eV

in the understanding of the role of the Hg bond in
metal-MCT interface formation.

II. EXPERIMENT

Single-crystal bars of CdTe (p-type for the Au/CdTe
study and n-type for the Ag/CdTe and Cu/CdTe stud-
ies) with cross-sectional areas of ~5X5 mm? were
transferred into a previously baked vacuum chamber and
then cleaved in ultrahigh vacuum (base pressure less
than 1Xx 107! Torr) to reveal a (110) face. Sequential
depositions of metal were performed on the room-
temperature surface from a tungsten filament, with over-
layer thicknesses monitored with a quartz- -crystal micro-
balance. The amount of metal deposited is given in units
of A and monolayers (ML), which we define to be the
surface density of atoms on the CdTe(110) face: 1 ML
equals 6.76 10'* atoms/cm’, which corresponds to 1.15
A of metallic Au, 1.15 A of metalhc Ag, and 0.80 A of
metallic Cu. ML is the more appropriate unit for low
coverages. The surface was studied at each coverage by
x-ray and ultraviolet photoelectron spectroscopy (XPS
and UPS) using, respectively, a Mg Ka x-ray source
(hv=1253.6 e¢V) and a helium lamp (HeI and Hell,
hv=21.2 and 40.8 eV); the photoelectrons were ana-
lyzed with a double-pass cylindrical mirror analyzer
(CMA).

III. RESULTS: Au/p-TYPE CdTe
A. Overlayer adsorption

Figures 1(a) and 2 show Hel spectra of the valence
band and the Cd 4d shallow core level as a function of
Au deposition. From the spectral region near the Fermi
level E, shown in the inset of Fig. 1, it can be seen that
by ©=0.5 ML there is clear emission to Er; a metallic
Fermi edge can be detected by ©=2-4 ML. The oc-
currence (implied by the presence of the Fermi edge) of
some fraction of the overlayer in the metallic state at a
coverage as low as 2 ML suggests that at this coverage
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the deposited Au has formed clusters (possibly contain-
ing Cd or Te atoms dissociated from the semiconductor
surface) large enough to support a Fermi surface.

By 1-ML coverage, emission from the Au 5d states is
visible in the spectra; as more metal is deposited, the Au
5d spectrum undergoes an ~0.2-eV shift to higher ki-
netic energy. A similar shift (~0.4 eV to higher kinetic
energy, mostly completed by © =10 ML) also occurs in
the Au 4f states. The higher Au 4f binding energy at
the lowest coverages is consistent with either Au adsorp-
tion as a reacted Au-Te phase or with the cluster forma-
tion mentioned above, as clusters would have a higher
binding energy than the pure metal.'

The valence-band spectrum undergoes a continuous
evolution in shape, approaching a stable line shape by
about ©6=10 ML. This line shape, while dominated by
emission from Au-derived states, does not quite corre-
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FIG. 1. (a) Her1 (hv=21.2 eV) spectra of the valence band

with increasing coverage of Au on CdTe. (b) Comparison of
the He1 valence-band spectrum of 17 ML Au/CdTe with an
Au-stainless-steel reference spectrum.

spond to the line shape of elemental Au, as can be seen
from Fig. 1(b) which compares the valence-band spec-
trum of 20 A (17 ML) Au/CdTe with an Au-stainless-
steel reference spectrum. Since the He I spectrum probes
only the top 10-20 A of the surface, we take the depar-
ture of the 20-A Au/CdTe valence band from that of
pure Au to indicate the presence of Cd and/or Te disso-
ciated from the semiconductor and intermixed into the
overlayer.

B. Te dissociation

The presence of significant quantities of a semiconduc-
tor component in the overlayer would result in a greater
photoemission intensity from that component than
would be observed for an abrupt laminar overlayer. Fig-
ure 3(a) plots the attenuation with overlayer coverage of
the Cd and Te core-level intensities I, normaolized to
their zero-coverage values I,. Below about 30-A cover-
age, the Te 3d signal attenuates roughly in exponential
form with a rate corresponding to an escape length of
about 20-25 A, consistent with a reasonably abrupt in-
terface. However, above about 30- A coverage the Te in-
tensity starts to level off, so that even at 200 A it is still
about 15% of its initial intensity. This lack of attenua-
tion is too pronounced to be attributable entirely to is-
landing (although some degree of islanding cannot be ex-
plicitly ruled out), and thus provides an unambiguous
signature of the presence of Te in the overlayer.

The Te 3d and 4d core levels excited by Mg Ka light
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FIG. 2. Her (hv=21.2 eV) spectra of the Cd 4d shallow

core levels with increasing coverage of Au on CdTe. Energies
are referred to Ep.
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appear, respectively, at 670 and 1200 eV kinetic energy,
so that the Te 4d probe is more bulk sensitive. Defining
the escape lengths for Te 3d and Te 4d photoelectrons as
Aj;y and A4y, respectively, then Ay >A;; due to the
higher kinetic energy of the Te 4d photoelectrons.'®
Thus, comparison of the attenuation with overlayer
deposition of the Te 3d and 4d core intensities can pro-
vide information on the distribution of Te in the over-
layer. Figure 3(b) shows the intensity ratio R(O)
=I1.34(0)/I1.44(0) normalized to the zero-coverage
value R(0). If the dissociated Te were distributed uni-
formly throughout the overlayer (at a density less than
in bulk CdTe), R(©) would decrease with increasing
overlayer coverage. However, Fig. 3(b) shows that at
0~30A, R(©)/R(0) starts to rise, reaching a value of
about 1.3 by 100- A coverage. This increase in the more
surface-sensitive Te 3d signal relative to the Te 4d indi-
cates that most of the dissociated Te is within roughly
the Te 3d escape length A;; of the surface, so that the
Te 3d signal is more dominated by the dissociated Te
than is the less surface-sensitive Te 4d signal. Thus, the
difference in Te 3d and Te 4d attenuation rates indicates
the development of a Te-rich layer segregated at or near
the surface of the overlayer, as opposed to a uniform dis-
tribution of Te in the overlayer. A comparison of Figs.
3(a) and 3(b) shows that R(©)/R(0) starts to rise at the
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FIG. 3. (a) Attenuation (natural log scale) of the XPS peak

areas I of the CdTe core levels with increasing Au coverage.
The peak areas are normalized to their zero-coverage values I.
(b) The intensity ratio R(0©)=Ir.3,(0)/I1.44(0) normalized
to the zero-coverage value R (0), for Au/CdTe.

same coverage (~30 A) at which the Te attenuation
rate starts to slow from its original “‘abruptlike” rate.
Thus, the onset of large-scale Te dissociation occurs at
about 30-A coverage, and as the Te is pulled from the
surface of the semiconductor above this coverage it is
segregated towards the surface of the overlayer.

It was shown in Sec. III A that the Au within a photo-
electron escape length (20-30 A) of the surface of the
overlayer is not in pure elemental form even at high cov-
erages. The much faster attenuation and consequent
lower signal intensity at high coverages of the Cd 3d
compared to the Te 3d, as seen in Fig. 3(a), implies that
the Cd concentration in the near-surface region of the
overlayer is negligible compared to the Te concentration.
The evolution of the Te 3d and Au 4f core-level widths
with coverage, reflecting the chemical interaction of
these two elements as the interface is formed, is shown
in Fig. 4. As metal is deposited upon the semiconduc-
tor, the Te signal, which at zero coverages arises solely
from Te in the CdTe lattice, acquires contributions from
Te bound to Au, probably with several kinds of ine-
quivalent lattice sites, and the width of the total XPS Te
3d signal increases. Conversely, the width of the Au sig-
nal drops with increasing coverage, as the distribution of
the number of Te atoms seen by a given Au atom be-
comes more uniform with increasing coverage. Further-
more, cluster-size effects, which play an important role
in the overlayer metal’s core-level binding energy at low
coverages and small cluster sizes, become less important
with increasing coverage and larger cluster sizes.

C. Cd dissociation and band bending

As reflected in the Cd 4d core levels in Fig. 2, between
zero coverage and ©=0.1 ML there is a rigid shift of
the energy bands 0.15+0.05 eV to higher binding ener-
gy. Using the value of E(Cd 4ds,,)—Eygy=—10.3 eV
in CdTe,!” the result of this initial band bending is to put
the Fermi level 0.8+0.1 eV above the valence-band max-
imum (VBM) at ©=0.1 ML. However, the band-
bending behavior at higher coverages is not immediately
clear: the band bending may be deduced only from the
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FIG. 4. Variation of the Te 3d and Au 4f core widths
(FWHM) with coverage for Au/CdTe. The widths are normal-
ized to the 0-ML coverage for the Te 3d core level, and to the
0.1-ML coverage for the Au 4f core level.
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substrate photoelectron signal, which must therefore be
deconvolved from contributions which may arise from
dissociated Cd or Te atoms intermixed into the over-
layer. Thus, while Fig. 2 appears to show a gradual shift
of the Cd 4d core level to higher kinetic energy which
might at first glance be interpreted as being due to fur-
ther band bending, the possibility must be considered
that what is instead being observed is an increasingly in-
tense contribution, at higher kinetic energy than the sub-
strate peak, from dissociated Cd. Thus the question of
Cd dissociation is important not only for understanding
the morphology of the interface, but also for determin-
ing the band bending and consequently the Schottky-
barrier height due to the interface.

The attenuation of the Cd 4d intensity at hv=40.8
eV, shown in Fig. 3(a), is much too slow to be consistent
with an abrupt laminar interface, since at hv=40.8 eV
the Cd 4d core level appears at a kinetic energy of about
25 eV with a corresponding photoelectron escape length
on the order of 5 A. Taken by itself, the Cd 4d attenua-
tion rate is thus consistent with Cd dissociation or with
cluster formation of the overlayer, which would also re-
sult in a reduced attenuation rate of the Cd signal inten-
sity. Less ambiguous evidence for the influence of disso-
ciated Cd in the Cd 4d signal is provided by a compar-
ison of the Cd 4d (He 11 light) and Cd 3d (Mg Ka light,
kinetic energy of ~ 840 eV) centroids, shown in Fig. 5.
The variation of photoelectron escape length with kinet-
ic energy is discussed in Ref. 16. Because the Cd 3d sig-
nal is much more bulk sensitive (photoelectron escape
length of ~20 A) than the Cd 4d signal (escape length
of ~5A), at coverages below about 10 A the Cd 3d sig-
nal will be dominated by the substrate contribution, and
thus will be a much better indicator of the substrate’s
band bending than the Cd 4d signal would be. The lev-
eling off of the Cd 3d peak position from low coverages
all the way up to the highest coverage (10-20 A) for
which the Cd 3d signal is still dominated by the sub-
strate, indicates that the band bending is indeed com-
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FIG. 5. Comparison of the kinetic-energy shifts of the Cd
4d (hv=40.8 eV) and Cd 3d (hv=1253.6 eV) centroids as a
function of Au coverage. The shifts are defined to be zero at
©=0 ML for both the 4d and 3d core levels, as indicated by
the superposed solid diamond (Cd 3d) and open diamond (Cd
4d) symbols at ©=0 ML. Note the shift of ~0.15 eV to
lower kinetic energy between © =0 and 0.1 ML for both core
levels.

plete at monolayer coverages, and that the drift of the
Cd 4d signal to lower binding energy is in fact due to in-
creasing contribution from dissociated Cd. It should be
noted that Patterson and Williams® reported no Cd dis-
sociation in their studies of the Au/n-type CdTe inter-
face, although their photoelectron spectra are in fact
consistent with ours.

The binding energy of the dissociated cation core level
can give information concerning the chemical environ-
ment seen by the dissociated species.!® In the present
case there are essentially three possibilities: the dissociat-
ed Cd may be segregated in pure metallic form, it may
be alloyed with the Au overlayer, or there may be some
dissociated Te in its local environment as well. Pure me-
tallic Cd has a 4d;,, binding energy of —10.6 eV,
while the binding energy for Cd alloyed in Au will be
shifted from this pure metal value by an amount which
can be calculated'®? from a Born-Haber cycle argument
using as inputs the heats of solution given by the Miede-
ma semiempirical model.?! For Cd at infinite dilution in
Au, this method predicts'? an alloy shift of 0.11 eV to
lower binding energy from the pure Cd metal binding
energy. The observed Cd 4d core-level position above 60
A, at which coverages the Cd signal should be comp]ete-
ly dominated by the dissociated component, gives a
binding energy of —10.75+0.05 eV below E for the
dissociated Cd 4d;,,. This binding energy is thus about
0.1 eV higher than the pure metallic binding energy, and
0.2 eV higher than the predicted energy for Cd alloyed
in Au. The smallness of these differences, combined
with the uncertainty in the alloy shift calculation, does
not permit either possibility to be completely ruled out.
However, it should be noted that the third possibility
noted above, i.e., the presence of the more electronega-
tive Te in the local environment of the dissociated Cd,
would be expected to shift the Cd binding energy toward
higher binding energy, fully consistent with what is ob-
served. A similar behavior has been seen for dissociated
Cd in the Cu/Hg, _,Cd, Te interface.’

D. Schottky-barrier formation

Having shown that in fact the band bending is finished
by ©=1 ML, we deduce a final Fermi-level position of

—Eypg=0.8+0.1 eV, implying a Schottky-barrier
height of ~0.8 eV to the p type sample. A comparison
with other experimental results is given in Sec. VIB.

IV. RESULTS: Ag/n-TYPE CdTe
A. Opverlayer adsorption

He1 spectra of the valence-band region with increas-
ing coverage of Ag on the semiconductor substrate are
shown in Fig. 6. In the region near Ep, shown on an ex-
panded scale in the inset of the figure, there is emission
extending to E by the initial coverage of 0.1 ML, while
a metallic Fermi edge is detectable by ©=1-2 ML. As
in the case of Au overlayers discussed above, the pres-
ence of a Fermi edge at such low overlayer coverages
strongly suggests that the overlayer metal is forming
clusters on the surface rather than covering the surface
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FIG. 6. He1 (hv=21.2 eV) spectra of the valence band with
increasing coverage of Ag on CdTe.

laminarly.

With increasing coverage, Ag 4d states centered at
about 5.5 eV below Ep arise in the valence-band spec-
trum; the shape of the Ag 4d line has essentially stabi-
lized by 4-ML coverage, with further depositions result-
ing in an increased Ag 4d intensity but little further
change in spectral shape. A similar evolution takes
place for the Ag 3d core level: Between ©=0.1 and 4
ML the Ag 3d peak position shifts 0.2-0.3 eV to higher
kinetic energy, stabilizing above the 4-ML coverage at a
binding energy of —368.310.1 eV for the Ag 3ds,,
component. As with Au/CdTe, the shift of the over-
layer metal core level to lower binding energy with in-
creasing (low) coverage may represent cluster-size effects
due to increasing cluster size at higher coverages, or
changes in the degree of chemical interaction with the
semiconductor substrate.

B. Semiconductor dissociation

The evolution of the Cd 4d core levels with Ag deposi-
tion is shown in the Hel spectra of Fig. 7. In contrast
to the cases of Au/CdTe and Cu/CdTe (see Sec. V), for
Ag/CdTe there is clearly no dissociated Cd component
visible in the spectra, consistent with the observations of
Patterson and Williams.> Thus the Cd spectra in Fig. 7
originate from the semiconductor substrate, and can
therefore be used to extract the band-bending behavior
as discussed below in Sec. IVC. Furthermore, the
identification of the Cd 4d spectra as originating from
the substrate, combined with the relatively slow attenua-
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FIG. 7. Hel (hv=21.2 eV) spectra of the Cd 4d shallow
core levels with increasing coverage of Ag on CdTe. Energies
are referred to Ep.

tion of these spectral intensities with increasing over-
layer coverage, provides information on the growth mor-
phology of the overlayer. The slowness of the Cd at-
tenuation rate is shown more clearly in Fig. 8, which
shows the semiconductor core-level intensities I normal-
ized to their zero-coverage values I,. The Cd 4d’s at
hv=40.8 eV attenuate by 35- A coverage to I /1,=5%,
corresponding to an equivalent exponential escape length
of about 12 A, roughly double what one would expect
for He1l spectra of the Cd 4d’s (kinetic energy of ~25
eV). Because this slow attenuation cannot be attributed
to Cd dissociation and intermixing with the overlayer, it
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FIG. 8. Attenuation (natural log scale) of the XPS peak
areas I of the CdTe core levels with increasing Ag coverage.
The peak areas are normalized to their zero-coverage values I.
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implies that the overlayer distribution on the semicon-
ductor surface is clustered rather than laminar even at
coverages as high as 35 A. Significant clustering of Ag
on a CdTe(100) surface prepared by sputter-anneal cy-
cles has been observed by John et al.?

The attenuation of the Te intensity (also shown in Fig.
8) slows greatly above ©=35 A and almost levels off by
©=200 A. If this lack of attenuation were due solely to
clustering of the overlayer, the Cd and Te intensities
would attenuate at roughly the same rate.”*> However, as
shown in Fig. 8, such behavior is not observed; instead,
by ©=200 A the relative attenuation for the Cd 3d core
intensity is about ten times greater than for the Te 3d.
Therefore, the attenuation of the Te intensity cannot be
attributed entirely to clustering of the overlayer and
must be due in large part to Te dissociating from the
semiconductor and intermixing with the overlayer. The
dissociation of Te from the CdTe surface implies the
production of dissociated Cd as well. Since no dissociat-
ed Cd is observed directly in the photoemission spectra,
the dissociated Cd must be localized near the interface
under the Ag overlayer, providing a negligible contribu-
tion to the spectra, in contrast to the dissociated Te
which diffuses out to the overlayer near surface.

By 100-A coverage the Te 4ds,, binding energy has
decreased to —39.9 eV relative to the Fermi level. In
elemental Te, E(Te 4d,,)—Eygy = —40.5 eV,2* which,
assuming E; does not acquire a degenerate position
below the Te VBM, implies E(Te 4ds,,)—Er > —40.5
eV for elemental Te. Since the observed Te binding en-
ergy is 0.6 eV lower than this, the dissociated Te at the
Ag/CdTe interface must be in reacted form. Elementary
(if perhaps naive) charge transfer considerations would
predict a shift from the elemental Te binding energy to
lower binding energy for Te bound to a cation such as
Ag; the observed shift is indeed in this direction.

Examination of the binding-energy region within 4 eV
of Er shows a feature, peaked at —2.5 eV for coverages
below 6 ML, which shifts 0.5 eV to higher kinetic energy
and decreases in intensity and sharpness with increasing
Ag coverage. This feature, which is still visible beyond
60-A coverage, does not correspond to any spectral
feature of Ag metal and instead arises from Te-derived
p-like valence states. At high coverages, where the sub-
strate is no longer visible to UPS, this feature originates
from dissociated Te in the overlayer.

In contrast to our results, the John et al. study?
shows no evidence for Te dissociation from the semicon-
ductor, but does find Cd floating on the Ag overlayer is-
lands. However, the different surface orientation,
CdTe(100), and surface preparation, sputter-anneal cy-
cling, result in an initial semiconductor surface
sufficiently different from ours that the different interface
morphology is easily understood. Their zero-coverage
surface is Cd terminated, and covered with an additional
+ ML of excess Cd; the combination of these two factors
seems likely to suppress the Te dissociation that we ob-
serve for the stoichiometric CdTe(110) surface. These
differences serve to emphasize the importance of surface
orientation and preparation upon the morphology of
subsequently prepared interfaces.

C. Schottky-barrier formation

Using the value of E(Cd 4ds,,)—Eygy=—10.3 eV in
CdTe,"” the cleaved-surface Fermi level is located
1.1+0.1 eV above the valence-band maximum; i.e., it is
pinned 0.4 eV below the conduction-band minimum for
the n-type sample. Upon Ag deposition, E shifts down
towards the VBM by 0.1-0.15 eV, as reflected in the
corresponding shift to higher kinetic energy of the Cd 4d
states in Fig. 7. The final position of Ep is thus
0.95+0.1 eV above the VBM, implying a Schottky-
barrier height of about 0.55 eV to the n-type sample. A
comparison with other experimental results is given in
Sec. VIB.

V. RESULTS: Cu/CdTe

We summarize here the morphology and band bend-
ing of the Cu/n-type CdTe interface, which was dis-
cussed in detail in Ref. 9. We also give results for band
bending at the Cu/p-type CdTe interface.

A. Morphology

Upon Cu deposition, a well-resolved shifted Cd 4d
peak originating from dissociated Cd appears in addition
to the peak due to metallic Cd; the dissociated Cd peak
is the dominant one by 20-A coverage. Consideration of
the attenuation rate of the dissociated Cd signal shows
that the dissociated Cd is distributed throughout the
overlayer, rather than being segregated at_the semicon-
ductor surface. Starting at about 10-15-A coverage, a
significant degree of Te dissociation occurs. The dissoci-
ated Te is concentrated largely in a 2-8-A-thick reacted
Cu-Te layer within a few A of the surface of the over-
layer; formation of this Te-rich layer is largely complete
by ©=80 A.

B. Schottky-barrier formation

The cleaved-surface Fermi-level position in the Cu/n-
type CdTe study was found to lie 1.2+0.1 eV above the
VBM, i.e., pinned 0.3 eV below the conduction-band
maximum (CBM). Upon Cu deposition, Ep shifted
down towards the VBM by ~0.2 eV. This shift, com-
plete by the initial deposition of 0.1 ML, puts the final
position of E; at 1 eV above the VBM, i.e., 0.5 eV below
the CBM, giving a Schottky-barrier height of ~0.5 eV
to the n-type sample. For Cu/p-type CdTe, Cu deposi-
tion shifted the surface Fermi level up from its cleaved-
surface pinning position 0.5+0.1 eV above the VBM to
a final position 0.9+0.1 eV above the VBM, giving a
Schottky-barrier height of ~0.9 eV to the p-type sam-
ple. A comparison with other experimental results is
given in Sec. VIB.

VI. DISCUSSION

A. CdTe interface morphology

The most striking behavior common to the three
noble-metal-CdTe interfaces is the significant motion of
dissociated Te from the semiconductor into the over-
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layer, so that Te is easily detectable in the overlayer
near-surface region at coverages well above 100 A. For
Cu and Au overlayers, this dissociated Te is segregated
in a Te-rich layer near the surface of the overlayer. A
similar analysis could not be performed for the
Ag/CdTe interface as the Te 3d /Te 4d core-level inten-
sity ratio was not monitored in this case; however, the
similarity in the attenuation behavior of the Te 4d for
Ag overlayers with the attenuation for Au and Cu over-
layers suggests that the dissociated Te in the Ag over-
layer may well be concentrated near the surface as it is
for the other two noble-metal overlayers.

For Ag and Cu, and possibly Au, the dissociated Te
from the semiconductor is in reacted form with the over-
layer metal. The dissociation of Te from the CdTe sub-
strate and subsequent reaction with the overlayer metal,
appears inconsistent with the bulk thermodynamic data
of Table I, which shows the CdTe bond strength to be
much greater than any of the noble-metal-CdTe com-
pounds. As always, surface and interface effects must be
considered along with the bulk thermodynamics. For in-
stance, the heat of condensation of the overlayer metal
on the semiconductor could well provide some of the en-
ergy needed for dissociation of Te from the CdTe sub-
strate. Once the dissociation has been accomplished, the
next step of reaction with the overlayer is favored by
bulk thermodynamics.

For Au and Cu overlayers, but not for Ag overlayers,
there is dissociated Cd in the overlayer near surface.
Examination of the AH_(Cd;M) values from Table I
shows that Cd has a high negative enthalpy of solution
in Au, which would tend to favor dissociated Cd being
pulled into the overlayer. However, while both Cu and
Ag have similar small enthalpies of solution for Cd, only
for the former overlayer metal is a significant quantity of
dissociated Cd pulled into the overlayer near-surface,
again pointing up a limitation in the use of simple bulk
thermodynamic data in attempting to predict complex
interface behavior.

B. Schottky-barrier formation

A tabulation of noble-metal-CdTe Schottky-barrier
heights for vacuum-fabricated interfaces from other ex-
periments3‘5’22’25“30 as well as ours is given in Table II,
presented in the form of Ep —Eygy. For each of the
three overlayer metals, the majority of the measure-
ments, which included the use of electrical and pho-

TABLE 1. Heats of telluride formation AH,, and heats of
solution AH ,;(Cd; M) of Cd at infinite dilution in metal M, for
the noble metals on CdTe.

Metal AH* AH (Cd; M)
(M) Telluride (kcal/mol) (kcal/mol)
Cd CdTe —24.1
Ag Ag,Te —8.6 —34
Cu Cu,Te —10.0 —1.7
Au AuTe, —4.5 —12.2

2From Ref. 2.

®Calculated from Miedema’s semiempirical model (Ref. 21).

toresponse techniques as well as photoemission, lie
within ~0.1 eV of ours. This agreement supports the
interpretation of the present results as representing the
“true” Schottky-barrier heights within +0.1 eV. This
will be assumed in the following discussion.

The Fermi-level pinning positions for the three noble
metals all fall within a narrow range of about 0.2 eV.
Because the work functions ¢,, of the noble metals span
a range of 0.8 eV, with ¢,(Au)=5.1 eV and
6,,(Ag)=4.3 eV}’ the suggested strong depen-
dence’ =328 of Schottky-barrier height on metal work
function for metal-CdTe interfaces is not supported by
the present data.

The narrow range of Fermi-level pinning is more con-
sistent with defect’? or Tersoff-type’>3* (MIGS) models
of Schottky-barrier formation. Williams et al.>~5 and
Brucker and Brillson*> have suggested that defects such
as Cd vacancies may play a role in determining the
Schottky-barrier height, although a calculation by
Kobayashi et al.’® gives a cation vacancy energy level
below the VBM in CdTe. The Teg, antisite, calculated*®
to lie about 1 eV above the VBM, would be a more like-
ly candidate for Fermi-level pinning in the context of a
defect model. For the Tersoff model, Tersoff’s “midgap”
energy lies 0.85 eV above the VBM for CdTe,** con-
sistent with the Fermi-level pinning observed in the
present work.

C. Comparison with Hg, _,Cd,Te

Te dissociation and intermixing with the overlayer,
discussed above for the CdTe interfaces, is very frequent-
ly observed in metal-Hg, _, Cd, Te interfaces as well.”~!?
The extent of the Te dissociation is generally much more
pronounced for Hg,_,Cd,Te (MCT) than for CdTe.
For instance, for Cu/MCT the Te concentration in the
overlayer near-surface at high coverages is about 35%,
an order of magnitude more than for Cu/CdTe.” The
enhanced Te dissociation for MCT can be understood in
terms of disruption of the MCT surface lattice due to de-
pletion of the weakly bound Hg from the surface.

Of the three noble metals on CdTe, Ag stands out as
the one for which no Cd is observed in the overlayer
near-surface region. It is interesting to note that Ag also
differs from the other two noble metals in its behavior
on MCT. Cu/MCT (Ref. 9) and Au/MCT (Ref. 10)
have similar interface morphologies, with at most a lim-
ited indiffusion of the overlayer metal into the semicon-
ductor. In comparison, for Ag/MCT there is a massive
motion of the overlayer metal into the semiconductor as
Ag atoms replace Hg atoms in the lattice.® Further in-
vestigation into the causes of Cd dissociation from CdTe
may conceivably also provide insight into the question of
overlayer indiffusion for MCT.

VII. SUMMARY

None of the three noble-metal-CdTe interfaces is en-
tirely abrupt: all three show Te dissociation into the
overlayer. For Ag and Cu, and possibly Au, the dissoci-
ated Te is in reacted form with the overlayer metal. For
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TABLE II. Fermi-level pinning positions relative to the VBM for noble metals on CdTe, from this
work and other references. The corresponding Schottky-barrier heights ¢, and ¢4, to n- and p-type

material are ¢E£ :EF—EVBM, ¢B" =Eg _¢EP’

Overlayer Semiconductor E;—Eygym
metal conductivity (eV) Method? Reference
Cu n 1.0 PE this work
n 1.3° PE 3
n 1.05¢ I-v 5
n 1.01°¢ I-V, PR 25
P 0.9 PE this work
Ag n 0.95 PE this work
n 0.96 PE 22
n 1.0(1.5)° PE 4
n >1.2¢ Cc-v 4
n 0.69%¢ c-v 26
n 0.84¢ PR 26
Au n 0.65° PE 4
n 0.79<¢ c-Vv 26
n 0.54¢ C-Vv 4
n 0.81°¢ cC-v 25
n 0.90¢ 1-v 26
n 0.85°¢ I-V, C-V, PR 27
n 0.90° I-V, PR 25
p 0.8 PE this work
p 0.65 1-v, C-V 28

*PE: Photoemission; [-V: I-V electrical; C-V: C-V electrical; PR: photoresponse.

’See comments in Ref. 30.

“Calculated from Er — Eypy =E; —¢p,, with E, =1.50 eV.

dQuoted by Sze (Ref. 29).

Cu and Au overlayers, and possibly also for Ag over-
layers, the dissociated Te from the semicond}lctor is con-
centrated largely in a region within 10-20 A of the sur-
face of the overlayer. Dissociated Cd is observed for Cu
and Au overlayers, but not for Ag overlayers. While all
three overlayers may be distributed on the CdTe surface
as islands for coverages below a few monolayers, for Ag
ovet;layers clustering is observed for coverages as high as
35 A, and possibly much higher. The Fermi level after

metal deposition fell 0.8—1.0 eV above the VBM for all
the interfaces studied.
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