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The effect of the very different Hg—Te and Cd—Te bond strengths in Hg I „Cd„Te (MCT) upon

interface formation with a noble metal is investigated via a comparative study of the Cu/n-type

CdTe and Cu/p-type MCT (x =0.25) interfaces formed in ultrahigh vacuum at room temperature.

The interfaces were studied using x-ray and ultraviolet photoelectron spectroscopy and low-energy

electron diffraction. For Cu/CdTe there is a limited movement of Cd and Te into the Cu and no

detectable migration of Cu into the semiconductor. For Cu/MCT, Hg is lost and there is movement

of Cu into MCT as well as a pronounced movement of Cd and Te into the Cu for both the low- and

high-coverage regimes. At a coverage of 2.5 monolayers (ML) the Cu intermixes into the top
-20 A of the semiconductor as -20 Jo of the Hg is depleted from this region, while at high cover-

ages (& 100 ML) the near-surface region of the Cu overlayer contains roughly 5% Cd and 35% Te,
an order of magnitude more Cd and Te than for Cu/CdTe. The differences in the CdTe and MCT
behavior are attributed to the weakness of the Hg—Te bond. For MCT, on deposition of 0.1 ML

Cu the bands bend 0.1 eV upwards from the initial pinning position of the surface conduction-band

minimum (CBM) at the Fermi level E~ (within 0.1 eV). For Cu/CdTe, deposition of 0.1 ML Cu

causes the bands to bend 0.2 eV up from their initial pinning position of E~ 0.3 eV belo~ the CBM.

I. INTRODUCTION

In contrast to the vast body of research utilizing surface
science techniques on metal interfaces with elementary
and binary compound semiconductors such as Si and
GaAs, only recently has similar work been initiated upon
the technologically important and fundamentally interest-

ing ternary alloy semiconductor Hg) „Cd,Te. ' Be-
cause the band gap of this alloy spans the range 0—1.5 eV
as the composition is varied from x =0 to x = 1,
Hg~ „Cd„Te (MCT) is of great technological importance
as an infrared photodetector. Difficulties in applying this
material in actual devices arise from the large difference
in the Cd—Te and Hg—Te bond strengths, reflected in
the much lower heat of formation AH/ for HgTe than for
CdTe: bH~(HgTe)= —7.6 kcal/mol, while bHI(CdTe)
= —24. 1 kcal/mol. Experimental and theoretical in-
vestigations of the electronic structure of MCT have
shown that there is a fundamental connection between the
band-gap tunability and the instabihty of the Hg—Te
bond, and that the instability of this bond in HgTe is in-
creased in the alloy by the presence of the Cd.

The instability of the Hg bond has been shown to play a
crucial role in the bulk and surface electronic properties
of MCT. From the earliest investigation' of the behavior
of the interface of MCT with a metal (Al), it has been
clear that the Hg instability is a determining factor in
metal/MCT interface formation when the metal is a reac-
tive one such as Al, with EH/(A12Te3) = —76.2
kcal/mol. For this overlayer metal the reactivity of the
interface has been found to result in a depletion of essen-
tially all the Hg to a depth of several tens of A into the
surface even at submonolayer eoverages, with the result-
ing excess of Te migrating into the overlayer. ' ' Howev-

er, while less reactive interfaces such as Ag/MCT (Refs. 5

and 6) and Au/MCT (Ref. 4) give interface morphologies
different than for Al/MCT, with less Hg loss at the semi-
conductor near-surface region, the presence of Hg in the
semiconductor still proves to have a significant effect
upon the formation of the interface, as seen by a compar-
ison with the interfaces of the same metals on CdTe. An
overview discussion of the role of Hg bonding in
metal/MCT interface formation is given in Ref. 10.

In the present paper we give a detailed comparative in-
vestigation of the Cu/CdTe and Cu/MCT interfaces in
the coverage range of 0.1 monolayers (ML) to hundreds of
ML, using photoelectron spectroscopy and low-energy
electron diffraction (LEED) to probe the first few atomic
layers of the interface under ultrahigh vacuum conditions.
Although all the noble metals have fairly low heats of for-
mation with Te, the Cu /MCT interface morphology
proves very different from the corresponding interfaces
with Au and Ag: The degree of Cd movement into the
overlayer is significantly greater for Cu than for Au over-
layers, while Ag does not stay localized at the MCT sur-
face but instead diffuses in. 5 Furthermore, since Cu is
fairly unreactive with Te, bH~(Cu2Te) = —10.0
kcal/mol, the MCT interface with Cu is as expected
quite different from the interface with Al or the similarly
reactive Cr. However, a comparison with Cu/CdTe
shows that the Cu/MCT interface is still radically altered
by the presence of Hg in the lattice, with enhanced inter-
mixing of the semiconductor and overlayer in the entire
range of coverages studied.

II. EXPERIMENTAL

Single-crystal bars of n-type CdTe (In-doped to
1 X 10' /cm, bulk band gap 1.5 eV) and p-type solid-state
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recrystallized Hgo 7sCdo 2sTe (bulk band gap 0.22 eV) with
cross-sectional areas of 5X5 mm were transferred into a
previously baked vacuum chamber and then cleaved in ul-

trahigh vacuum (base pressure less than 1X10 '0 torr) to
reveal a (110) face. Sequential depositions of metal were
evaporated onto the room-temperature surface from a
tungsten filamen at rates of typically 1—3 A/min for the
lower coverages and 6 A/min for the high ones; overlayer
thickness were monitored with a quartz-crystal microbal-
ance. The amount of metal deposited is given in units of
a monolayer (ML) which we define to be the surface den-
sity of atoms on the MCT (110) face: For x =0.25, 1

ML= 6.77 X 10'4 atoms/cm2 which corresponds to 0.80 A
of metallic Cu. The atomic surface density for CdTe
differs froin that for Hg07&Cdo isTe by 1%, which is
negligible for our purposes. The surfaces were studied at
each coverage by x-ray and ultraviolet photoelectron spec-
troscopy (XPS and UPS) respectively, using, respectively,
a Mg Ea x-ray source (hv=1253. 6 eV) and a helium
lamp (Hei and Heu, hv=21. 2 and 40.8 eV). The pho-
toelectrons were analyzed with a double-pass cylindrical
mirror analyzer (CMA) which detects electrons emitted in
a polar angle range of 42.3+6' from the CMA axis. This
off-normal detection will decrease the "effective" pho-
toelectron escape depth to 759o of the photoelectron
scattering length; since this will introduce only a minor
correction to, e.g., the estimates of the overlayer thickness,
and since none of the relevant escape lengths are known to
within 25%o anyway, this correction will be ignored. The
interfaces were also characterized by LEED using in-
cident electron energies between 50 and 65 eV and beam
currents less than 1 JuA. We observed no electron-beam-
induced surface disruption for MCT or CdTe, in contrast
to the disruption reported for CdTe in Ref. 11.

III. RBSUI.TS: Cu/CdTe
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tor. ' In the present case the binding energy (BE) of the
shifted Cd 4d&&2 peak is —10.6 eV, equal to the binding
energy of metallic Cd. ' A calculation' of the binding
energy expected for Cd dissolved at infinite dilution in Cu
gives a shift from the metallic binding energy of only 0.03
eV to higher BE, so that the binding energy of the dissoci-
ated Cd, while equal to that of pure metallic Cd, is also
consistent with Cd dissolved in the overlayer. Indeed, the

FIG. 1. He I (h v=21.2 eV) spectra of the Cd 4d shallow core
levels with increasing coverage of Cu on CdTe. Energies are re-
ferred to the Fermi level.

A. Overview

The organization of this section is as follows. In Sec.
IIIB we discuss the initial stages of interface formation,
including evidence for Cd dissociation from the semicon-
ductor and for the presence of both reacted and pure me-
tallic Cu. Section IIIC discusses the intermixing which
is observed at high coverages; a more detailed analysis of
the high-coverage morphology is given in Sec. IIID.
More data on interface formation from the LEED obser-
vations are presented in Sec. III E, and finally in Sec. III F
band bending is briefly discussed.

Figures 1 and 2 show Hei (h v=21.2 eV) spectra of the
Cd 4d shallow core level and the valence band as a func-
tion of Cu deposition. Between 6=0 and 0.1 ML all
spectral features shift rigidly 0.2+0.05 eV to higher kinet-
ic energy (KE), indicating a bending of the surface bands
upwards. For coverages above 2.5 ML, a shifted Cd 4d
component emerges at a binding energy 0.8 eV lower than
the bulk, and above 6= 16 ML becomes the dominant Cd
feature. A shifted Cd peak has previously been observed
for Cu/CdTe by Williams er al. ' and is also often ob-
served in other metal/CdTe and related interfaces; the
peak originates from Cd dissociated from the semicondue-
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FIG. 2. He I (h v=21.2 eV) spectra of the valence band with
increasing coverage of Cu on CdTe.
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slow attenuation of the dissociated Cd 41 peak intensity
at high covexages implies that the dissociated Cd is in fact
mixed with the Cu overlayer.

The evolution of the top of the valence band including
the Cu 31 states is shown in Fig. 2. The shape of the Cu
31 emission changes with coverage, showing a shoulder to
high kinetic energy (-2.5 eV binding energy), which gra-
dually increases in intensity relative to the lower kinetic
energy contribution as the Cu coverage increases. A com-
parison with a reference spectrum of metalhc Cu from the
literature' permits an assignment of the high kinetic en-

ergy component of the Cu 31, which is clearly visible by
8=5 ML, to unreacted metalhc Cu in the overlayer; the
higher binding energy component of the Cu 31 line shape
must then be due to reacted Cu. It can be seen from Fig.
2 that while the ratio of unreacted to reacted Cu increases
with increasing Cu coverage, there is still a significant
presence of reacted Cu near the surface of the overlayer
even at 390 ML (the highest coverage studied).
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B. Initial stages of interface formation: 6» 10 ML

More detailed information on the nature of the ad-
sorbed Cu at low coverages and the location of the reacted
layer at high coverages can be obtained from spectra of
the Cu 31 states taken with he=40. 8 eU: At this photon
energy the cross sections of the Cd and Te s- and p-
derived valence states are negligible, permitting observa-
tion of the Cu 31 at low coverages, while the greater sur-
face sensitivity to Cu 31 with Iiv=40. 8 eV than 21.2 eV
permits an identification of the surface specie. The evolu-
tion of the Cu 31 states with coverage at Iiv=40. 8 eV is
shown in Fig. 3(a). For the 0.1 and 1.2 ML coverages the
semiconductor valence-band contribution has been re-
moved by subtracting the 8=0 ML spectruin (shifted to
account for the band bending, discussed in Sec. IIIF)
from the 8=0.1 and 1.2 ML spectra; it should be noted
that even for 8=0.1 ML the Cu 31 is clearly visible in
the unsubtracted spectrum. For the lowest coverage, the
low intensity of the Cu 31emission results in a fairly high
signal-to-noise ratio in the spectrum. For this reason,
along with the data points are shown smooth curves for
which the high-frequency noise components have been nu-
merically filtered out. From the figure it can be seen that
at 8=0.1 MI. the Cu 3d emission is at —1 eV higher
binding energy than for pure metallic Cu, consistent with
either Cu adsorption as a reacted Cu-Te phase or with
formation of Cu clusters on the surface, which would also
lead to a higher Cu 31 binding energy than for the bulk
metal. "

Although at low coverages there should be Te reacted
with Cu, and Te bound in the semiconductor, present
within an XPS escape length of the surface, the core Te
315&2 state does not show a two-peaked signature of react-
ed and substrate Te. This absence is in part due to the
limited energy resolution for XPS with unmonochroma-
tized Mg Ka light, but also suggests that the reacted peak
has a binding energy very close to the binding energy for
Te in CdTe. The implications of this point will be dis-
cussed in Sec. IIID. Nonetheless, spectroscopic evidence
for reacted Te is available in the width of the XPS core
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FIG. 3. Evolution of the Cu 3d states at hv=40. 8 eV with

coverage for (a) Cu/CdTe and (b) Cu/MCT. For 8&2.5 ML
the semiconductor valence-band contribution has been removed

by subtracting the 6=0 ML spectrum {shifted to account for
the band bending) from the spectra. The smooth curves through
the data points are generated by numerically filtering out the
high-frequency noise components. (c) Comparison of the Cu 3d
emission at h v=21.2 eV for 8=21 and 430 ML on MCT, and
6=25 ML on CdTe, all normalized to equal height.

states, an increase in which can be seen even when two
peaks are not explicitly resolvable. Figure 4 shows the
evolution of the XPS Te 31 and Cu 2p core-level widths
with Cu coverage. The Te 31 width rises to 125% of its
zero-coverage value (corresponding to an 0.2 eV increase
in FWHM) by 6= 10 ML, as a reacted Te specie forms.
The Te width never drops back to its zero-coverage value,
indicating that Te occupies several types of inequivalent
sites in the reacted layer, as might be expected. For the
Cu 2p, the width rises slightly between 8=0.1 to 0.5 ML
and then starts to fall, paralleling the development of the
Cu 31 in Fig. 3(a) as the Cu emission evolves from a pure-
ly reacted specie to a mixture of reacted and metallic Cu
and finally to metallic Cu.

Figure 5 shows on a natural log scale the intensities of
the substrate and dissociated Cd 4d peak intensities at
hv=40. 8 eV. The bulk Cd peak attenuates roughly ex-
ponentially with an average escape length of -7 A (8.8
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FIG. 4. Variation of the Te 3d and Cu 2p core widths with

coverage for Cu/CdTe.

ML), which is appropriate for attenuation of 25-eV kinet-
ic energy photoelectrons through a laminar overlayer. At
coverages below 2.5 ML, however, the bulk Cd peak at-
tenuates somewhat faster, with an equivalent escape
length of less than 4 A. The rapidity of this attenuation
rate, which is slightly too fast for simple attenuation
through an overlayer, is due to removal of Cd atoms from
the semiconductor lattice to form the dissociated specie;
correspondingly, the dissociated Cd peak intensity reaches
60% of its maximum value by 8=1.2 ML and 80% by
2.5 ML.

Cu/CdTe

C. Semiconductor-overlayer intermixing: 8 & 10 ML

The dissociated Cd intensity starts to decrease at 8=25
ML, suggesting that by this point the formation of Cd in
dissociated form is essentially complete. The attenuation
rate of the dissociated Cd intensity above 8=25 ML
would correspond to an equivalent exponential attenuation
length of -50 A, much too slow to be consistent with the
dissociated Cd forming an abrupt interface with the Cu,

and implying instead that the dissociated Cd is intermixed
with the Cu overlayer. More quantitatively, the rate of at-
tenuation of the dissociated Cd component above 8=25
ML is consistent with a fixed amount of Cd being uni-
formly distributed throughout the overlayer. In this
model the concentration of dissociated Cd in the overlayer
(and thus also the corresponding photoelectron intensity)
would vary inversely with the Cu coverage 6 above
8=25 ML, at which coverage the formation of dissociat-
ed Cd is assumed to have stopped. The attenuation of the
dissociated peak given by this model is plotted in Fig. 5
as a dashed line; the match to experiment is quite reason-
able.

A comparison of the ratios of metallic to unreacted Cu
at h v=21.2 versus 40.8 eV at high coverages shows that
the metallic/reacted ratio is greater for the more surface
sensitive 40.8-eV spectra; thus the metallic Cu resides on
the surface. Since the surface sensitivity for Cu 3d states
at h v=40. 8 eV is -7 A, and reacted Cu can be seen even
at this high surface sensitivity, the reacted Cu must lie
only a few A beneath the layer of metallic Cu. Further-
more, the existence of any reacted Cu near the surface of
necessity implies the presence of either Cd or Te there for
the Cu to react with. The semiconductor specie reacting
with the Cu overlayer is more likely to be Te than Cd,
considering the greater heat of formation for CuiTe than
for CuCd: ~f(Cu2Te) = —10.0 kcal/mol, while

btIf (CuCd) = —1 kcal/mol. 's'~
The presence of a significant quantity of Te in the over-

layer is confirmed by Fig. 6, which shows on a natural log
scale the attenuation of the XPS peak areas I of the semi-
conductor with Cu coverage, normalized to the zero-
coverage values Io. Up to 8= 16 ML the Te 3d core level
(670 eV KE) attenuates exponentially with a decay length
of 15 A, indicative of roughly laminar abrupt coverage.
Beyond 16 ML, however, the Te 3d attenuation slows so
that little attenuation is seen beyond 8=40 ML; the Te
intensity levels off to about 20% of its initial value. For-
mation of islands of Cu on the surface would also slow
the attenuation of the Te 31 level below that expected for
a laminar interface, but then the Cd and Te intensities
would be expected to attenuate at similar rates (Cd 3d:
840 eV KE). Thus while islanding of the Cu is not un-
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FIG. 5. Attenuation (natural log scale) of the intensities I of
the substrate and dissociated Cd 4d features at hv=40. 8 eV.
The intensities are normalized to the intensity Io of the sub-
strate Cd 4d peak at zero coverage.
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FIG. 6. Attenuation (natural log scale) of the XPS peak areas
I of the CdTe core levels with increasing Cu coverage. The
peak areas are normalized to their zero-coverage values Io.



EFFECT OF DIFFERENT CATION-ANION BOND STRENGTHS. . . 5333

(a) Cu/CdTe

C)
CC

Qx

CC

'f.2-

(b} Cu/MCT

l

50
I k i

100 150
Cu coverage (ML)

i

200 250

FIG. 7. Intensity ratio E.(8)—:IT, 3d(e)/IT, ~(e) normal-

ized to the zero-coverage value 8 (0), for (a) Cu/CdTe and (b)

Cu/MCT.

likely, the dependency of I/Io on the atom being exam-
ined unambiguously indicates intermixing of Te into the
overlayer.

The greater intensity of the Te signal compared to the
Cd signal at high coverages could indicate a greater quan-
tity of Te intermixed with the overlayer, but might in-

stead simply reflect a different distribution of the Te and
Cd atoms in the overlayer, with the Te atoms being con-
centrated close to the surface instead of being distributed
uniformly throughout the overlayer. With Mg Ir'rx light,
the Te 4d fails at 1200 eV KE, making it more bulk sensi-

tive than the Te 3d at 670 eV KE; thus a comparison of
the Te 3d and 41 attenuation rates will provide informa-
tion on the distribution of Te near the surface. Figure 7
shows the intensity ratio R(8)=IT, —M(8)/Ir, 4d(8) nor-
malized to the zero-coverage value R(0). The observed
rise in R (8)/R (0) to —1.5 between 8= 16 and 100 ML
thus indicates the development of a Te-rich layer at or
near the surface of the overlayer. The coverage at which
R (8) starts to rise, 8= 16 ML, coincides with the cover-
age at which the attenuation of the Te 3d intensity slows
from its previous exponential laminarlike rate. Thus
above roughly this coverage Te starts being pulled into the
overlayer, leaving an increasingly thick layer of Cu be-
tween the intermixed Te layer and the bulk of the semi-
conductor. By 6=100 ML the Te subsurface layer is ful-

ly formed and the thickness of the Cu underneath it is
sufficiently greater than a Te 4d escape length
(-25—30 A} that R(8) levels off.

By 8=25 ML the Cu 2p width has stabilized at a value
equal (within 3%) to the width of metallic Cu as deter-
mined from a Cu/stainless steel reference. While greater
shifts would be expected for valence Cu 31 states than for
core Cu 2p states upon interaction with Te, the Cu 31's
are sufficiently corelike that we would not expect the cor-
responding Cu 2p shift to be as much as an order of mag-
nitude smaller. Therefore the inability of the XPS Cu 2p
width to reflect the presence of reacted Cu near the sur-
face as seen in UPS cannot be fully explained by the rela-
tively poorer energy resolution in XPS, as the energy

difference between the reacted and metallic Cu 3d posi-
tions is seen from Figs. 2 and 3(a) to be about 0.8 eV. In-

stead, the absence of a reacted Cu signature in the Cu 2p
at high coverages must be due to the longer escape length
for XPS Cu 2p than for UPS Cu 3d, indicating that the
reacted Te layer is significantly thinner than an XPS Cu

0

2p escape length of order 10 A. The thickness and loca-
tion of the Te-containing subsurface layer will be dis-
cussed in more detail in Sec. III D.

D. Escape depth analysis

Thus far only a qualitative analysis of the interface
morphology at high coverages has been given. However,
given reasonable assumptions about the variation of elec-
tron escape depth with kinetic energy, the interface can be
analyzed in a more quantitative way using R(8) from
Fig. 7 and the Te 3d attenuation from Fig. 6. In this sec-
tion we attempt to quantify the previous discussion of the
location and thickness of the subsurface Te-rich layer for
high Cu coverages 6 by introducing an idealization of the
previous description of this layer. The formation of the
Te layer appears to be complete above 8=100 ML, with
the Te 3d intensity as well as R(8) being essentially con-
stant above this coverage. For concreteness we shall
analyze the interface at 6=390 ML.

Spa:ifically, we model the concentration of Te in the
thick Cu overlayer as being uniform between depths d and

d+5 from the surface and zero elsewhere, so that b, is
the thickness of the layer. We denote the XPS escape
lengths of Te 3d and Te 4d photoelectrons in the over-

layer by A,
&

and A, 2, respectively, the corresponding escape
lengths in the semiconductor by iP& and i', and define
A =1,&/A2. The presence of the Te layer in the Cu is as-

sumed not to affect the electron escape lengths signifi-
cantly. Let Ii/Ii(0) and Iz/I2(0) be, respectively, the Te
3d and Te 4d intensities at 6=390 ML, normalized to
their respective intensities at 8=O. Finally, we denote the
Te concentration (i.e., number of atoms per unit volume)

in the layer to be E times the Te concentration in the
bulk. Ir: is a dimensionless number, the magnitude of
which is estimated in the Appendix.

The photoelectron intensity from a subshell of atom A

with quantum numbers n, l excited by photons hv to ki-
netic energy E depends on the concentration c(x) of
atoms A at distance x from the surface and the electron
escape length A,(E) by

I =T(E)a„/(E,hv)F(E) J e " ' 'c(x)dx . (1)

Here T(E) is the theoretical CMA transmission; o„/ is the
subshell partial photoionization cross section (PPCS), and
I' includes all other effects. The Mg I( o. light excites the
core levels of interest to sufficiently high kinetic energies
that the energy dependence of F is negligible for our
purposes.

Details of the escape length calculation and estimates of
the parameters are given in the Appendix. A plot of d/A,

&

versus b/A. , from Eqs. (A2) and (A3) for the range of pa-
rameters discussed in the Appendix is shown in Fig. 8.
The allowed values of d/A,

&
and b, /A, t lie in the shaded re-

gion. Taking A, &-15 A, the figure indicates a minimum
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layer thickness of 2 A at the maximum allowed Te densi-

ty, and a maximum thickness of 8 A at the minimum den-

sity. The layer lies at most 7 A beneath the surface. Al-
though these numbers are certainly not exact, they should
provide a reliable estimate of the order of magnitude of
the depth and thickness of the Te-containing layer. The
values provide an explanation of the absence of any
reacted-Cu signature in the XPS Cu 2p: The layer is thin
and lies close to the surface, contributing less to the XPS
spectra than to the triore surface-sensitive UPS spectra. A
layer extending even moderately far below the surface is
allowed only for low values of the Te concentration, im-

plying a correspondingly less intense reacted Cu com-
ponent to which the XPS would be less sensitive than the
UPS.

For every Te atom pulled from the semiconductor lat-
tice into the overlayer an average of one Cd atom will also
be freed from the lattice. If there were significantly more
Te than Cd intermixed into the overlayer, there would be
a resulting excess of Cd remaining at the semiconductor
surface; i.e., localized between the MCT and the overlayer.
This excess Cd would contribute to the shifted Cd 4d
peak and at low coverages ~ould be the dominant contri-
bution to this peak. However, as more Cu was deposited
on the surface this dominant contribution from the local-
ized Cd would attenuate with the appropriate laminarlike
escape length of -7 A. The fact that the shifted Cd peak
does not attenuate in this fashion, as evident in Fig. 5,
suggests that the amount of Te and Cd intermixed into
the overlayer might be comparable, and that the differ-
ences in the intensities of the intermixed Cu 3d and Te 3d
at high coverages is due to the different distribution of Cd
and Te in the overlayer. It is thus of interest to estimate
the relative amounts of Te and Cd in the high-coverage
Cu overlayer on the basis of our model of uniform distri-
bution of the Cd and layer distribution of the Te. The to-
tal amount of Cd in the overlayer for 8 &25 ML is as-
sumed to be equal to the amount at 8=25 ML, and to be
distributed uniformly throughout the overlayer. From
Fig. 5, the intensity the shifted Cd 41 signal at this cover-

age is 18%%uo of the Cd 4d signal for cleaved CdTe. Thus
(neglecting the variation in escape length with material
which will not change the answer significantly) the num-

ber of Cd atoms %Cd.c„ in the Cu per unit surface area of
the sample is N'cd. c„=0.18X (20A) X%Cd.cdT„where
%cd.cdT, is the number of Cd atoms per unit volume in
CdTe (%cd CdT,. N——T, cdT,. ). The number of Te atoms per
unit area in the subsurface layer is just NT, c„.
=b XEXNT, ,cdT„ the range of allowed values for which
can be read off from Fig. 8. We find that
%Cd.c„/NT, .C„-0.5—1; that is, the model yields a com-
parable total amount of Cd and Te in the Cu overlayer.

This result for %Cd c„/N.T, C„sho. uld not necessarily be
taken literally, because it depends sensitively upon an as-
sumption that there is no Te elsewhere in the overlayer
than in the subsurface layer. While the subsurface layer
must dominate Te emission from the overlayer, a low con-
centration of Te distributed throughout the overlayer in
addition to the Te in the subsurface layer would not be in-

consistent with the data (nor would it invalidate the esti-
mate of the depth and thickness of the layer). Thus
%Cd.c„/NT, .c„might actually be significantly less than
0.5. However, this estimate for %cd.c„/NT, .o, is con-
sistent with the absence of evidence for dissociated Cd lo-
calized at the semiconductor surface. More importantly,
the result illustrates a general danger in concluding from
core-level intensity plots (such as Fig. 6) alone that dif-
ferent semiconductor components have significantly dif-
ferent degrees of intermixing with the overlayer.

E. I.EED observations

Further information on the morphology of the interface
is provided by the LEED observations of the surface. The
primary-beam current of 50—65 eV used for the LEED
observations provides a very high surface sensitivity, to at
most the first two or three atomic layers. The initially
sharp 1X I LEED pattern becomes slightly more diffuse
upon the initial deposition of 0.1 ML Cu, but still remains
fairly sharp up to e=2.5 ML. Between 8=2.5 and 5
ML the pattern becomes significantly more diffuse, final-
ly disappearing beyond 8=25 ML. These observations
are consistent with incomplete coverage of the surface up
to 2.5-ML coverage, permitting diffraction from the un-
covered areas of the CdTe; alternatively the Cu could be
forining an ordered overlayer at low coverage. By e=5
ML microcrystallites of Cu„Te or Cu with size on the or-
der of a LEED coherence length have formed, giving rise
to the diffuse pattern seen at this and higher coverages.
The lack of any sharp spot contributions to the observed
pattern at and above e= 5 ML suggests that the CdTe is
completely covered by the overlayer by this coverage.
Above 25 ML the surface is disordered. It is interesting
to note that Ehsani and Bene, ' using transmission elec-
tron microscopy and diffraction on 200 A Cu thick over-
layers deposited on CdTe at 3&(10 torr, have observed
crystalline Cu as well as Cu2Te crystallites.

F. Schottky-barrier formation

The Fermi-level position for the cleaned cleaved n-
CdTe surface was found to lie 03.+O. l eV below the
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conduction-band minimum (CBM), representing a pinning
of EF below the position for the bulk n-type CdTe (a
number of clean cleaved surfaces were studied, and this
pinning position within 0.1 eV was observed in all cases).
The band bending, visible in Fig. 1 and complete by the
initial 0.1-ML coverage, shifts EF about 0.2 eV further
down from the CBM, giving a Schottky-barrier height of
roughly 0.5 eV. This value compares favorably with Pat
terson and Williams's value' of 0.45 eV measured by I- V.

IV. RESULTS: Cu/MCT

A. Overview

Section IV is organized much like Sec. III which
presented the Cu/CdTe results. The low-and high-
coverage regimes are presented in Sec. IVB and IVC,
respectively; Sec. IVD discusses the LEED observations,
and Sec. IV E discusses band bending.

Figure 9 shows HeI spectra of the Hg 5d and Cd 4d
shallow core levels as Cu is deposited on the surface. For
the cleaved surface the Fermi level EF is located within
+0. 1 eV of the conduction-band minimum (CBM) mak-
ing the surface intrinsic or n type (even though the sample
is bulk p type), as is often observed. A rigid shift of all
spectral features 0.1 eV to higher kinetic energy, due to
band bending, occurs upon deposition of the initial 0.1-
ML coverage; the band bending appears to have stabilized
by this coverage. The Hg 5d peaks, the dominant feature
for the cleaved surface, attenuate rapidly upon Cu deposi-
tion, with I/I0-10% by 8=10 ML. The rapidity of
this attenuation suggests that Hg is being depleted from
the surface. (A detailed examination of this possibility
will be given in Sec. IV B.) En contrast, the Cd 4d feature
is visible even at coverages beyond 100 ML, indicating the

presence of Cd in the overlayer. However, in contrast to
the binding energy of the intermixed Cd 4d5~2 peak for
Cu/CdTe which appeared at the pure metallic Cd binding
energy of —10.6 eV, the intermixed Cd 4ds~q peak for
MCT appears at about 0.2 eV higher binding energy.
Therefore this intermixed Cd can be neither segregated in
the form of pure Cd metal nor simply alloyed with Cu, as
was the case for CdTe; another element, Te, must also be
present in sufficient quantities to affect the Cd 4d binding
energy.

The evolution of the Cu 3d states at hv=21. 2 eV, pic-
tured in Fig. 10, also differs from the case of CdTe. At
coverages up to 115 ML, only one contribution to the Cu
3d emission is present; it falls at the same binding energy
as the reacted Cu 3d contribution for CdTe. By the 365
ML coverage, a shoulder appears at the high kinetic ener-

gy side of the reacted Cu 3d feature, at a binding energy
corresponding to unreacted Cu. With increasing coverage
the intensity of this component grows, but even at 8=560
ML (the highest coverage studied) the reacted-Cu com-
ponent still dominates the Cu 3d emission. The identifi-
cation of the correspondence of the reacted and unreacted
Cu 3d features between MCT and CdTe is supported by
Fig. 3(c), which compares He I spectra of the Cu 3d emis-
sion for 8=21 and 430 ML on MCT, and 8=25 ML on
CdTe. It can be seen that the unreacted and reacted Cu
3d binding energies are the same for the MCT and CdTe
spectra, while the ratios of the two contributions are very
different. For the 21 ML on MCT spectrum, there is no
unreacted Cu present.

As with Cu/CdTe, examination of the Cu 3d peaks at
hv=40. 8 eV provides further information on the nature
of the adsorbed Cu at low coverages and the overlayer
morphology at high coverages. Hett spectra of the Cu 3d
are shown in Fig. 3(b). For 8 &2.5 ML the semiconduc-
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tor valence-band contribution has been removed by sub-

tracting the 8=0 ML spectrum (shifted to account for
the band bending) from the Cu/MCT spectra. The Cu 3d
from the initially adsorbed Cu appears at the reacted-Cu
binding energy; this binding energy position is stable with

coverage. The stability of the Cu 3d line shape and bind-

ing energy from the lowest coverages to coverages much
greater than one ML, for which size effects on the binding

energy due to clustering will play no role, suggests that
the initially deposited Cu is adsorbed in reacted form. A
comparison of the h v=21.2 and 40.8 eV spectra at cover-

ages of 240 ML and above, for which the unreacted-Cu
component is present, show no significant differences in

the observed ratio of unreacted to reacted Cu 3d. This
similarity between the two spectra with different surface
sensitivities suggests that the unreacted metal is covering
the reacted phase by island formation rather than lami-

narly.

B. Morphology at low coverages: 8 & 3 Ml.

A comparison of the low-coverage valence-band spectra
for CdTe (Fig. 2) to those for MCT (Fig. 10) shows a
smaller Cu 3d intensity (both reacted and unreacted) for
MCT than for CdTe at comparable coverages. This ob-
servation is supported by Fig. 11, which compares the
XPS peak area ratio Rc„——Ic„2~(8)/IT,3e(0) for MCT
and CdTe. Since the initial Te concentration is the same
for MCT and CdTe, and since variations in photon flux
and experimental geometry cancel in this ratio, the ratio
can be directly compared for the two interfaces. At high
coverages, Rc„(MCT)=0.7XRc„(CdTe), simply reflect-
ing the fact that at high coverages the composition of the
overlayer near surface is only -60—70% Cu for MCT
and almost 100% Cu for CdTe. More significantly,
Ro, (MCT) is also on the order of half of Rc„(CdTe) at
low coverages. At 8=2.5 ML, for example,
Rc„(MCT)=0.5XRC„(CdTe). This disparity could be
explained as indicating either a smaller amount of Cu
stuck to the MCT at the same nominal coverage due to a
lower sticking coefficient on MCT or experimental error
in the calibration of the coverages, or motion of the ad-
sorbed Cu sufficiently deep into the MCT to attenuate the
Cu signal by a factor of 2 compared to the CdTe case.
For the former explanation, a factor of 2 difference in
sticking coefficient between CdTe and MCT seems unlike-

ly, especially as there is no obvious reason why the stick-
ing coefficient should be significantly less than one in ei-
ther case. Although there is undoubtedly some error in
the calibration of the coverages, the depositions were done
carefully in a consistent manner for CdTe and MCT, so
that at 8=2.5 ML the ratio of the actual coverages for
equal nominal coverage is estimated to be well within a
factor of 1.5 at worst. The consistency with which
R c„(MCT}=0.Mc„(CdTe) for all low coverages also
tends to rule out the explanation of calibration error.

Therefore the disparity in intensity of the Cu intensities
from Cu/CdTe and Cu/MCT at low coverages implies
that the Cu moves into the MCT instead of being local-
ized upon the surface. Although a significant motion of
the overlayer metal at room temperature is not seen for
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FIG. 11. Core-level intensity ratio Ic 3'(e)/IT 3'(0) for
Cu/CdTe and Cu/MCT.

such semiconductors as Si or GaAs, one would expect
MCT to behave differently, and indeed Ag moves
10 —103 A into the MCT surface at room temperature.
To estimate the extent of the "in-diffusion" of Cu into the
MCT at low coverages we again invoke escape depth ar-
guments based on Eq. (1}. Consider for concreteness the
0.8 ML coverage, and suppose that the Cu moves into the
MCT to give a concentration c(x) at depth x from the
surface which is a constant C at depths less than d from
the surface, and zero for x &d. [The exact form for the
intermixing c(x) is unimportant; any reasonable form for
c(x} will yield a similar estimate for the intermixing
depth. ] By assumption the same number of Cu atoms N
per sample surface area is deposited on CdTe and MCT,
so that for MCT we have N =d XC. For CdTe at low
coverage the Cu atoms reside on the CdTe surface and
photoelectrons can escape from each atom to the vacuum
without being attenuated by any overlying atoms. Denote
this unattenuated photoelectron intensity per Cu atom by
I,«, so that the total Cu intensity per unit area from
CdTe is Io,.car, ——M,«m. For the case of Cu in MCT,
the photoelectron intensity from Cu atoms at depth x will
be attenuated according to Eq. (1), so that
IhM~ —CA, (1—e d~~). Then since R c„(MCT)/
Rc„(CdTe)= Ic„.cdT, /Ic„.cdT, we obtain finally

(1—e "
)(A, /d) =Rc„(MCT)/Rc„(CdTe)

=0.4 at 8=0.8 ML,
0

which gives d =2.2A, =25—35 A as the depth to which
Cu moves into the MCT at low coverages. As a con-
sistency check, a calculation from the XPS core-level in-
tensities of the concentration of Cu in the MCT near-
surface region at 8=0.8 ML assuming a uniform distri-
bution gives a concentration of 10% Cu. The amount of
Cu in a 0.7 ML coverage can be distributed as 10% of an
atomic layer for 7 layers or 16 A into the bulk, within a
factor of 2 of the estimate of d. Similar results are ob-
tained at other (low) coverage values.

The attenuation rates of Hg 5d and Cd 4d levels at
hv=40. 8 eV are shown in Fig. 12. Below 6=2.5 ML
(=2 A) both levels attenuate with a 1/e length of about
3 A. Even if the interface were abrupt and laminar,
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FIG. 12. Attenuation {natural log scale) of the peak areas I
of the MCT core levels with increasing Cu coverage. The peak
areas are normalized to their zero-coverage values Io.

with all the Cu staying on the surface to provide the max-
imum attenuation of the semiconductor signal intensities,
this attenuation would be somewhat faster than the ex-
p@ted escape length of 5—7 A, implying that the first few
A of the semiconductor nearest the interface are deficient
in Cd and Hg. In fact, as noted above, at low coverages
the Cu does not reside on the surface of the semiconduc-
tor but intermixes to a depth on the order of 20 A. Thus
a Hg and Cd deficient Te-rich surface layer of 3—4 A at
8=2.5 ML would be required to provide the observed at-
tenuation of the Hg and Cd intensities. The attenuation
of the Cd 3d core level at a rate consistent with virtually
laminar coverage, and the leveling off of the Cd 4d inten-
sity beyond 8=2.5 ML, imply that the Cd deficiency is
confined to within a few A of the interface.

In the case of Hg, however, the rapid attenuation of the
Hg 4f intensity and the continued rapid attenuation of the
Hg Sd intensity up to 8=10 ML suggest a Hg depletion
extending beyond the Cd deficient layer localized at the
interface. At coverages up to 10 ML, the Hg 4f attenu-
ates with a 1/e length of less than 6 A. Since the pho-
toelectron escape length for Hg 4f electrons with Mg Ka
light is -20—25 A, at 6=2.5 ML this attenuation rate
implies a Hg depletion in more than just the 3—4 A sur-
face layer. The attenuation of the Hg Sd and 4f intensi-
ties at 8=2.5 ML can be reconciled by attributing the
"extra" Hg depletion implied by the Hg 4f attenuation to
an additional depletion of -20% of the Hg in the -20 A
beneath the -3—4 A layer which is completely depleted
of Hg and Cd. The continued rapid Hg 4f depletion up
to 6=10 ML and subsequent leveling off implies a con-
tinued loss of Hg up to this coverage. For Hg 4f
at 6=10 ML ( =8 A)z I/Io-25%. Even if the Cu were
forming a laminar 8 A thick overlayer at this coverage,
attenuation through this overlayer and the 3—4 A thick
layer which is completely Hg and Cd depleted would only
result in I/Io =50—65%, implying a further depletion of
-50—60% of the Hg in the next 20 A.

From Eq. (1), for a fixed experimental geometry and
photon fiux the concentrations ci and c2 of atoms 1 and
2 in a sample of uniform composition will be related to
the XPS peak areas Ii and I2 by c2/ci ——(S2/Si)(I /Iqi),

where S:—[A,(E)T(E)o(E)] ' is the atomic sensitivity.
Although the composition of the Cu/MCT near-surface
region at low coverages is not homogeneous, a calculation
of the percent composition of each component using the
atomic sensitivity factors will have meaning as an average
of the composition over an XPS escape length of
20—30 A. Also, since the Cu is intermixed into the semi-
conductor to a depth of this magnitude, such a calculation
will provide a more accurate treatment of the Cu concen-
tration than if the Cu were localized on the surface. For
this purpose, knowledge of the partial photoionization
cross sections (PPCS), as well as the energy dependence of
the analyzer transmission T(E) and the escape lengths
k(E), are required. We use the calculated PPCS from
Ref. 24, making the often used approximation
A, (E)=const XE ~ in the absence of experimental data on
this parameter for Cu-Te alloys or for Cu at the required
kinetic energies, and take the theoretical transmission
T(E)=const/E at constant pass energy. From zero cov-
erage to 8=0.8 ML the average composition of the near
surface as estimated with the atomic sensitivities changes
so that the reduction of the concentrations of the semicon-
ductor coinponents compared to zero coverage becomes
82% for Hg, 90% for Cd, and 96% for Te. The Cu con-
centration at this coverage is calculated as 10%. Thus
while the decrease in Te concentration can be attributed to
dilution from the intermixed Cu, both Cd and Hg show a
greater decrease due to migration of these cations away
from the surface. The decrease in Cd concentration is
consistent with complete Cd depletion from the first
monolayer, as estimated above. The Hg concentration at
8=0.8 ML indicates much greater Hg depletion than for
Cd, consistent with removal of 20%%uo of the Hg in the first
20 A or a greater degree of depletion to a smaller depth.

In comparison to the Cu/CdTe case, for which a metal-
lic Fermi edge is visible by 1 ML, for Cu/MCT a clear
Fermi edge is not present until 5—10 ML coverage, con-
sistent with the much greater Cu indiffusion and interface
intermixing observed for Cu/MCT at low coverages.

C. Semiconductor-overlayer intermixing: 6 & 3 ML

The presence of significant quantities of Te in the over-
layer at high coverages, suggested by the dominance of
reacted Cu 3d in the valence-band spectra, is confirmed
by Fig. 12, which shows on a natural log scale the at-
tenuation of the peak areas I of the MCT with Cu cover-
age, normalized to the zero-coverage values Io. For the
Te 3d core level, beyond 6= 100 ML I/Io virtually levels
off at 80—85%, maintaining this intensity even at cover-
ages of several hundred A. This value for I/I& reflects a
much greater Te intermixing for MCT than for CdTe,
which is in turn responsible for the much larger percen-
tage of Cu being in reacted form for MCT than for CdTe.
The complete absence of any unreacted Cu 3d signal at
coverages up to 100 ML implies a concentration of inter-
mixed Te high enough to react with all the Cu present in
the overlayer, from the surface to a depth of at least the
problem depth for Cu 3d at hv=21. 2 eV (kinetic energy
13 eV), on the order of 10—20 A. Furthermore, the ratio
of Te core-level intensities at different escape depths
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R(6)=—IT, iq(8)/IT, ~(8), shown in Fig. 7, is virtually
constant up to 8=300 ML, suggesting a fairly uniform
distribution of Te in the overlayer rather than a surface or
subsurface layer segregation as seen for CdTe. However,
there is admittedly no direct spectroscopic evidence that
the composition of the overlayer is uniform at depths sig-
nificantly deeper than an XPS escape length.

The Cd 3d peak intensity attenuates with an equivalent

escape length of -20 A up to 6= 10 ML, indicating lim-

ited Cd intermixing belo~ this coverage. At higher cover-

ages, the attenuation slows so that I/ID=30% at 8=430
ML. While some islanding of the Cu may be occurring at
lower coverages, the large value of I/Io at such a high
coverage rules out islanding as the cause for the visibility
of the Cd at high coverages; the Cd must be truly inter-
mixed with the overlayer. As noted above, however, the
0.2 eV higher Cd 4d binding energy than for pure metallic
Cd shows that the dissociated Cd is neither in segregated
metallic form nor intermixed with Cu alone. Rather, the
high and uniform concentration of Te in the overlayer
near surface provides an environment for the intermixed
Cd which is sufficiently electronegative to make the inter-
mixed Cd binding energy 0.2 eV deeper than for pure me-

tallic Cd. In comparison, for CdTe the Te was localized
in a thin layer which could affect only a small fraction of
the uniformly distributed Cd.

Below 8=10 ML, the Hg 4f attenuates with an aver-

age equivalent escape length of about 6 A'„as with the Cd
and Te core levels, the Hg 4f attenuation slows above 10
ML coverage, so that at 8=430 ML I/Io-7% and the
attenuation has almost stopped. It seems unlikely that
even 7% of the MCT surface could be uncovered at this
high a coverage due to islanding; further, if the residual

Hg signal were due to islanding, the extremely slow rate
of attenuation of the signal with coverage at high cover-
ages would indicate a purely vertical island growth, which
also is unlikely. Therefore Hg, as well as Cd and Te, ap-
pears to be intermixed into the overlayer at high cover-
ages, although to a much smaller degree. From the Het
spectra of Fig. 9 it can be seen that above 8=53 ML the

Hg 5d has attenuated beyond the point of detectability,
while the Hg 4f is still visible and of almost constant in-

tensity at higher eoverages as shown in Fig. 12. Thus
while Hg is present in the overlayer even at the highest
coverages, as evidenced by the Hg 4f emission, the fact
that the UPS Hg 5d with its shorter escape length is too
small to be seen indicates that the Hg is inhomogeneously
distributed in the overlayer, with no Hg present within
several UPS escape lengths (-20 A) of the surface. The
exact reason for this is unclear, but it may reflect the high
vapor pressure of Hg combined with the slight instability
of Hg at infinite dilution in Cu as measured by the heat of
solution of Hg in Cu, AH~i(Hg;Cu) =+0.3 kcal/mol; in
comparison, EH~i(Cd; Cu) = —2 kcal/mol.

Assuining that the compositiop of the overlayer is uni-

form at depths of less than 20 A (i.e., within the surface
layer containing no Hg) this composition can be estimated
from the ratios of the XPS peak areas using the atomic
sensitivity factors, since the intensities for all components
but the Hg will be dominated by the emission from the
first 20 A. The atomic sensitivity factors then yield for
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FIG. 13. Variation of the Te 3d and Cu 2p core widths with
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the coinposition of the top 20 A of the overlayer at
6= 115 ML (the highest coverage for which only reacted
Cu is observed) the rough values '5% Cd, 35% Te, and
60% Cu. A slight extension of the method gives
5%%uo Hg, 5% Cd, 33%%uo Te, and 57%%uo Cu for the composi-
tion at deeper than 20 A. In contrast, an estimation of
the average composition of the first -20 A of the
Cu/CdTe near surface at 8=390 ML using the atomic
sensitivity factors yields a composition of about 7%%uo Te,
0.6% Cd, and 92% Cu. As a reliability check, the com-
position for the cleaved MCT surface is calculated in the
same fasion as 35.4%%uo Hg, 13.4% Cd, and 51.2% Te,
which is close to the nominal composition of
Hgo75Cd025Te. As expected, for Cu/MCT the Te con-
centration is sufficiently high to provide the Cu and Cd
with a Te-rich environment, resulting in the observation
of these two components being in "reacted" phases. Both
semiconductor cations are present only in residual quanti-
ties. It is interesting to note that within the expected error
of the estimation of composition, for Cu/MCT the ratio
of the Cu and Te concentrations in the near surface is ap-
proximately the same as for the stable compound2 CuiTe.

The evolution of the Cu 2p and Te 3d core widths, re-
flecting the chemical interaction of these two elements as
Cu intermixes with the semiconductor, is shown in Fig.
13. The Te 3d core width evolves much as with
Cu/CdTe, leveling off by 6=5 ML at 120% of its initial
value as the Te encounters an increasing concentration of
neighboring Cu. The Cu 2p core width evolves differently
than for CulCdTe, rapidly leveling off to 85% of its ini-
tial value below 6=1.2 ML. Since the Cu is in purely
reacted form for all but the highest coverages, the de-
crease of the Cu 2p width from 8=0.1 to 1.2 ML must
be due to a decreasing number of inequivalent sites for the
reacted Cu, reflecting increasing uniformity of the Cu in-

termixing. In further contrast to Cu/CdTe, and as ex-
pected given that the Cu is in reacted form even at high
coverages, the Cu 2p width for CulMCT never decreases
to the width measured for the metallic Cu reference spec-
trum.

The binding-energy shifts of the semiconductor and
overlayer core levels upon overlayer deposition are shown
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in Fig. 14. These shifts, while clearly due to chemical in-

teraction upon intermixing of the semiconductor and
overlayer, are difficult to interpret in detail. After the ini-
tial rigid shift of 0.1 eV to higher KE due to band bend-

ing, all elements except the Hg show a gradual shift to
higher BE, stabilizing at about 8=21 ML. After this
coverage the intermixing is complete in the sense that the
composition of the overlayer changes little with increasing
Cu coverage, resulting in essentially no further changes in

the core binding energies. From 0.1 to 21 ML the Cu 2p
and Te 3d core levels shift 0.2—0.3 eV to higher BE, con-
tradicting naive charge-transfer arguments that would
predict the Cu and the anion to shift in opposite direc-
tions. A similar effect has been observed previously for
Cr/MCT. The cations also display different behavior,
with the Cd shifting 0.1 eV to higher BE from the e=0. 1

ML position, while the Hg shows no shift. Given the dif-
ferent Pauling electronegativity values for Cd (1.7) and

Hg (1.9), charge-transfer arguments would suggest that
the Cd and Hg might undergo different binding energy
shifts, but considering the failure of these arguments for
the Cu and Te shifts, a full explanation of any of these
shifts is not readily available.

D. LEED observations

The evolution of the LEED pattern with coverage for
Cu/MCT differs significantly with the evolution for
Cu/CdTe: Compared to the Cu/CdTe case, the Cu/MCT
LEED pattern becomes much more diffuse at low cover-
ages but ultimately remains visible at much higher cover-
ages. More specifically, upon the initial deposition of 0.1

ML on MCT the pattern becomes much more diffuse as
the Cu intermixes with the disrupts the surface. Between
e=5 and 10 ML the surface order appears to change
from the initial rectangular 1X1 symmetry to a hexago-
nal pattern, although the extreme diffuseness of the spots
does not permit definite confirmation of this change.
This pattern is observed at coverages as high as 365 ML,
but is finally gone at e=560 ML. The observation of a
LEED pattern at such high coverages suggests the pres-
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kinetic energy shift is equivalent to a shift to lower binding ener-
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ence in the overlayer of crystallites of a Cu-Te compound.
As discussed previously, the Cu/Te ratio of the overlayer
at high coverages is close to that of Cu2Te; it should be
noted that Cu2Te has a hexagonal unit cell. The disap-
pearance of the LEED pattern at the highest coverage
studied suggests that the increasing proportion of metallic
Cu on the surface above 100 ML grows as disordered is-
lands, completely covering the surface with metallic Cu
by the highest coverage. Ehsani and Bene, ,

' using
transmission electron microscopy and diffraction, have
observed for 200 A Cu/MCT the growth of —1500 A
crystallites of Cu2Te (with a preferred orientation direc-
tion), much larger than the CuiTe crystallites they ob-
served for Cu/CdTe.

E. Band bending and Schottky-barrier formation

As can be seen from Figs. 9 and 14, at the initial depo-
sition of 0.1 ML there is a rigid shift of the energy bands
0.1—0.15 eV to higher kinetic energy, signaling a down-
ward movement relative to the VBM of the surface Fermi
level from the cleaved position. Since EF for the cleaved
surface lies at the CBM (+0.1 eV) (Ref. 28) the cleaved
surface is intrinsic or n type although the bulk MCT is p
type. The effective Schottky barrier therefore depends on
the depth of the initial n-type conversion. If the n-type
region were sufficiently deep, so that the Fermi level

stayed pinned to the CBM in the subsurface after the ini-
tial Cu deposition, the bands would bend 0.1 eV down-

wards from the subsurface providing an effective
Schottky barrier to the p-type material. If on the other
hand the CBM for the cleaved surface is pinned to EF
only at the surface, the shift of EF upon Cu deposition
would represent a relaxation of the Fermi level pinning
0.1 eV closer to the bulk position at the VBM. An under-
standing of the nature of the Fermi-level pinning for the
cleaved MCT surface would be desirable, especially since
virtually all metal-semiconductor work with cleaved MCT
to date involves a surface which is converted n-type on
cleaving. ' Furthermore, electrical measurements on
"thick" ( —1000 A) UHV-fabricated metal overlayers
would provide a more complete understanding of the na-
ture of the Schottky-barrier formation on MCT.

V. DISCUSSION

A. Morphology

The morphologies of the Cu/CdTe and Cu/MCT inter-
faces differ both in the initial formation of the interface at
low coverages and in the degree and nature of the
semiconductor-overlayer intermixing at high coverages.
The low- and high-coverage regimes are connected since
the disruption of the semiconductor surface at low over-
layer coverages will affect the quantity of semiconductor
anions and cations available to move into the overlayer at
higher coverages.

Neither the Cu/CdTe nor the Cu/MCT interface is
abrupt; for example, there is a significant concentration of
Cd and Te in the overlayer in both cases. In the initial
stages of interface formation, however, the MCT interface
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is considerably less abrupt than the CdTe interface, with
motion of Cu on the order of 10 A or more into the semi-
conductor near-surface region so that no unreacted Cu is
seen in the overlayer near surface below 6=200 ML; for
CdTe, in contrast, unreacted Cu has started to form below
1.2-ML coverage. While for CdTe there is a depletion of
Cd in approximately the first atomic semiconductor layer
as Cd is pulled into the overlayer, the cation depletion for
MCT is larger: The degree of surface Cd depletion for
the two interfaces is similar, but for MCT by e=10 ML
there is in addition a depletion of -50% of the Hg within
the first -20 A of the semiconductor surface. As we
shall discuss below, this is critical to the subsequent for-
mation of the overlayer.

The instability of the Hg—Te bond provides a natur-
al explanation of the enhanced depletion of Hg compared
to Cd, especially considering the similar small values of
the heats of solution of these two elements in Cu. While
the heat of formation for Cu2Te is not significantly
greater than for HgTe, the difference is sufficient in prin-
ciple to account for the rebonding of Te atoms from Hg
to Cu, when the depletion of Hg due to its high vapor
pressure is taken into account. In addition, effects other
than those considered in bulk thermodynamics may play a
role in the Te rebonding. The heat of condensation of the
overlayer metal on the semiconductor has been shown by
Spicer et al. to play a critical role in Schottky-barrier
formation on GaAs. The heat of condensation, or cluster-
ing of overlayer atoms, may also play an analogous role
for Cu/MCT. Clustering or simply adsorption of the Cu
overlayer atoms could provide part of the energy required
to overcome the activation barrier to Te rebonding. The
comparable magnitudes of the depth to which Cu moves
into the MCT and the depth of Hg depletion suggest that
the Hg depletion is not only a consequence of the Cu in-
diffusion and resulting Cu—Te bond formation at the ex-
pense of Hg—Te bonds, but also a cause of the indiffusion
by permitting Cu to move relatively deep into the lattice
by replacing Hg. The Cu indiffusion is also favored by
the low heat of Cu-telluride formation, which permits the
overlayer metal to move beneath the surface layer instead
of being localized at the surface by strong reaction with
Te. In contrast, for the much more reactive Al/MCT
(Refs. 2 and 6) interface with ddff(A12Teq) = —76.2
kcal/mol, a correspondingly greater Hg loss is observed,
equivalent to a complete loss of Hg in the first 10—15 A
by e=0.5 ML. For this interface, in contrast to
Cu/MCT, the high reactivity with Te keeps the overlayer
atoins localized on the semiconductor surface while the
high heat of formation still results in Hg depletion well

past the surface layer.
Even for the more moderate Hg depletion in the case of

Cu overlayers, unless an atom for atom replacement in the
lattice occurs between Cu and Hg the depletion should re-
sult in a collapse of the lattice, enhancing Te and Cd out-
diffusion into the overlayer. The effect of this intermix-
ing enhancement manifests itself even at high coverages,
as much more Te and Cd is made available for intermix-
ing at the initial stages of interface formation than for the
case of CdTe, for which only the first atomic layer or two
of Te and Cd is pulled into the overlayer. Also, removal

of Hg from the MCT near-surface region will result in an
excess of Te at the interface which is then available for in-
termixing with the overlayer. This is consistent with the
tentative suggestions made in Sec. III that for CdTe the
amounts of Te and Cd intermixed into the overlayer may
be comparable, while as discussed in Sec. IV there is 5—10
times as much Te as Cd in the Cu/MCT overlayer.
Furthermore, since the small Gu-Te and Cu-Cd reactivi-
ties provides only limited inhibition ' of either Cu indif-
fusion or transport of Te and Cd away from the immedi-
ate vicinity of the interface, the motion of Cu into the
MCT and resulting release of Te and cations into the
overlayer can continue even at very high coverages. In
this case the composition of the overlayer within an XPS
escape length would stabilize as soon as the initial inter-
face formation was complete, consistent with what we ob-
serve.

B. Band bending

Band bending upon metal/CdTe interface formation
has been discussed by Williams and Patterson. ' ' They
observe for a wide range of metals on cleaved CdTe a
linear dependence of Schottky-barrier height upon over-
layer work function in accord with the Schottky model of
the barrier; this dependence has also been observed by
Werthen et al. In view of the stabilization of the
Fermi-level position for Cu/CdTe by 0.1-ML coverage, at
which the overlayer metal is still in a purely reacted form,
the Schottky model cannot apply literally to this interface.
The inappropriateness of this model for the Cu/CdTe
case casts doubt upon the correctness of the model to oth-
er metal/CdTe interfaces. Williams and Patterson' '

and Brucker and Brillson have emphasized that Cd de-
pletion from the CdTe surface may play an important role
in determining surface Fermi-level pinning positions, but
thus far the exact role of the Cd vacancies has not been
elucidated.

For metal/MCT interfaces, photoemission band bend-
ing data on a variety of interfaces sufficient to support ex-
amination of systematic trends is only now becoming
available. For the noble metals Cu, Ag, and Au, upon
metal deposition the Fermi level EI moves down
0.05—0.2 eV. Deposition of the column IIIA overlayers
Al (Refs. 2 and 6) and In (Ref. 2) moves Ez 0.4—0.8 eV
upwards from its cleaved surface position near the bottom
of the conduction band, resulting in a highly n-type de-
generate surface after metal deposition. Finally, for the
transition metals Cr, Pt, and Pd (Ref. 36) on MCT no
band bending is observed. For none of these interfaces
has the cause of the band bending or the lack thereof been
unambiguously identified; many explanations have been
proposed for the different interfaces. For example,
motivated by the observed Hg depletion from the surface,
n-type doping by Hg diffusion into the bulk has been pro-
posed to explain the downward band bending for
Al/MCT and In/MCT; alternatively, doping by over-
layer indiffusion has been proposed for the Al/MCT in-
terface (n-type doping) as well as for the upward band
bending of the Au/MCT (Ref. 4) and Ag/MCT (Ref. 5)
interfaces (p-type doping). The possibility of p-type dop-
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ing by Hg vacancy formation has also been suggested for
the band bending in Ag/MCT. While it is quite possible
that different effects dominate for the different interfaces,
not all of the proposed explanations listed above give
correct results for all the interfaces to which they might
be expected to apply. The n-type doping by motion of Hg
from the semiconductor surface into the bulk, for in-
stance, might be expected to apply equally well to
Cr/MCT as to Al/MCT, as the two interfaces show a
very similar extent of Hg depletion from the surface;
nonetheless the two interfaces show very different band
bending. In contrast, the idea of band bending due to
doping of the surface by indiffusion of the overlayer metal
can be consistently applied to all the interfaces mentioned
above. The noble metals are all known to be acceptors in
MCT while the column IIIA elements Al and In are
donors, consistent with the band bending behavior of
these elements on MCT in the overlayer doping model.
Furthermore, although no data on the doping properties
of Cr, Pt, or Pd appears to be available, it is very plausible
that these elements, with their open-d shells and subse-
quent range of valences, are neutral dopants in MCT.

While Schottky-barrier (SB) formation for such semi-
conductors as GaAs is not generally considered to be due
to overlayer doping of the semiconductor, the disruption
of the semiconductor surface and motion of overlayer
atoms into the semiconductor are so much greater for
MCT than for, e.g., GaAs that models for SB formation
on GaAs are not directly relevant to the MCT case. Thus,
even if further investigation shows that SB formation for
metals on MCT is not best described by an overlayer dop-
ing model, it seems likely that any mechanism for SB on
MCT will differ from the mechanisms which have been
suggested for GaAs.

VI. CONCLUSIONS

the literature, is consistent with doping of the semicon-
ductor (p type for the case of Cu) by small amounts of in-
diffused overlayer metal.
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APPENDIX

Here we present the details of the escape depth calcula-
tion for the model presented in Sec. III D of the Te layer
in the Cu overlayer for Cu/CdTe. For our model of the
overlayer c (x) is nonzero only for d &x &d +b., so that

(Al)

and similarly for I2/Iz(0). Since the energy variation of
photoelectron escape lengths generally has a "universal"
form, it is a very good approximation to take
I,&/k2 ——1,, /Az. Then using R(e)=I~, 3d(e)/I&, 4d(e)
and letting R =R(390 ML)/R (0), we have

1 —exp( —6/A,
&

)=(1—A) ' ln
1 —exp( —3b, /A, ~ )

—1nR

(A2)

which gives the depth d of the overlayer as a function of
its thickness h. Equation (Al), which provides a second
relation between the two unknowns d and 6, can be
rewritten

The difference in Hg—Te and Cd—Te bond strengths
results in very different interface morphologies for
Cu/MCT and Cu/CdTe. For CdTe, no significant indif-
fusion of the overlayer metal is seen, and a limited
amount of Cd and Te diffusion into the overlayer is
detected. Unreacted Cu is detected on the surface below
8=1.2 ML. At high coverages, the Te in the overlayer is
concentrated largely in a 2—8 A thick region within a few
A of the surface of the overlayer and intermixed with Cu
so that the total amount of Te in the subsurface layer is
approximately equivalent to the amount of Te in 2 A of
pure Te, while the Cd in the overlayer is distributed more
uniformly. For the Cu/MCT interface there is signifi-
cantly more intermixing at both low and high coverages.
Up to 8=2—10 ML the deposited Cu migrates on the or-
der of 20 A into the semiconductor, displacing -50%%uo of
the Hg in this region by 8=10 ML and causing a 3—4 A
thick Cd and Hg deficient layer at the interface. For high
coverages of Cu on MCT, the intermixing of Te and Cd in
the overlayer is greatly enhanced compared to Cu/CdTe,
so that no unreacted Cu is observed in the overlayer near-
surface region until 6=200 ML. The band bending for
Cu/MCT, as well as for other metal/MCT interfaces in

(A3)

A plot of d/A, , versus b, /A,
&

from Eqs. (A2) and (A3) for
a range of allowed values of the parameters will give a
corresponding allowed range of values for d/A,

&
and

b, /I, ).
We must now select appropriate values for the parame-

ters. From Fig. 7 we have R =1.5, while I&/I~(0)=0. 2
from Fig. 6. We shall approximate A,

~
= 1S A, or

A, &/A. &

——0.8. The solution to Eqs. (A2) and (A3) does
not depend strongly on these approximations. From Ref.
39, which gives experimentally determined escape lengths
in CdTe, Az/iP&-1. 6=1/3; more generally, the value of
3 will probably fall in the range 1.5 & A ' &2, which we
shall consider as the allowed range of values. Finally, the
value of E, corresponding to the number density of Te
atoms in the overlayer, must be specified. The lack of any
chemical shift of the Te in the overlayer to higher BE
than for CdTe suggests that the Cu/Te ratio in the Te-
containing layer is of the same order of magnitude as for
Cd/Te ratio in CdTe and not for instance an order of
magnitude greater. We shall therefore take the minimum
allowable Te concentration in the subsurface layer to be
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equal to the Te concentration in Cu2Te. The density of
Te atoms in crystalline Cuz Te is 1.2 X 10 Te
atoms/cm, compared with 1.5X 10 Te atoms/cm in
CdTe, so that E&0.8. The concentration of Te in the

layer will certainly be less than the concentration of pure
Te, 2.9X10 /cm, so that E ~2. The resulting plot of
d/A.

&
versus 6/A.

&
for the allowed range of parameters is

shown in Fig. 8.
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