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Surface core-level shifts of the polar semiconductor Cn)Te(100)
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The termination of polar G&n)Te(100 surfaces is derived from an investigation of the surface core-level
shifts in soft x-ray photoemission spectra of the Cd and dg,3vels, leading to two groups of results. First,
different surface preparatior(ge., 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.
[S0163-182697)00828-X

[. INTRODUCTION posed by the Te$bulk and surface component, all of which
show dispersion and have to be taken into account in band
The fabrication of electronic devices based on compoungtructure calculations. Moreover, in the case of Gan)Te,
semiconductors with epitaxial methods such as moleculaihe Zn 3 emission(spin-orbit split and surface-shiftetias
beam epitaxy(MBE) or atomic layer epitaxy(ALE) relies  also to be considered. To avoid such a large number of in-
strongly on well-ordered, layered interfaces of different ma-dependent components, we have employed the high resolu-
terials. In the case of II-VI semiconductors, in particular po-tion at relatively high photon energies of the PMBE-
lar surfaces such as the zinc-bler{@80) noncleavage planes PGM3 beamliné®’ and the HIRES photoelectron
are widely used to grow light-emitting diodes, lasers, andspectrometer at the BESSY synchrotron source to investigate
superlattices. For an optimized production of such devices the Cd and Te 8g, deepcore levels at photon energies
knowledge of the termination of these polar surfaces is o¥ielding maximum surface sensitivity. In contrast to the
great importance. Moreover, any structural model of a polagbove mentioned @ levels, the spin-orbit split @ levels of
compound-semiconductor surface has to explain the atomied and Te are well separated. Thus, only two distinct peaks
configuration and thus the termination of both, reconstructe@re observed if a SCLS is present. By assuming equal widths
and unreconstructed, surfaces. for the surface and bulk components, respectively, one ar-
Several methods have been used to derive informatiofives at a total of six independent fit parameters for the peaks
about the termination of polar surfaces such as photoelectroand two parameters for the simultaneously subtracted linear
diffraction.? chemical etching,x-ray photoelectron inten- background.
sity ratios®~’ electron diffraction’® scanning tunneling In order to identify a surface-shifted component, we have
microscopy® x-ray diffraction’® and photoemission surface employed variations of photon energy and detection angle
core-level shifts of shallow core level§.In many cases, hence changing the inelastic mean free path and the surface
however, a detailed interpretation and/or additional chemicagensitivity of the photoelectrons, respectively. We will dem-
knowledge are necessary to derive a conclusion about th@nstrate that, in both cases, photoelectron diffraction effects
surface termination. have to be taken into account, but can nevertheless be sepa-
In this paper we present results that demonstrate theated in order to give an unambiguous identification of sur-
straightforward determination of surface termination by pho-face core-level shifts.
toemission surface core-level shiffSCLS'’9 of relatively
deepatomic levels such as thed3evels of Cd and Te atoms
in Cd(Zn)Te. The SCLS is defined as the shift in photoemis-
sion binding energy between the signal from bulk and that Commercial, (100-oriented CdzZn)Te single crystals
from surface atoms. Except for a Mg x-ray photoelectron with a nominal Zn content of 4% were chosen, since they are
spectroscopyXP9) study on thin, strained CdTe layersl- commonly used as a substrate for MBE/ALE purpo$es.
most all SCLS investigations of CdTe, both on cleavage an®ue to the increased conductivity by Zn “doping,” no
noncleavage planes, have been performed with synchrotrarharging compensation had to be applied during our mea-
radiation using the Cd and Ted4shallowcore levelsi!™'*  surements. In order to derive an unambiguous interpretation
The spectral features of the Cdl4evels are composed of of the surface termination, the samples were investigated at
the spin-orbit split bulk and surface components, superimfoom temperature after different surface preparation treat-
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FIG. 1. Photoemission spectra of the Cd
3ds, core level for thec(2X 2)-reconstructed
Cd(Zn)Te(100) surface. Spectraa)—(d) show
measurements for decreasing photon energy at
normal emission ¢ = 0°). The surface-shifted
component at higher binding energy has a maxi-
mum intensity at aboutv=445 eV. Below each
spectrum, the residual, i.e., the difference be-
tween the measurement and the Voigt-line shape
fit, is shown. The magnification factors are given
next to the baseline of the respective residual.
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ments. An Ar"-sputtering process at 1-2 keV was followed terraces to be a double layer, so that a uniform termination is
by annealing under Te flue partial pressure I¢° mbap,  to be expected?
under Cd flux(Cd partial pressure I0° mbap, or under Figure 1 shows the Cdd3, core level after a 300°C
ultrahigh-vacuum(UHV) conditions at a base pressure of annealing step under Cd flux, leading tocé X 2) recon-
2x10 10 mbar. Throughout the figures of this paper, anstruction. Spectrda)—(d) were obtained at photon energies
annealing step under, e.g., Te-flux at 300 °C will be denoteaf 484 eV, 465 eV, 445 eV, and 428 eV. Below each spec-
by “300°C Te.” The detection anglep is 0° for normal trum the residual, i.e., the difference between the measure-
emission, i.e., the analyzer direction and the normal of theénent and the fit, is depicted. The quality of the spectrum and
sample coincide. The surface quality and the reconstructioni¢s fit is characterized by a statistical distribution of the re-
of the surface were monitored by low energy electron dif-sidual and by the magnification factor for each residual given
fraction(LEED); the surface composition was investigabed at the baseline of the residual. A pronounced SCLS of about
situ by XPS using MgK « radiation. 0.7 eV towards higher binding energy is detected for all mea-
All binding energies are given with respect to the Fermisurements, while the intensity of the surface-shifted compo-
energy of a sputter-cleaned Au foil in electrical contact withnent varies with photon energy and is maximizedhat=
the CdzZn)Te sample. Peak position variations within an en-445 eV (i.e., at a kinetic energy of about 40 eV with respect
ergy range of 0.2 eV due to shifts in photon energy werelo the Fermi energydue to a minimization of the inelastic
detected during the course of our experiments. Howevernean free path of the emitted photoelectrons. All fit param-
these variations do not affect the determination of surfac@ters as well as the SCLS are summarized in Table I. For the
core-level shifts presented in this paper. c(2x 2)-reconstructed GQ&n)Te(100 surface, no surface
All present fits were performed byy-minimization pro-  shift of the Te 25/, core level was foundnot shown. Thus
cedure of symmetric Voigt line shapes. A linear backgrounda Cd termination is deduced in agreement with results for
was simultaneously subtracted. It was assumed that thédTe100 from XPS/ scanning tunneling microscopy
Gaussian and Lorentzian contributions to the Voigt profile(STM),? x-ray diffraction;’ and synchrotron measure-
are identical for surface and bulk components, leaving thenents?®?
peak positions, the relative heights, the respective full width As mentioned, the relative intensity of the surface-shifted
at half maximum(FWHM), and the background as free pa- component at higher binding energy can be altered by vary-
rameters. ing the photon energy, thus influencing the inelastic mean
free path of the emitted photoelectrons. Determining the ratio
between the peak areas of the surface and bulk component,
one derives the data points depicted as full circles in Fig. 2
Throughout this paper, all data presented pertain tdthe solid line is intended as a guide to the )eykhe bulk-
Cdg.96ZNg 04T €(100) while results for the CdT@00) surface to-surface peak area ratio is minimizéc., the surface sen-
have been published previougR?! Both surfaces behave sitivity is maximized at a kinetic energy of about 40 eV with
rather differently, as can be derived from their surface phaseespect to the Fermi energgpproximately 35 eV with re-
diagrams?? During the course of our experiments, we find aspect to the vacuum levelwhile for smaller and higher ki-
general enrichment of Zn for €dn)Te(100 within the pho-  netic energies the relative surface contribution is reduced.
toemission information depth during annealing in UHV or Plotted on a double-logarithmic scale, the resulting curve can
under Cd flux as has first been reported by ‘twal 2 for be well compared to the dependence of the attenuation length
annealing in UHV. Sputter treatment reduces the Zn contentn the emitted electron energy given by Seah and D&nch
at the surface substantially. In both casg8dTe and and more recently by Powélland Gries® Thus, the varia-
Cd(zZn)Te], a spot profile analysis LEED investigation of the tion of photon energy can be easily used to identify surface-
(100 surfaces determined the step height between surfacghifted spectral components.

lll. RESULTS
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TABLE I. Fit parameters and results for the SCLS’s of Figs. 1, 3, 5, and 6. Also given are tleaMigrived photoemission peak area
ratios Cd/Te and ZfCd+Te) of Cd 3ds,, Te 3ds,, and Zn Jsp, levels. For the ZrCd+Te) ratio, the Cd 8l;,, peak area has been

multiplied by 2 in order to give equal weight to variations in the Cd- and Te-peak €mFasxplanation, see textThe investigated surfaces
are chronologically ordered from top to bottom (# denatek 1 eV).

Gauss Lorentz M&Ka XPS  MgKa XPS
¢ hv SCLS’s width width 1(Cd 3ds) 1(Zn 2p3)
+0.05eV *0.05eV *0.05eV  I(Te 3dsy) (2l cgt11e)
Fig. Element Preparation eV eV eV eV
1(a) Cd 300°C Cde(2x2) 0° 484 0.70 0.55 0.38
1(b) Cd 300°C Cde(2x2) 0° 465 0.70 0.56 0.39
1(c) Cd 300°C Cde(2%x2) 0° 445 0.68 0.57 0.39
1(d) Cd 300°C Cde(2%2) 0° 428 0.69# 0.54# 0.38#
3@ Cd 250°C Cdelx 1) 0° 444 0.66 0.56 0.38 0.53 0.17
3(b) Cd 250°C Cdelx 1) 30° 444 0.65 0.59 0.36
5(b) Cd 350°C UHV{2Xx 1) 0° 444 0.69 0.41 0.43 0.49 0.43
5(c) Cd 350°C UHV{1x1) 0° 444 0.66 0.43 0.41 0.44 0.79
6(b) Cd 350°C Tef2Xx 1) 0° 444 0.66 0.39 0.43 0.40 1.63
6(9) Te 300°C TeR2x 1)* 0° 613 0.93 0.82 0.52 0.47 0.31
6(d) Cd +350°C UHV2x1)* 30° 444 0.66 0.46 0.41 0.48 0.61

Such an identification is supported by a variation of thecourse, reduce the amount of Cd surface atoms and hence the
detection angle, as shown by the open squares in FHide2 intensity of the surface-shifted component.
rived from the photoemission spectra to be presented in Fig. As stated above, the open squares of Fig. 2 were derived
3). In this case of a nominally unreconstructéc 1) surface  from the data presented in Fig. 3 for the unreconstructed
[showing a(1x1)-LEED patterrj, the relative Cd surface surface. Here, the Cd signal shows a pronounced shoulder
contribution at normal emissiofopen square(1x1), ® [Fig. 3(@),(b)], while the Te signalc) can be readily ac-
=0°] can be enhanced by a variation of the detection anglesounted for by a single Voigt-profile. Again, this leads to the
e.g., by 30°[open square(1x1), ®=30°]. Note that the interpretation of a Cd-terminated surface, as expected from
bulk/surface intensity ratio for thélx1) surface at 0° is  the annealing procedure at 250 °C under Cd flux. The SCLS
larger than for thee(2x 2)-reconstructed surface. This is re- or the (1x 1) structure is only slightly smaller than that de-
lated to a higher degree of structural imperfections in therived for thec(2X 2) reconstruction(see Table)L
(1x1) case and perhaps to a Zn surface enrichment by the zg qemonstrated in conjunction with Fig. 2, an identifica-
various Sputter/annealing cycles p_erfor_med _be(qmant!ta- tion of surface-shifted components can be easily accom-
tive XPS data CO”'Q not be optamed in this gasén in- lished by variation of the detection angle and/or by varia-
creased Zn content in the terminating surface layer would, oﬁon of the kinetic energy of the photoelectrons. This
statement, however, has also to be viewed in the context of
photoelectron diffractiofPED) effects. As shown in Fig. 4,
the c(2x2) Cd-terminated surface shows pronounced dif-
fraction effects for low kinetic energies upon variation of
both, the photon energy and the detection angle, for the in-
tegrated Te 85, peak area, although the angular resolution
was relatively poor £10°). While the Te emission under-
goes significant changes of the emitted intensity, the Cd
3ds, signal hardly(if at all) oscillates with photon energy
and is reduced only at lower kinetic energies, presumably
due to a decrease of the photoemission cross section. Also,
o no PED effects can be detected by angular variatioot
20 30 40 50 60 70 80 shown. _ .
Kinetic Energy (eV) A quantum-mechanical caIguIaq@nbased on tabulated
muffin-tin local-density approximatiofLDA) potentials for
FIG. 2. Bulk-to-surface peak area ratio for the Cdkg photo- ~ Cd (Ref. 28 reveals a preference @ingle) forward scatter-
emission spectra of Fig. @solid line) and Fig. 3(open squares NG above a kinetic energy of about 35 eV relative to the
depicting the variation of surface sensitivity with kinetic energy of “muffin tin zero” which, for semiconductors, can be set ap-
the emitted electrong.e., with photon energyand detection angle. proximately equal to the Fermi level. Below 35 eV, the
The solid line is intended as a guide to the eye. The kinetic energysingle backscattering channel becomes dominant. The ratio
is referred toEr . of backscattering to forward scattering intensity at a given

Bulk / Surface Intensity Ratio
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FIG. 3. Photoemission spectra of the Cds3 (a, b and the Te 85, core levels(c) of the (1X 1)-unreconstructed Gan)Te(100)
surface. The surface-shifted component of the Cd signal at normal emiasisrsignificantly increased at=30° (b); no SCLS is detected
for the Te signalc).

electron energy ranges from 1dt 20 eV to 0.4(at 60 eV.  E,,,=23, 40, and 60 eVshould be corrected only slightly
Consequently, a detailed investigation of the PED effects iﬂowards lower bulk/surface intensity ratios.

the kinetic energy regime employed for the SCLS measure- The influence of a conventional sputter/annealing cycle in
ments will have to take both scattering pattes well as  yHy on the SCLS is shown in Fig. 5. For solely sputtered
multiple scatteringinto account. While, in our case, signifi- surfacesa, d no SCLS can be detected for either the Cd or
cant PED effects can be detected, a combination of photofg gjgnal, but the line shape cannot be described satisfacto-
energy varlatlon and change; in detection a.mgle.can be COIFl'ly by a symmetric Voigt profile, as can be seen from the
sidered as a viable qualitative method to identify Surface'residual. After sputter treatment, a short annealing of 20 min

shifted components of photoemission peaks. o~ i X
A detailed quantitative analysis of the SCLS spectra,at 350°C in UHV leads to a long-range orderk 1) re

however, has to be performed with great care. In the firsfonstruction with sharp LEED spofb, §. After further an-

approximation, for instance, a Te SCLS towards higher bing€aling (4 b, the order is_significantly reduced andfor

ing energy would, according to Fig. @e 0°), result in a (1x 1) domains occur(c, f). This is presumably due to an
diminished surface component for kinetic energies betweef"hanced Zn content, as can be derived from the last column
20 and 30 eV, while the surface contribution would be overAn Table 1. In both cases, the surface is identified as being Cd
estimated in the 30-40 eV range. Note that the evaluation derminated since no SCLS in the Tels3, spectra is detected.
Fig. 2 is nevertheless valid: in the case of a Cd SCLS théd Cd surface termination was also detected for annealing
PED spectrum in Fig. 4Cd 0°) shows an almost linear temperatures down to 250 °C. The SCLS for the well-ordered
behavior up to approximately 60 eV, thus diminishing the(2Xx 1)-reconstructed surface is slightly larger than in the less
surface component by an equal amount for spedfoa-1d).  well-ordered case. However, the difference is very small, so
For higher kinetic energies, the intensity is consi@ig. 4, that only a minor influence of the reconstruction on the
so that in this case the surface component is determined co6CLS can be concluded in this ca@=e Table ). The re-
rectly, while the first three data points in Fig. @e., sidual in Fig. %f) shows a slight deviation from the ideal
statistical distribution, suggesting the presence of an addi-
tional Te minority species which, however, contributes less

600
I than 2.5%.
500 F The results after annealing under Te-flux at various tem-
8 I peratures are shown in Fig. 6. An annealing temperature of
< 400 250°C under Te flux is obviously low enough to allow an
% I elemental Te multilayefestimated thickness-35 A) to be
D a00l formed(a, 6. No Cd is present within the information depth,
n‘_ while the Te line position significantly differs from the value
g 200 F o J for Te in CdZn)Te. The LEED investigation reveals an or-
2 Te 30 dered Te overlayer with a structure incompatible with
100 b J Cd(Zn)Te. Again, the residual deviates somewhat from the
ideal statistical distribution, suggesting the possible presence
0 i L L L L L of more than one Te speciés.g., different Te states at the
0 20 40 60 8 100 120 140 160 surface and within the Te layerHowever, the deviation is
Kinetic Energy (eV) again rather smallmagnificationx 8), so that a further de-

convolution would lead to ambiguous results. In contrast to

FIG. 4. Normalized integrated peak areas of the Cd and Tdhe formation of a Te layer at low (250 °C Jrannealing
3ds,, photoemission peaks as a function of kinetic energy of thel€mperatures, the opposite effect is observed for annealing at
photoemitted electrons at normal emissi6f) and for a detection 350°C Te(b, f): a SCLS for the Cd signal and a single
angle of 30°(Te 30°). Pronounced photoelectron diffraction effects Voigt-profile for the Te peak suggest a Cd termination for
are found for Te in the low kinetic energy regime. the obtained2X 1) reconstruction. Apparently, the annealing
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FIG. 5. Photoemission spectra of the Cd
(:SBPC Uy 3ds, (8)—(c) and Te 3g, (d)—(f) core levels of

Cd(Zn)Te(100 after sputter-treatmerig,d), of a
strongly (2X1)-reconstructed surface after an-
nealing at 350°C in UHV(b,e, and of a
(1x 1)-unreconstructed surface with a “weak”
(2X1) reconstruction [i.e., a minority of
(2x 1)-reconstructed arepsfter further anneal-
ing at 350 °C(c,f).
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temperature is too high to allow the Te atoms to form theing in 10~ ® mbar Te, a seconéperhaps ZnTg-phase is
terminating topmost layer. probably formed, which is stable during further annealing in

Finally, annealing at 300°C Te leads to the desired effectyHV.
of a Te termination: while no Cd SCLS is detected, the Te The experimentally derived SCLS’s from Figs. 1, 3, 5,
peak reveals a surface component shifted towards highemnd 6 are summarized in Table I. Here, the parameters of the
binding energy[Figs. Gc) and (g)] with a surface-to-bulk Voigt fits are also shown, together with the resulting SCLS
peak area ratio of 1:8. Both, photon energy and detectiofor the respective core levels. Note that the values of the
angle variation, identify this peak as a surface componeni.orentzian contribution to the FWHM of the Cd peaks are all
Note that the line position of this surface component differsvery similar(Cd: 0.4-0.05 eV, Te: 0.52 0.05 eV} and that
from the line position of the thick Te overlayer {g) by 0.4 the Cd and Te widths are larger than the results of Prince
eV, ruling out a Te overlayefi.e., Te atoms in a Te sur- et al. for the 4d levels of the CdT€L10 surface[Te: 0.3
rounding at this annealing temperature, in accordance with+0.1 eV, Cd: 0.25:0.1 eV (Ref. 11], as is consistent with
the stoichiometry derived from MK« XPS. This surface is theoretical predictions of atomic-level widtAfSExperimen-
thus identified as being Te terminated, as is consistent witkal results for metallic Cd and Te yielded a Lorentzian line-
recent results from a Te-rich,(2x 1)-reconstructed width for the s, levels of 0.33 eV and 0.61 e¥* respec-
CdTg100 surface derived from reflection high-energy elec-tively, in fair agreement with our results. The values of the
tron diffraction(RHEED) and ALE?® The Te SCLS derived Gaussian contribution to the FWHM vary due to the depen-
from the fit is significantly larger than any SCLS derived for dence of the photon energy linewidth on the source size of
Cd-terminated surface&see Table ), which will be dis- the stored electron beam at BESSY.
cussed below. A further 20 min annealing of this Te- For Cd 35, in thec(2X 2)-reconstructed surface we find
terminated surface in UHV at 350 °@, h) reverses the ter- a SCLS of 0.7 eV and a slightly smaller value for all other
mination again: a SCLS is detected for the Cd and not for theeconstructions. As mentioned above, the SCLS of @g,3
Te signal, similar to the results presented in Fig. 5 but for dor the Te-terminated surface is significantly largen eV),
different reconstruction. and the surface component is shifted towanigher binding

An interesting feature, which has not yet been observedgnergies, just as the Cd SCLS for the Cd-terminated surfaces.
occurs in the LEED structure of the Te-terminated surfaceThese values have to be compared with results previously
judging from the spot intensities and their sharpness, twgublished for the 4 levels of CdTe: for th€110 cleavage
different superstructures are superimposed. Intense and shaslane Princeet al. derive a SCLS for Cd and Te of 0.24 eV
spots can be identified with @X 1) superstructure, while and —0.26 eV, respectively* The Cd SCLS has been con-
additional less intense and broader features can be accounttianed by Wall et al!* For the (100 surface, Johret al.
for by a (y13/2x\5/2)R33.7° structure. This composite interpreted the Te $emission as a second Cd surface com-
structure[denoted(2X 1) * | remains after additional anneal- ponent and derive a Cd SCLS of about 0.6 eV a8 eV,
ing at 350°C in UHV. Since such a structure has not beemespectively*>* For one MBE preparation at 250°C, they
observed for CdTe, we suggest a possible connection withbserve a Te SCLS of 1.0 eV towards higher binding ener-
the influence of the Zn content in CZh)Te: during anneal- gies in addition to the Cd SCLS. Finally, Tatarenkbal.
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report a MgKa XPS study of a thin, strained CdTe layer on content changes simultaneously. The Zn atoms are expected
ZnTe(100), for which a value of 0.4 eV was obtained for the to occupy Cd sites and will thus change the intensity ratios,
Cd 3d;, SCLS with a pure Gaussian fitlt is no surprise  while the termination as derived from the Cd SCLS will be
that results obtained for th@10) cleavage plane are differ- unaffected. Judging from the Z@d+Te) ratio, however, it
ent to those reported here for the polaf0) surface due to is a general trend that in the course of our experiments the Zn
the different surface geometry and distribution of Cd and Tecontent in the probing volume is—with one exception—
atoms. Moreover, we present Cd and Te SCLS results otsignificantly increasednote that Table | is chronologically
tained for different surfacegi.e., Cd or Te termination  ordered from top to bottojn For the determination of the
while the SCLS results for the cleavage plane are determinedn/(Cd+Te) ratio, the Cd-peak area has been multiplied by a
from one single surface for both, Cd and Te. A more detailedactor of 2 in order to roughly eliminate the influence of
discussion of the SCLS will be given in the following sec- different ionization cross sections, information depths, and
tion. Comparing our results with those of the references foanalyzer transmissions. Thus, variations in both the Cd- and
the (100 surface, we notice apparent similarities such as dhe Te-peak area are considered with equal weight. The gen-
Cd SCLS towards higher binding energy of at least 0.4 e\Veral Zn enrichment at the surface is due to an interplay of
and also a Te SCLS towards higher binding energy. Howsputter-induced Zn reduction and of Zn enhancement during
ever, since the experimental and interpretational conditionannealing in UHV or 10® mbar Cd. The exception occurs
differ significantly, a more detailed comparison seems diffi-for the Te-terminated surfadd-igs. 6c),(g)] and suggests
cult. that the sputter-induced reduction of the Zn content in the
The evaluation of the Cd/Te and Z80+Te) peak area probing volume isnot reversed by the annealing step under
ratios of the Cd 85,, Te 3d;,, and Zn 25, levels as  Te flux, in contrast to annealing in UHV or under Cd flux. At
derived by MgKa XPS are also listed in Table I. A direct first sight, this finding is surprising, since the Zn atoms in
correlation between the Cd/Te ratios and the terminafiass Cd(Zn)Te are expected to occupy Cd sites. Thus, one would
has been assumed by Vet al. for CdTe (Ref. 4] appears expect a decrease in Zn content after annealing under a Cd
guestionable because of the above mentioned PED effectisix and a constant or an increased Zn content after anneal-
and is not possible in the case of @d)Te, since the Zn ing under a Te flux. However, the exponential dependence of



2076 C. HESKEet al. 56

the photoemission signal on the depth of the emitting atonterminated surface®.65—-0.70 eV and 0.9 eV, respectively
and on the inelastic mean free path leads to a decrease of thitaese SCLS values are equal or considerably larger than
Zn signal for a Te-terminated surfat@nce Zn atoms are not those reported for CdTe in the publications mentioned above.
allowed in the topmost laygras compared to a Cd- However, in comparing the different mechanisms leading to
terminated surfacewhere some of the surface Cd atoms aresych surface core-level shifts, we have to keep in mind that
replaced by Zp Therefore, the exception to the general in-in case of the cleavage plane the SCLS results for Cd and Te
crease of Zn surface content is directly correlated to the sukyere obtained from the same sample surface, while in our
face termination by Te atoms. case, Cd and Te SCLS’s pertain to geometrically and elec-
tronically different(100) surfaces. Thus, influences such as a
change in Madelung potential between bulk and surface or a
reduced screening of the photoemission core hole can be
A detailed understanding of the sign and magnitude of thevery different for the Cd and Te termination.
observed shifts requires a discussion of the origin of SCLS’s The question now to be answered is how different SCLS
in general. The SCLS’s of transition and rare earth metal®rigins affect the sign of the shift for unreconstrucige.,
have been explained on the basis of a narrowing of the vaayered surfaces. A change between the Madelung potential
lence band due to the reduced coordination number of atomecting upon bulk and surface atoms will lead to a @&)
on the surfacé®*® For compound semiconductors separateshift towards higheflower) binding energy, irrespective of
contributions to the SCLS’'s are still under debate. Asthe surface orientatiofi.e., (100 or (110)], since atoms of
pointed out by Egelhoff, a core-level shift can be related to apposite charge are missing from the immediate surrounding
change in the electronic density distribution, influencing bothof the emitting surface atom, in agreement with the SCLS
the initial and the final state of the photoemission procéss. interpretation for GaAd.10).% In case of a change in charge
An altered electron density can, in turn, be thought of as dransfer between cation and anion due to a different local
change in the Madelung potential between the bulk and theurrounding of surface atoms as compared to bulk atoms, a
surface®™ a charge transfer between anions and cationsjecrease in charge transfer is expeotegtonstructions ig-
which is different between bulk and surface atother a  nored. Thus, the surface peaks are shifted towards lower
bulk-to-surface change in the screening of the photoemissiothighep binding energy for CdTe), in accordance with the
core hole®* Also, hybridization effects! relaxations, and re- argument of Princet al. that the SCLS of CdT@10) has to
constructions have to be taken into account. be explained by an additional change in charge transfer,
In case of GaAKll10), Eastmanet al. interpreted their since the shift is too small to be accounted for only on the
SCLS results with a geometry-dependent initial-state chargbasis of Madelung effects. Again, this finding is irrespec-
transfer’® Monch pointed out that these SCLS’s can be ac+ive of the surface orientation. Finally, a change in final state
counted for solely on the basis of a change in Madelungcreening of the photoemission core hole at the surface re-
potential, since the calculated charge transfer is the same Bults in a SCLS towards higher binding energy for both Cd
the bulk and at the surfacé Princeet al. have transferred and Te atoms.
these results to thémore ionig CdT€110) cleavage plane So far, we have neglected any influence of reconstructions
and argue that their SCLS’s are significantly smaller than ther relaxations on the SCLS of Cd and Te. Moreover, polar
values expected for a sole reduction in the Madelung potensurfaces are known to lead to a depolarization effect of the
tial at the surface, so that other effects have to be taken inttbopmost layer because of the repulsive interaction between
consideration as welft A similar effect is reported by Pa- adjacent, equally oriented dipoles. Therefore both, the
olucci et al. for the highly ionic semiconductor PbS, for change in Madelung potential and the difference in charge
which no SCLS could be detected for natural crystals withintransfer between cation and anion are influenced, and hence
an accuracy of=0.1 eV In this case the SCLS is appar- the analysis of our results becomes more complicated than in
ently determined not only by the ionicity but also by otherthe simple discussion given above.
effects such as relaxatidfl. According to our results, both the Cd and the Te surface
For the CdT€é1L00) and even more for the Cdn)Te(100) peaks are shifted towards higher binding energies. Since
surface, a distinction of the origins of the SCLS seems verghese shifts are rather largend different for Cd and Teit
difficult. While a tight-binding calculation for relaxed10  seems unlikely that the major contribution is due to a de-
surfaces of 1lI-V semiconductdts yields results in good crease in final state screening. Moreover, the detailed inter-
agreement with experiments for 1#Pno such calculations pretation of our results can be different for both Cd and Te,
are known for the polaf100) surfaces of zinc-blende II-VI terminations. In the case of Cd termination, the SCLS is
compound semiconductors. This is presumably due to thprobably due to a combination of several effects. We believe
fact that the geometric structures of the reconstructed suthat the Madelung potential plays an important role due to
faces are currently just on the verge of clarification. the high ionicity of CdTe, even though depolarization is ex-
Several conclusions about the nature of the SCLS'’s, howpected. In addition, changes in charge transfer and final state
ever, can be derived from our data: the SCLS for Cd- andcreening may contribute. Note that for Cd termination, al-
Te-terminated C@&n)Te(100 surfaces are large and both most no influence of different reconstructions on the SCLS
lead to a surface-shifted component witigher binding en-  has been observed. This is not surprising since the major
ergy, in contrast to the results reported for th&0) cleavage contributions to the SCLS’s are predominantly determined
plane. While different surface reconstructions of the Cd-by the nearest-neighbor distances which generally are similar
terminated surfaces cannot be correlated to large changes fior different surface reconstructions.
the SCLS, there is a pronounced difference for Cd- and Te- In the case of a Te SCLS, we ascribe the large SCLS

IV. DISCUSSION
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towards higher binding energy primarily to the existence ofshifted components by variation of photon energy and detec-
the (2X1)* reconstruction. A geometric model for the Te- tion angle has been demonstrated and discussed.
terminated(2X 1) reconstruction of CdT@00) has recently Sputter-cleaned samples exhibit no distinct SCLS, while
been proposed, which is based on the formation of Te trimerannealing steps in UHV or under Cd flux lead to Cd-
at the polar surfac& In this model, the considerations given terminated surfaces with various surface reconstructions. An-
above would be invalid for the topmost Te atom of the sur-nealing steps under Te flux lead to a Te termination only at
face trimer, since it would acquire a somewhat positivelyappropriate temperatures; moreover, the Te termination is
charged naturgéas opposed to the negatively charged charunstable against further annealing under UHV, after which a
acter in CdTeleading to a higher binding energy. Moreover, Cd-terminated surface is formed again. Various preparation
the Te SCLS would be “Cd-like” in the sense that an influ- techniques have thus proven their ability to produce clean,
ence of the Madelung potential would lead to a Te SCLSwell-ordered, and stoichiometric surfaces of @) Te single
shift towards higher binding energy, as observed. Also, &rystals with a uniform surface termination. The ease and
slight decrease in final state screening is compatible with thiigh quality of the presented surface preparation by sputter/
experimental results. Further support for tf#< 1) trimer  annealing cycles may be of great importance for the epitaxial
model is derived from the fact that the Te termination couldgrowth of semiconductor heterojunctions without the need of
only be achieved under special preparation conditions, andin additional epitaxial CdTe buffer layer as substrate mate-
furthermore, that the intensity of the surface-shifted compof¥ial.

nent is rather small, in accordance with the idea that only the The sign and magnitude of the observed SCLS can be
topmost Te atoms of the surface trimer contribute to the Teexplained qualitatively on the basis of a dominant change in
SCLS. Thus, our experimental results for the SCLS of bothMadelung potential between surface and bulk atoms in the
the Cd and Te 85, can be qualitatively understood within case of a Cd termination and a large influence of the ob-
the framework of the present model, although a SCLS oferved reconstruction on the SCLS of the Te-terminated sur-
both elements, Cd and Te, in the same direction appeaface. Evidence for a geometric model of Te-trimer formation

surprising at first glance. for the Te-terminated2Xx 1)-reconstructed CdT&00) sur-
face can be derived from our results of the Te surface core-
V. CONCLUSIONS level shift for (2x1)* Cd(Zn)Te.

We have presented direct evidence for a straightforward
determination of the Q&n)Te(100-terminating surface
layer by photoemission surface core-level shifts. Due to the
high resolution of the PM5HE-PGM3 monochromator We would like to thank H. Neureiter, M. Sokolowski, F.
even at high photon energies, the low-lyinds3 orbitals of  von Ludowig, and S. Tatarenko for their help and useful
Cd and Te have been used for the SCLS determination, thudiscussions and the BESSY staff for technical support. Fi-
significantly reducing the number of fit parameters needed asancial support by the Deutsche Forschungsgemeinschaft
compared to thed levels. The viability of detecting surface- through SFB 410 is gratefully acknowledged.
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