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Surface core-level shifts of the polar semiconductor Cd„Zn…Te„100…
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~Received 8 October 1996!

The termination of polar Cd~Zn!Te~100! surfaces is derived from an investigation of the surface core-level
shifts in soft x-ray photoemission spectra of the Cd and Te 3d5/2 levels, leading to two groups of results. First,
different surface preparations~i.e., sputter treatment and annealing under Cd flux, Te flux, or in ultrahigh
vacuum! of Cd~Zn!Te single crystals result in clean, stoichiometric, and well-ordered surfaces. The influence
of these preparations on reconstructions, surface core-level shifts, and in particular on the surface termination
is demonstrated, deducing adequate conditions for a deliberate choice of the terminating atomic species.
Second, the derived surface core-level shifts are discussed in view of photoelectron diffraction effects upon the
variation of the detection angle and the photon energy of the synchrotron radiation, as well as in view of
theoretical and experimental results for surface core-level shifts of different compound semiconductors.
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I. INTRODUCTION

The fabrication of electronic devices based on compo
semiconductors with epitaxial methods such as molec
beam epitaxy~MBE! or atomic layer epitaxy~ALE! relies
strongly on well-ordered, layered interfaces of different m
terials. In the case of II-VI semiconductors, in particular p
lar surfaces such as the zinc-blende~100! noncleavage plane
are widely used to grow light-emitting diodes, lasers, a
superlattices. For an optimized production of such device
knowledge of the termination of these polar surfaces is
great importance. Moreover, any structural model of a po
compound-semiconductor surface has to explain the ato
configuration and thus the termination of both, reconstruc
and unreconstructed, surfaces.

Several methods have been used to derive informa
about the termination of polar surfaces such as photoelec
diffraction,1,2 chemical etching,3 x-ray photoelectron inten
sity ratios,3–7 electron diffraction,3,8 scanning tunneling
microscopy,9 x-ray diffraction,10 and photoemission surfac
core-level shifts of shallow core levels.5,6 In many cases,
however, a detailed interpretation and/or additional chem
knowledge are necessary to derive a conclusion about
surface termination.

In this paper we present results that demonstrate
straightforward determination of surface termination by ph
toemission surface core-level shifts~SCLS’s! of relatively
deepatomic levels such as the 3d levels of Cd and Te atom
in Cd~Zn!Te. The SCLS is defined as the shift in photoem
sion binding energy between the signal from bulk and t
from surface atoms. Except for a MgKa x-ray photoelectron
spectroscopy~XPS! study on thin, strained CdTe layers,7 al-
most all SCLS investigations of CdTe, both on cleavage
noncleavage planes, have been performed with synchro
radiation using the Cd and Te 4d shallowcore levels.11–14

The spectral features of the Cd 4d levels are composed o
the spin-orbit split bulk and surface components, super
560163-1829/97/56~4!/2070~9!/$10.00
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posed by the Te 5s bulk and surface component, all of whic
show dispersion and have to be taken into account in b
structure calculations.15 Moreover, in the case of Cd~Zn!Te,
the Zn 3d emission~spin-orbit split and surface-shifted! has
also to be considered. To avoid such a large number of
dependent components, we have employed the high res
tion at relatively high photon energies of the PM5~HE-
PGM3! beamline16,17 and the HIRES photoelectro
spectrometer at the BESSY synchrotron source to investi
the Cd and Te 3d5/2 deep core levels at photon energie
yielding maximum surface sensitivity. In contrast to th
above mentioned 4d levels, the spin-orbit split 3d levels of
Cd and Te are well separated. Thus, only two distinct pe
are observed if a SCLS is present. By assuming equal wid
for the surface and bulk components, respectively, one
rives at a total of six independent fit parameters for the pe
and two parameters for the simultaneously subtracted lin
background.

In order to identify a surface-shifted component, we ha
employed variations of photon energy and detection an
hence changing the inelastic mean free path and the sur
sensitivity of the photoelectrons, respectively. We will de
onstrate that, in both cases, photoelectron diffraction effe
have to be taken into account, but can nevertheless be s
rated in order to give an unambiguous identification of s
face core-level shifts.

II. EXPERIMENT

Commercial, ~100!-oriented Cd~Zn!Te single crystals
with a nominal Zn content of 4% were chosen, since they
commonly used as a substrate for MBE/ALE purpose18

Due to the increased conductivity by Zn ‘‘doping,’’ n
charging compensation had to be applied during our m
surements. In order to derive an unambiguous interpreta
of the surface termination, the samples were investigate
room temperature after different surface preparation tre
2070 © 1997 The American Physical Society
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56 2071SURFACE CORE-LEVEL SHIFTS OF THE POLAR . . .
FIG. 1. Photoemission spectra of the C
3d5/2 core level for thec(232!-reconstructed
Cd~Zn!Te~100! surface. Spectra~a!–~d! show
measurements for decreasing photon energy
normal emission (f 5 0°). The surface-shifted
component at higher binding energy has a ma
mum intensity at abouthn5445 eV. Below each
spectrum, the residual, i.e., the difference b
tween the measurement and the Voigt-line sha
fit, is shown. The magnification factors are give
next to the baseline of the respective residual.
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ments. An Ar1-sputtering process at 1–2 keV was followe
by annealing under Te flux~Te partial pressure 1026 mbar!,
under Cd flux~Cd partial pressure 1026 mbar!, or under
ultrahigh-vacuum~UHV! conditions at a base pressure
2310210 mbar. Throughout the figures of this paper,
annealing step under, e.g., Te-flux at 300 °C will be deno
by ‘‘300 °C Te.’’ The detection anglef is 0° for normal
emission, i.e., the analyzer direction and the normal of
sample coincide. The surface quality and the reconstruct
of the surface were monitored by low energy electron d
fraction~LEED!; the surface composition was investigatedin
situ by XPS using MgKa radiation.

All binding energies are given with respect to the Fer
energy of a sputter-cleaned Au foil in electrical contact w
the Cd~Zn!Te sample. Peak position variations within an e
ergy range of 0.2 eV due to shifts in photon energy w
detected during the course of our experiments. Howe
these variations do not affect the determination of surf
core-level shifts presented in this paper.19

All present fits were performed by ax2-minimization pro-
cedure of symmetric Voigt line shapes. A linear backgrou
was simultaneously subtracted. It was assumed that
Gaussian and Lorentzian contributions to the Voigt pro
are identical for surface and bulk components, leaving
peak positions, the relative heights, the respective full wi
at half maximum~FWHM!, and the background as free p
rameters.

III. RESULTS

Throughout this paper, all data presented pertain
Cd0.96Zn0.04Te~100! while results for the CdTe~100! surface
have been published previously.20,21 Both surfaces behav
rather differently, as can be derived from their surface ph
diagrams.22 During the course of our experiments, we find
general enrichment of Zn for Cd~Zn!Te~100! within the pho-
toemission information depth during annealing in UHV
under Cd flux as has first been reported by Wuet al.23 for
annealing in UHV. Sputter treatment reduces the Zn con
at the surface substantially. In both cases@CdTe and
Cd~Zn!Te#, a spot profile analysis LEED investigation of th
~100! surfaces determined the step height between sur
d

e
ns
-

i

-
e
r,
e

d
he

e
h

o

e

nt

ce

terraces to be a double layer, so that a uniform terminatio
to be expected.22

Figure 1 shows the Cd 3d5/2 core level after a 300 °C
annealing step under Cd flux, leading to ac(232! recon-
struction. Spectra~a!–~d! were obtained at photon energie
of 484 eV, 465 eV, 445 eV, and 428 eV. Below each sp
trum the residual, i.e., the difference between the meas
ment and the fit, is depicted. The quality of the spectrum a
its fit is characterized by a statistical distribution of the r
sidual and by the magnification factor for each residual giv
at the baseline of the residual. A pronounced SCLS of ab
0.7 eV towards higher binding energy is detected for all m
surements, while the intensity of the surface-shifted com
nent varies with photon energy and is maximized athn5
445 eV~i.e., at a kinetic energy of about 40 eV with respe
to the Fermi energy! due to a minimization of the inelasti
mean free path of the emitted photoelectrons. All fit para
eters as well as the SCLS are summarized in Table I. For
c(232!-reconstructed Cd~Zn!Te~100! surface, no surface
shift of the Te 3d5/2 core level was found~not shown!. Thus
a Cd termination is deduced in agreement with results
CdTe~100! from XPS,7 scanning tunneling microscop
~STM!,9 x-ray diffraction,10 and synchrotron measure
ments.20,21

As mentioned, the relative intensity of the surface-shift
component at higher binding energy can be altered by va
ing the photon energy, thus influencing the inelastic me
free path of the emitted photoelectrons. Determining the ra
between the peak areas of the surface and bulk compon
one derives the data points depicted as full circles in Fig
~the solid line is intended as a guide to the eye!. The bulk-
to-surface peak area ratio is minimized~i.e., the surface sen
sitivity is maximized! at a kinetic energy of about 40 eV wit
respect to the Fermi energy~approximately 35 eV with re-
spect to the vacuum level!, while for smaller and higher ki-
netic energies the relative surface contribution is reduc
Plotted on a double-logarithmic scale, the resulting curve
be well compared to the dependence of the attenuation le
on the emitted electron energy given by Seah and Den24

and more recently by Powell25 and Gries.26 Thus, the varia-
tion of photon energy can be easily used to identify surfa
shifted spectral components.
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2072 56C. HESKEet al.
TABLE I. Fit parameters and results for the SCLS’s of Figs. 1, 3, 5, and 6. Also given are the MgKa-derived photoemission peak are
ratios Cd/Te and Zn/~Cd1Te! of Cd 3d3/2, Te 3d3/2, and Zn 3p3/2 levels. For the Zn/~Cd1Te! ratio, the Cd 3d3/2 peak area has bee
multiplied by 2 in order to give equal weight to variations in the Cd- and Te-peak areas~for explanation, see text!. The investigated surface
are chronologically ordered from top to bottom (# denotes60.1 eV!.

Gauss Lorentz MgKa XPS MgKa XPS
f hn SCLS’s width width I ~Cd 3d3/2) I ~Zn 2p3/2)

60.05 eV 60.05 eV 60.05 eV I ~Te 3d3/2) (2ICd1I Te)
Fig. Element Preparation eV eV eV eV

1~a! Cd 300 °C Cd-c(232! 0° 484 0.70 0.55 0.38
1~b! Cd 300 °C Cd-c(232! 0° 465 0.70 0.56 0.39
1~c! Cd 300 °C Cd-c(232! 0° 445 0.68 0.57 0.39
1~d! Cd 300 °C Cd-c(232! 0° 428 0.69# 0.54# 0.38#

3~a! Cd 250 °C Cd-~131! 0° 444 0.66 0.56 0.38 0.53 0.17
3~b! Cd 250 °C Cd-~131! 30° 444 0.65 0.59 0.36

5~b! Cd 350 °C UHV-~231! 0° 444 0.69 0.41 0.43 0.49 0.43
5~c! Cd 350 °C UHV-~131! 0° 444 0.66 0.43 0.41 0.44 0.79

6~b! Cd 350 °C Te-~231! 0° 444 0.66 0.39 0.43 0.40 1.63
6~g! Te 300 °C Te-~231!* 0° 613 0.93 0.82 0.52 0.47 0.31
6~d! Cd 1350 °C UHV-~231!* 30° 444 0.66 0.46 0.41 0.48 0.61
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Such an identification is supported by a variation of t
detection angle, as shown by the open squares in Fig. 2~de-
rived from the photoemission spectra to be presented in
3!. In this case of a nominally unreconstructed~131! surface
@showing a~131!-LEED pattern#, the relative Cd surface
contribution at normal emission@open square,~131!, F
50°# can be enhanced by a variation of the detection an
e.g., by 30° @open square,~131!, F530°#. Note that the
bulk/surface intensity ratio for the~131! surface at 0° is
larger than for thec(232!-reconstructed surface. This is re
lated to a higher degree of structural imperfections in
(131) case and perhaps to a Zn surface enrichment by
various sputter/annealing cycles performed before~quantita-
tive XPS data could not be obtained in this case!. An in-
creased Zn content in the terminating surface layer would

FIG. 2. Bulk-to-surface peak area ratio for the Cd 3d5/2 photo-
emission spectra of Fig. 1~solid line! and Fig. 3~open squares!,
depicting the variation of surface sensitivity with kinetic energy
the emitted electrons~i.e., with photon energy! and detection angle
The solid line is intended as a guide to the eye. The kinetic ene
is referred toEF .
g.

e,

e
he

of

course, reduce the amount of Cd surface atoms and henc
intensity of the surface-shifted component.

As stated above, the open squares of Fig. 2 were der
from the data presented in Fig. 3 for the unreconstruc
surface. Here, the Cd signal shows a pronounced shou
@Fig. 3~a!,~b!#, while the Te signal~c! can be readily ac-
counted for by a single Voigt-profile. Again, this leads to t
interpretation of a Cd-terminated surface, as expected f
the annealing procedure at 250 °C under Cd flux. The SC
for the ~131! structure is only slightly smaller than that de
rived for thec(232! reconstruction~see Table I!.

As demonstrated in conjunction with Fig. 2, an identific
tion of surface-shifted components can be easily acco
plished by variation of the detection angle and/or by var
tion of the kinetic energy of the photoelectrons. Th
statement, however, has also to be viewed in the contex
photoelectron diffraction~PED! effects. As shown in Fig. 4,
the c(232! Cd-terminated surface shows pronounced d
fraction effects for low kinetic energies upon variation
both, the photon energy and the detection angle, for the
tegrated Te 3d5/2 peak area, although the angular resoluti
was relatively poor (610°). While the Te emission under
goes significant changes of the emitted intensity, the
3d5/2 signal hardly~if at all! oscillates with photon energy
and is reduced only at lower kinetic energies, presuma
due to a decrease of the photoemission cross section. A
no PED effects can be detected by angular variation~not
shown!.

A quantum-mechanical calculation27 based on tabulated
muffin-tin local-density approximation~LDA ! potentials for
Cd ~Ref. 28! reveals a preference of~single! forward scatter-
ing above a kinetic energy of about 35 eV relative to t
‘‘muffin tin zero’’ which, for semiconductors, can be set a
proximately equal to the Fermi level. Below 35 eV, th
~single! backscattering channel becomes dominant. The r
of backscattering to forward scattering intensity at a giv

f

y
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FIG. 3. Photoemission spectra of the Cd 3d5/2 ~a, b! and the Te 3d5/2 core levels~c! of the ~131!-unreconstructed Cd~Zn!Te~100!
surface. The surface-shifted component of the Cd signal at normal emission~a! is significantly increased atf530° ~b!; no SCLS is detected
for the Te signal~c!.
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electron energy ranges from 11~at 20 eV! to 0.4 ~at 60 eV!.
Consequently, a detailed investigation of the PED effects
the kinetic energy regime employed for the SCLS measu
ments will have to take both scattering paths~as well as
multiple scattering! into account. While, in our case, signifi
cant PED effects can be detected, a combination of pho
energy variation and changes in detection angle can be
sidered as a viable qualitative method to identify surfa
shifted components of photoemission peaks.

A detailed quantitative analysis of the SCLS spect
however, has to be performed with great care. In the fi
approximation, for instance, a Te SCLS towards higher bi
ing energy would, according to Fig. 4~Te 0°), result in a
diminished surface component for kinetic energies betw
20 and 30 eV, while the surface contribution would be ov
estimated in the 30–40 eV range. Note that the evaluatio
Fig. 2 is nevertheless valid: in the case of a Cd SCLS
PED spectrum in Fig. 4~Cd 0°) shows an almost linea
behavior up to approximately 60 eV, thus diminishing t
surface component by an equal amount for spectra 1~b!–~d!.
For higher kinetic energies, the intensity is constant~Fig. 4!,
so that in this case the surface component is determined
rectly, while the first three data points in Fig. 2~i.e.,

FIG. 4. Normalized integrated peak areas of the Cd and
3d5/2 photoemission peaks as a function of kinetic energy of
photoemitted electrons at normal emission~0°) and for a detection
angle of 30°~Te 30°). Pronounced photoelectron diffraction effec
are found for Te in the low kinetic energy regime.
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Ekin523, 40, and 60 eV! should be corrected only slightly
towards lower bulk/surface intensity ratios.

The influence of a conventional sputter/annealing cycle
UHV on the SCLS is shown in Fig. 5. For solely sputter
surfaces~a, d! no SCLS can be detected for either the Cd
Te signal, but the line shape cannot be described satisfa
rily by a symmetric Voigt profile, as can be seen from t
residual. After sputter treatment, a short annealing of 20 m
at 350°C in UHV leads to a long-range ordered~231! re-
construction with sharp LEED spots~b, e!. After further an-
nealing ~4 h!, the order is significantly reduced and/o
~131! domains occur~c, f!. This is presumably due to a
enhanced Zn content, as can be derived from the last col
in Table I. In both cases, the surface is identified as being
terminated since no SCLS in the Te 3d5/2 spectra is detected
A Cd surface termination was also detected for annea
temperatures down to 250 °C. The SCLS for the well-orde
~231!-reconstructed surface is slightly larger than in the le
well-ordered case. However, the difference is very small,
that only a minor influence of the reconstruction on t
SCLS can be concluded in this case~see Table I!. The re-
sidual in Fig. 5~f! shows a slight deviation from the idea
statistical distribution, suggesting the presence of an a
tional Te minority species which, however, contributes le
than 2.5%.

The results after annealing under Te-flux at various te
peratures are shown in Fig. 6. An annealing temperature
250 °C under Te flux is obviously low enough to allow a
elemental Te multilayer~estimated thickness'35 Å! to be
formed~a, e!. No Cd is present within the information dept
while the Te line position significantly differs from the valu
for Te in Cd~Zn!Te. The LEED investigation reveals an o
dered Te overlayer with a structure incompatible w
Cd~Zn!Te. Again, the residual deviates somewhat from
ideal statistical distribution, suggesting the possible prese
of more than one Te species~e.g., different Te states at th
surface and within the Te layer!. However, the deviation is
again rather small~magnification38!, so that a further de-
convolution would lead to ambiguous results. In contrast
the formation of a Te layer at low (250 °C Te! annealing
temperatures, the opposite effect is observed for annealin
350 °C Te ~b, f!: a SCLS for the Cd signal and a sing
Voigt-profile for the Te peak suggest a Cd termination
the obtained~231! reconstruction. Apparently, the annealin

e
e
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FIG. 5. Photoemission spectra of the C
3d5/2 ~a!–~c! and Te 3d5/2 ~d!–~f! core levels of
Cd~Zn!Te~100! after sputter-treatment~a,d!, of a
strongly ~231!-reconstructed surface after an
nealing at 350 °C in UHV ~b,e!, and of a
~131!-unreconstructed surface with a ‘‘weak
~231! reconstruction @i.e., a minority of
~231!-reconstructed areas# after further anneal-
ing at 350 °C~c,f!.
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temperature is too high to allow the Te atoms to form
terminating topmost layer.

Finally, annealing at 300°C Te leads to the desired eff
of a Te termination: while no Cd SCLS is detected, the
peak reveals a surface component shifted towards hig
binding energy@Figs. 6~c! and ~g!# with a surface-to-bulk
peak area ratio of 1:8. Both, photon energy and detec
angle variation, identify this peak as a surface compon
Note that the line position of this surface component diff
from the line position of the thick Te overlayer in~e! by 0.4
eV, ruling out a Te overlayer~i.e., Te atoms in a Te sur
rounding! at this annealing temperature, in accordance w
the stoichiometry derived from MgKa XPS. This surface is
thus identified as being Te terminated, as is consistent w
recent results from a Te-rich,~231!-reconstructed
CdTe~100! surface derived from reflection high-energy ele
tron diffraction~RHEED! and ALE.29 The Te SCLS derived
from the fit is significantly larger than any SCLS derived f
Cd-terminated surfaces~see Table I!, which will be dis-
cussed below. A further 20 min annealing of this T
terminated surface in UHV at 350 °C~d, h! reverses the ter
mination again: a SCLS is detected for the Cd and not for
Te signal, similar to the results presented in Fig. 5 but fo
different reconstruction.

An interesting feature, which has not yet been observ
occurs in the LEED structure of the Te-terminated surfa
judging from the spot intensities and their sharpness,
different superstructures are superimposed. Intense and s
spots can be identified with a~231! superstructure, while
additional less intense and broader features can be accou
for by a (A13/23A5/2)R33.7° structure. This composit
structure@denoted~231! * # remains after additional annea
ing at 350 °C in UHV. Since such a structure has not be
observed for CdTe, we suggest a possible connection
the influence of the Zn content in Cd~Zn!Te: during anneal-
e
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ing in 1026 mbar Te, a second~perhaps ZnTe-! phase is
probably formed, which is stable during further annealing
UHV.

The experimentally derived SCLS’s from Figs. 1, 3,
and 6 are summarized in Table I. Here, the parameters o
Voigt fits are also shown, together with the resulting SC
for the respective core levels. Note that the values of
Lorentzian contribution to the FWHM of the Cd peaks are
very similar~Cd: 0.460.05 eV, Te: 0.5260.05 eV! and that
the Cd and Te widths are larger than the results of Pri
et al. for the 4d levels of the CdTe~110! surface@Te: 0.3
60.1 eV, Cd: 0.2560.1 eV ~Ref. 11!#, as is consistent with
theoretical predictions of atomic-level widths.30 Experimen-
tal results for metallic Cd and Te yielded a Lorentzian lin
width for the 3d5/2 levels of 0.33 eV and 0.61 eV,31 respec-
tively, in fair agreement with our results. The values of t
Gaussian contribution to the FWHM vary due to the dep
dence of the photon energy linewidth on the source size
the stored electron beam at BESSY.

For Cd 3d5/2 in thec(232!-reconstructed surface we fin
a SCLS of 0.7 eV and a slightly smaller value for all oth
reconstructions. As mentioned above, the SCLS of Te 3d5/2
for the Te-terminated surface is significantly larger~0.9 eV!,
and the surface component is shifted towardshigherbinding
energies, just as the Cd SCLS for the Cd-terminated surfa
These values have to be compared with results previo
published for the 4d levels of CdTe: for the~110! cleavage
plane Princeet al. derive a SCLS for Cd and Te of 0.24 e
and20.26 eV, respectively.11 The Cd SCLS has been con
firmed by Wall et al.14 For the ~100! surface, Johnet al.
interpreted the Te 5s emission as a second Cd surface co
ponent and derive a Cd SCLS of about 0.6 eV and20.8 eV,
respectively.12,13 For one MBE preparation at 250 °C, the
observe a Te SCLS of 1.0 eV towards higher binding en
gies in addition to the Cd SCLS. Finally, Tatarenkoet al.
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FIG. 6. Photoemission spectr
of the Cd 3d5/2 ~a–d! and Te
3d5/2 ~e–h! core levels of
Cd~Zn!Te~100! after annealing
under Te flux: at 250 °C~a,e!, at
350 °C ~b,f!, at 300 °C~c,g!, and
after a further UHV-annealing
step at 350°~d,h!. The ~231!*
LEED pattern is described in the
text.
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report a MgKa XPS study of a thin, strained CdTe layer o
ZnTe~100!, for which a value of 0.4 eV was obtained for th
Cd 3d3/2 SCLS with a pure Gaussian fit.7 It is no surprise
that results obtained for the~110! cleavage plane are differ
ent to those reported here for the polar~100! surface due to
the different surface geometry and distribution of Cd and
atoms. Moreover, we present Cd and Te SCLS results
tained for different surfaces~i.e., Cd or Te termination!,
while the SCLS results for the cleavage plane are determ
from one single surface for both, Cd and Te. A more deta
discussion of the SCLS will be given in the following se
tion. Comparing our results with those of the references
the ~100! surface, we notice apparent similarities such a
Cd SCLS towards higher binding energy of at least 0.4
and also a Te SCLS towards higher binding energy. Ho
ever, since the experimental and interpretational conditi
differ significantly, a more detailed comparison seems di
cult.

The evaluation of the Cd/Te and Zn/~Cd1Te! peak area
ratios of the Cd 3d3/2, Te 3d3/2, and Zn 2p3/2 levels as
derived by MgKa XPS are also listed in Table I. A direc
correlation between the Cd/Te ratios and the terminations@as
has been assumed by Wuet al. for CdTe ~Ref. 4!# appears
questionable because of the above mentioned PED ef
and is not possible in the case of Cd~Zn!Te, since the Zn
e
b-

ed
d

r
a
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cts

content changes simultaneously. The Zn atoms are expe
to occupy Cd sites and will thus change the intensity rati
while the termination as derived from the Cd SCLS will b
unaffected. Judging from the Zn/~Cd1Te! ratio, however, it
is a general trend that in the course of our experiments the
content in the probing volume is—with one exception
significantly increased~note that Table I is chronologically
ordered from top to bottom!. For the determination of the
Zn/~Cd1Te! ratio, the Cd-peak area has been multiplied b
factor of 2 in order to roughly eliminate the influence
different ionization cross sections, information depths, a
analyzer transmissions. Thus, variations in both the Cd-
the Te-peak area are considered with equal weight. The g
eral Zn enrichment at the surface is due to an interplay
sputter-induced Zn reduction and of Zn enhancement du
annealing in UHV or 1026 mbar Cd. The exception occur
for the Te-terminated surface@Figs. 6~c!,~g!# and suggests
that the sputter-induced reduction of the Zn content in
probing volume isnot reversed by the annealing step und
Te flux, in contrast to annealing in UHV or under Cd flux. A
first sight, this finding is surprising, since the Zn atoms
Cd~Zn!Te are expected to occupy Cd sites. Thus, one wo
expect a decrease in Zn content after annealing under a
flux and a constant or an increased Zn content after ann
ing under a Te flux. However, the exponential dependenc
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the photoemission signal on the depth of the emitting at
and on the inelastic mean free path leads to a decrease o
Zn signal for a Te-terminated surface~since Zn atoms are no
allowed in the topmost layer! as compared to a Cd
terminated surface~where some of the surface Cd atoms a
replaced by Zn!. Therefore, the exception to the general
crease of Zn surface content is directly correlated to the
face termination by Te atoms.

IV. DISCUSSION

A detailed understanding of the sign and magnitude of
observed shifts requires a discussion of the origin of SCL
in general. The SCLS’s of transition and rare earth me
have been explained on the basis of a narrowing of the
lence band due to the reduced coordination number of at
on the surface.32,33 For compound semiconductors separ
contributions to the SCLS’s are still under debate.
pointed out by Egelhoff, a core-level shift can be related t
change in the electronic density distribution, influencing b
the initial and the final state of the photoemission proces34

An altered electron density can, in turn, be thought of a
change in the Madelung potential between the bulk and
surface,35 a charge transfer between anions and catio
which is different between bulk and surface atoms,36 or a
bulk-to-surface change in the screening of the photoemis
core hole.34 Also, hybridization effects,37 relaxations, and re-
constructions have to be taken into account.

In case of GaAs~110!, Eastmanet al. interpreted their
SCLS results with a geometry-dependent initial-state cha
transfer.36 Mönch pointed out that these SCLS’s can be
counted for solely on the basis of a change in Madelu
potential, since the calculated charge transfer is the sam
the bulk and at the surface.38 Princeet al. have transferred
these results to the~more ionic! CdTe~110! cleavage plane
and argue that their SCLS’s are significantly smaller than
values expected for a sole reduction in the Madelung po
tial at the surface, so that other effects have to be taken
consideration as well.11 A similar effect is reported by Pa
olucci et al. for the highly ionic semiconductor PbS, fo
which no SCLS could be detected for natural crystals wit
an accuracy of60.1 eV.39 In this case the SCLS is appa
ently determined not only by the ionicity but also by oth
effects such as relaxation.40

For the CdTe~100! and even more for the Cd~Zn!Te~100!
surface, a distinction of the origins of the SCLS seems v
difficult. While a tight-binding calculation for relaxed~110!
surfaces of III-V semiconductors41 yields results in good
agreement with experiments for InP,42 no such calculations
are known for the polar~100! surfaces of zinc-blende II-VI
compound semiconductors. This is presumably due to
fact that the geometric structures of the reconstructed
faces are currently just on the verge of clarification.

Several conclusions about the nature of the SCLS’s, h
ever, can be derived from our data: the SCLS for Cd- a
Te-terminated Cd~Zn!Te~100! surfaces are large and bo
lead to a surface-shifted component withhigherbinding en-
ergy, in contrast to the results reported for the~110! cleavage
plane. While different surface reconstructions of the C
terminated surfaces cannot be correlated to large chang
the SCLS, there is a pronounced difference for Cd- and
the
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terminated surfaces~0.65–0.70 eV and 0.9 eV, respectively!.
These SCLS values are equal or considerably larger t
those reported for CdTe in the publications mentioned abo
However, in comparing the different mechanisms leading
such surface core-level shifts, we have to keep in mind t
in case of the cleavage plane the SCLS results for Cd and
were obtained from the same sample surface, while in
case, Cd and Te SCLS’s pertain to geometrically and e
tronically different~100! surfaces. Thus, influences such as
change in Madelung potential between bulk and surface
reduced screening of the photoemission core hole can
very different for the Cd and Te termination.

The question now to be answered is how different SC
origins affect the sign of the shift for unreconstructed~i.e.,
layered! surfaces. A change between the Madelung poten
acting upon bulk and surface atoms will lead to a Cd~Te!
shift towards higher~lower! binding energy, irrespective o
the surface orientation@i.e., ~100! or ~110!#, since atoms of
opposite charge are missing from the immediate surround
of the emitting surface atom, in agreement with the SC
interpretation for GaAs~110!.38 In case of a change in charg
transfer between cation and anion due to a different lo
surrounding of surface atoms as compared to bulk atom
decrease in charge transfer is expected~reconstructions ig-
nored!. Thus, the surface peaks are shifted towards low
~higher! binding energy for Cd~Te!, in accordance with the
argument of Princeet al. that the SCLS of CdTe~110! has to
be explained by an additional change in charge trans
since the shift is too small to be accounted for only on
basis of Madelung effects.11 Again, this finding is irrespec-
tive of the surface orientation. Finally, a change in final st
screening of the photoemission core hole at the surface
sults in a SCLS towards higher binding energy for both
and Te atoms.

So far, we have neglected any influence of reconstructi
or relaxations on the SCLS of Cd and Te. Moreover, po
surfaces are known to lead to a depolarization effect of
topmost layer because of the repulsive interaction betw
adjacent, equally oriented dipoles. Therefore both,
change in Madelung potential and the difference in cha
transfer between cation and anion are influenced, and he
the analysis of our results becomes more complicated tha
the simple discussion given above.

According to our results, both the Cd and the Te surfa
peaks are shifted towards higher binding energies. Si
these shifts are rather large~and different for Cd and Te!, it
seems unlikely that the major contribution is due to a d
crease in final state screening. Moreover, the detailed in
pretation of our results can be different for both Cd and T
terminations. In the case of Cd termination, the SCLS
probably due to a combination of several effects. We belie
that the Madelung potential plays an important role due
the high ionicity of CdTe, even though depolarization is e
pected. In addition, changes in charge transfer and final s
screening may contribute. Note that for Cd termination,
most no influence of different reconstructions on the SC
has been observed. This is not surprising since the m
contributions to the SCLS’s are predominantly determin
by the nearest-neighbor distances which generally are sim
for different surface reconstructions.

In the case of a Te SCLS, we ascribe the large SC
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towards higher binding energy primarily to the existence
the ~231! * reconstruction. A geometric model for the T
terminated~231! reconstruction of CdTe~100! has recently
been proposed, which is based on the formation of Te trim
at the polar surface.43 In this model, the considerations give
above would be invalid for the topmost Te atom of the s
face trimer, since it would acquire a somewhat positiv
charged nature~as opposed to the negatively charged ch
acter in CdTe! leading to a higher binding energy. Moreove
the Te SCLS would be ‘‘Cd-like’’ in the sense that an infl
ence of the Madelung potential would lead to a Te SC
shift towards higher binding energy, as observed. Also
slight decrease in final state screening is compatible with
experimental results. Further support for the~231! trimer
model is derived from the fact that the Te termination co
only be achieved under special preparation conditions, a
furthermore, that the intensity of the surface-shifted com
nent is rather small, in accordance with the idea that only
topmost Te atoms of the surface trimer contribute to the
SCLS. Thus, our experimental results for the SCLS of b
the Cd and Te 3d5/2, can be qualitatively understood withi
the framework of the present model, although a SCLS
both elements, Cd and Te, in the same direction app
surprising at first glance.

V. CONCLUSIONS

We have presented direct evidence for a straightforw
determination of the Cd~Zn!Te~100!-terminating surface
layer by photoemission surface core-level shifts. Due to
high resolution of the PM5~HE-PGM3! monochromator
even at high photon energies, the low-lying 3d5/2 orbitals of
Cd and Te have been used for the SCLS determination,
significantly reducing the number of fit parameters neede
compared to the 4d levels. The viability of detecting surface
D
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shifted components by variation of photon energy and de
tion angle has been demonstrated and discussed.

Sputter-cleaned samples exhibit no distinct SCLS, wh
annealing steps in UHV or under Cd flux lead to C
terminated surfaces with various surface reconstructions.
nealing steps under Te flux lead to a Te termination only
appropriate temperatures; moreover, the Te termination
unstable against further annealing under UHV, after whic
Cd-terminated surface is formed again. Various prepara
techniques have thus proven their ability to produce cle
well-ordered, and stoichiometric surfaces of Cd~Zn!Te single
crystals with a uniform surface termination. The ease a
high quality of the presented surface preparation by spu
annealing cycles may be of great importance for the epita
growth of semiconductor heterojunctions without the need
an additional epitaxial CdTe buffer layer as substrate ma
rial.

The sign and magnitude of the observed SCLS can
explained qualitatively on the basis of a dominant change
Madelung potential between surface and bulk atoms in
case of a Cd termination and a large influence of the
served reconstruction on the SCLS of the Te-terminated
face. Evidence for a geometric model of Te-trimer formati
for the Te-terminated~231!-reconstructed CdTe~100! sur-
face can be derived from our results of the Te surface co
level shift for ~231! * Cd~Zn!Te.
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