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Segregation and interdiffusion effects during the formation of the Mn/CdZn)Te(100) interface
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The formation of the Mn/C@&n)Te(100) interface has been investigated with soft x-ray excited photoelec-
tron and Auger electron spectroscopy. Apart from a metal-semiconductor interface with a valence-band maxi-
mum 1.05 ¢-0.10 eV below the Fermi energy, several interesting effects such as interface compound forma-
tion, Te-segregation, surface photovoltage effects due to metal-induced band bending, and the formation of a
secondary Te phase have been observed. The results are discussed in the framework of a layer model. A
schematic electronic structure of the MniZd)Te(100 interface is derived for different Mn coverages.
[S0163-182607)00428-1

[. INTRODUCTION gation effects stem from investigations of noble metal-CdTe
or (Hg,CdTe interfaces*~*°Thus, our investigation aims at

CdTe-based lI-VI-compound semiconductors have ata clarification of the interdiffusion and segregation processes
tracted considerable interest due to their present and poteand the nature of the growing Mn overlayer on a CdTe-
tial applications for semiconductor devices. The tunability ofrelated ternary substrate by employing a larger range of pho-
band gaps and lattice parameters by concentration variatiaion energies than in previous studies of the Mn/GQd16)
in ternary compounds is a basic prerequisite for a successfirterface®34°
device fabrication with techniques such as molecular beam
epitaxy(MBE) or atomic layer epitaxyALE). CdZn)Te, for
example, is commonly used as a lattice matched substrate to IIl. EXPERIMENT
HgTe/CdTe superlatticdswhich is motivated by the use of
Hg-containing 11-VI compounds for infrared applicatiohs. Photoemission experiments were performed at the plane
Frequently, CdTe-layers are grown on commercialZbyTe  grating monochromator PMEHE-PGM3 beamliné’ of the
substrates, since the Zn “dopindtisually in the range of 4 BESSY synchrotron source using the HIRES spectrometer
at. %9 increases the electrical conductivity of the contacting(base pressure ¥ 10~ 1% mbapy and a separate MBE cham-
substrate. This is also very desirable in synchrotron photoper (4 x 10~ '° mbap. Polar(100) surfaces of commercial,
emission experiments, since the high photon flux is concenmominally undoped O@n)Te single crystals with a nominal
trated on a small area of incidence, thus frequently leading to'n content of 4% were prepared by 1 keV Aion sputter-
charging effects in spectra of low-conductivitj.e., un-  jng and annealing under Cd flud0~® mbap at 300 °C.
doped samples. After several sputter/annealing cycles, a low-energy

Most photoemission studies of CdTe have been pergjecyon.diffraction and x-ray photoelectron spectroscopy
formed on thg110 cleavage plane of the zinc-blende lattice. and (XPS) investigation at room temperature revealed a

For MBE or ALE purposes, however, the polar, nondeavag?/vell-ordered, clean, and  stoichiometric c(2X2)-

(100 surface is of major importance. Single crystal surfaces . . .
T - ; reconstructed surface, which has previously been determined
of this orientation can be prepared in a well-ordered, clean

stoichiometric, and uniformly terminated way by s:uccessive130 be Cd terminated for both, Cdl®)) and CdZn)T&(100

5,6,42,43 G HAMinAT
sputter/annealing cycles under various annealing condition%urfacesg' Due to the Zn “doping” of the crystal, no

(e.g., under Cd-flux, under Te-flux, and also in UHA®. chqrgg comper_lsation had to be applied during the photo-
Among the ternary 1I-VI semiconductors, the semimag-€MISSION experiments.
netic, Mn-containing compounds play a prominent role in Mn deposition was performed at room temperature from a
magneto-optical applicatiofs'® Cd,_,Mn,Te, in particu- Mn lump held in a resistively heated tungsten wire and
lar, has attracted considerable interest, but also interfaces gtonitored with a quartz microbalance prior and after each
MnTe with CdTel®32 deposition step. The given nominal Mn film thicknesses de-
We have chosen to investigate the Mn(2a) Te(100) in- rived from the quartz microbalance were verifi@dsitu by
terface as a simplified starting-point system for semiconducMg Ka XPS, which has also been used to derive spectra of
tor heterointerface studies involving &h)Te and Mn- the MNN Auger decays of Cd and Te and of the hoto-
containing 1l-VI compounds. Moreover, as has been pointecdmission of the Mn overlayer. Throughout the experiments
out by Wall et al,® interdiffusion at the interface of Mn/ presented in this paper, checks of surface cleanliness were
CdTg110 leads to the formation of a @hlin)Te alloy at the  performed but no oxygen or carbon contaminations could be
(110 surface. Further evidence for interdiffusion and segre-detected.
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JW‘\ g-gé edge with respect to the Fermi energy of the instrument, as derived
ﬂ\ 0.4 A from the photoemission spectra in Fig. £0.05 e\). The Fermi
% 8-g§ energy of the instrument was independently determined from a Au-
M 01A foil reference in electrical contact with the sample.

0A

6 4 2 0=E¢ a metallic Mn layer is formed, which induces a band bending
within the quaternary compound resulting in a surface pho-
tovoltage effec®>! (Fig. 2) and the formation of a Schottky
barrier interface(Figs. 3, 4. In the intermediate coverage
FIG. 1. Photoemission spectthy = 90 eV) of the valence- range(O_B A_]_O ,5), a second phaqeo be named “Mn-Te
band region of CZn)Te(100) (0 A Mn), for increasing nominal phase’, consisting of Mn and Te, is formed on top of the
Mn coverage(0.1-120 A Mp and after removal of a few atomic Mn film, as can be deduced from photoemissiBigs. 3, 5
Igyers by short sputter treatment. Hatched areas denote the formghd Auger emission resuliigs. 7, 8 and from the fact
tion of a band altg ~ 4 eV due to a secondary phase and the, ¢ hroughout the Mn deposition, some Te floats on top of
evolutlon of the Fgrml edge, revealing a surface photovoltage effecghe metallic Mn film(Figs. 5, 8. An investigation of the Mn
for nominal Mn thicknesses between 1 and 10 A, 3s and 25, core levels is given in Figs. 9 and 10, which
reveal two different Mn phases for the first few deposition
IIl. RESULTS AND INTERPRETATION steps. Finally, in Figs. 11 and 12, the above sketched inter-
A series of successive Mn deposition steps onto a_{ace model will be di_scu_ssed in more detalil asa layer scheme
c(2x2)-reconstructed, Cd-terminated @) Te(100) surface including a s_chematlc view on the elect_romc structgre.
is shown for the valence-band region in Fig. 1. With increas- NéXtwe discuss the observations derived from Fig. 1. The
ing coverage, four different effects can be detected. First, the
split-off band of the pristine G&n)Te between 4 and 6 eV

Binding Energy (eV)

T T T T
hyv= 90 eV Cd 4d, Zn 3d, Te 5s

(Refs. 44 and 4bis attenuated. Second, an additional emis- sputiered
sion feature at approximately 4 eV appears in the rr— ] 13%
intermediate-coverage rang@.3—10 A and cannot be de- MM 6A
tected for large Mn coverages. Third, a Fermi edge can only M\M gﬁ
be resolved for nominal Mn coverages 1 A. Finally, the 2 Ju 2A
position of the Fermi edge in the intermediate-coverage 2 __"_,,//\\Nw }';A
range(1-10 A) is detected well above the Fermi energy of % \\A 05 A
the system, as derived from a gold-foil reference in electrical — °
contact with the sample. This last effect is due to a surface I 08 A
photovoltage, as will be discussed below. Tg sk
The results of Fig. 1 give evidence for a layer model 5 '
which is the result of a combination of all data of this z 03A
paper. This model is briefly introduced in this paragraph in
order to facilitate the reading. During the first few deposition 02A
steps up to a nominal Mn coverage of 0.8 A, an interdiffused 014
Cd(Zn,Mn)Te quaternary semiconductor is formed has simi-
larly been reported by Wa#t al>3 and confirmed by Happo : : : : oA
et al*® for Mn/CdTeg110). This is derived from the fact that 14 13 12 1 10 9
no emission at the Fermi energy can be detected for cover- Nominal Binding Energy (eV)

ages belw 1 A and from the different attenuation behavior

of Cd, Zn, and Te core level emission with increasing Mn  FG. 3. Photoemission spectra of the Cdl evels(hy=90 eV).
coveraggsee below in connection with Fig).6For the Mn/ At higher binding energies11.8—12.5 eV, the surface-shifted
CdTe110 interface a metallic Fermi edge is detected onlycomponent of the Cd d signal is visible. Emission from the Te
for larger Mn coveragé3 A)**“C which is presumably due 5s signal and the Zn 8 levels is superimposed on the low binding
to the different surface orientation. For coverages above 1 Agnergy side of the dominant Cai4eature.
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0.6 T T T T T For the determination of the Mn-induced band bending in

the underlying semiconductor, the SPV shift of the reference

< 051 * level has, of course, to be taken into account. Figure 2 shows

ﬁ 04} the position of the Fermi edge as derived from the spectra in

= Fig. 1 with respect to the Fermi energy of the instrument. By

i 031 employing the SPV correctiofi.e., by shifting the spectra

o got tow_ards higher memg energy by the valugs given in Fjg. 2

_c;%' a simultaneous calibration of the spectra is performed.

3 0.1 uncorrected The (uncorrectell photoemission spectra of the shallow

O 6.0 i Cd 4d levels are shown in Fig. 3. The spectral feature con-
sists of a superposition of the spin-orbit split Cds4 and

0 ; 5 3 7 5 6 4dg, levels for bulk Cd atoms, the surface-shifted compo-
. nents[which can be seen as a shoulder at higher binding
Nominal Mn Thickness (A) energy between 11.8 and 12.5 éRefs. 3, 5, 33, and §2the
Zn 3d emission, and the Tesbemission. Zn 8 and Te
~ FIG. 4. Binding energy shift of the Cdd, peak with increas-  heaks show dispersion kiresolved studié€®3and contrib-
ing Mn coverage £0.05 eV}, as derived from Fig. I_Guncorr(_acted ute to the low binding energy side of the Cd peak§5'52*5‘!
curve. Employing the surface photovoltage correction of Fig. 2, the o oy 44 intensity decreases with increasing Mn coverage
UPper curve 1 tha'netspv'correaeﬁ After the 'n't"ﬂ.’“ stage of .and can be completely suppressed by thick overlayers. The
interface formation a constant downward band bending of approxi; . . " . I3
mately 0.5 eV is induced. Iow_—mtensny peak aEgz~10.3 eV in '_[he_ 30 and 120 spec-
tra is presumably due to Te 5s emission, since there is con-
additional spectral feature at 4 eV in the intermediate coversiderable Te d emission even for thick Mn layersee dis-
age range of Fig. 10.3—10 A has frequently been investi- cussion of Figs. 5 and)6A correlation with segregated Cd
gated in photoemission studies of semimagnetic II-VI semi-as suggested by Wadit al. for Mn/CdTg110) (Ref. 33 can
conductor compounds. It has been assigned to a Mhbe ruled out, since no Cdd3emission is detected for a nomi-
3d-derived contribution to the density of states by employingnal Mn thickness of 120 A.
a Fano-like Mn 3-3d resonant excitation betweén = 47 After removal of the topmost layers by short Arsput-
and 50 eV, thus enhancing the Mn contribution to thetering no Cd 4l emission is detecte@opmost spectrum
valence-band spectfa;14-18.22.23.25.28.31.33.4048. 415 vever,  hence no Cd is dissolved in the Mn layer within the detection
an unambiguous assignment to a certain chemical state, e.¢imits of photoemission40.1%. Moreover, no evidence for
in a Mn film, a Mn-Te phase, or a quaternary(Zd,Mn)Te  the formation of a second, Cd-containing species in the in-
compound is difficult in our case, since an increased Mntermediate coverage range is found. However, the peaks are
derived emission in this binding energy range is detected foshifted towards higher binding energies for nominal Mn cov-
various x values of Cd_,Mn,Te, including pure MnTe erages above 0.3 A, suggesting a downward band bending.
(see, e.g., Refs. 31-B3Moreover, a similar feature at Note that the spectra shown are not corrected for the SPV
Eg~4 eV has been observed for Mn/G4A80 and inter- effect, so that in the intermediate coverage range the shift of
preted in terms of an occupancy of the Md Bajority-spin  the peaks is even enlarged by the values given in Fig. 2. This
band of fcc Mn*®4°We nevertheless favor the assignment asenlargement is depicted in Fig. 4, in which the shift of the Cd
a quaternary C@&n,Mn)Te compound located at the inter- 4ds, maximum is given with respect to the position for the
face between GQ@&n)Te bulk and the Mn overlayer, since no pristine CdZn)Te as derived from the raw dat@wer curve
emission at 4 eV is detected in thegh-coverage spectra of and after the correction for the SRMpper curve Above 0.8
Fig. 1. This is compatible with the photoemission informa-A, the formation of the quaternary compound(Zd,Mn)Te
tion depth, which is then smaller than the Mn overlayeris accompanied by the formation of a metallic overlayer,
thickness, and with the information that a Mn-Te species isnducing a downward band bending ef 0.50 =0.05 eV
present on the surfadsee below. (after SPV correction At a nominal Mn coveragef@ A the
As already mentioned above, the detection of photoemisband bending is completely developed and remains constant
sion intensity above the Fermi energy can be related to #or further deposition steps up to 30 A. Very similar results
surface photovoltageSPV) effect, i.e., the generation of have been obtained from the Cd 8ore levels(not shown
charge carriers which are separated by a metal-induced barshd can be derived for the Md3ontribution atEg~ 4 eV
bending®®>! This separation leads to a photon-induced accu{see Fig. L For Mn coverages above 30 A no Cd photoemis-
mulation of positive or negative charge at the interface desion from the substrate could be detected due to the limited
pending on the direction of band bending. This interpretatiorphotoemission information depth. Hence no further informa-
of a SPV effect is supported by the fact that for higher Mntion on the band bending behavior can be deduced for thick
coverages ¥ 10 A) the Fermi edge is shifted towards higher Mn overlayers.
binding energies. It then coincides with the Fermi energy of Note that the downward band bending derived from the
the instrument, as is consistent with improved screening b¥od 3d and 4d levels is consistent with the observed SPV
the increasing metallic overlayer. The detection of a Fermeffect, since a downward band bending will force the elec-
edge at a kinetic energy higher than that of the Fermi energtrons to accumulate at the surface, while the holes will dis-
reference has also been reported by Jehal. for Ag on  solve into the bulk. Hence, the surface will be negatively
n-type CdT&€100 in conjuction with a metal-induced down- charged and the photoemission spectrum will be shifted to-
ward band bending’ wards higher kinetic energies, leading to the detection of
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electrons above the Fermi energy of the instrument. faces with CdTe, (Cd,HQTe, or HgTe report on Te

The photoemission spectra of the Tés4 and 4ds, core  segregatiori” 8 This is consistent with our findings that a
levels are shown in Fig. 5. Again, the spectral features argignificant amount of Te remains on the surface throughout
shifted towards higher binding energies with increasing Mnthe whole interface formation process.
coverage due to the downward band bending. As is the case An unambiguous interpretation of the second Te species
of the Cd levels, the shift towards higher binding energies isn the intermediate coverage range, however, is difficult. An
further increased after correction for the SPV effect. A secinfluence of Zn can probably be neglected, since the nominal
ond Te species at lower binding energies evolves in the incontent is small and the Zn signal is rapidly attenuated by
termediate coverage range=0.8 A), which is at variance increasing Mn coverageee below No second phase can be
with a recent study of the Mn/GeZngode(11])  detected for the Cd dt levels or in the CAMNN Auger
interface>® This discrepancy may be due to the different sur-spectra(see below, Fig. B thus suggesting that the second
face orientation/preparation and/or the improved experimenphase solely consists of Mn and Te. Nileisal. have inves-
tal resolution in the present study. For large coverage$Q tigated the epitaxial growth of MnTe on Cd40).3? They
R), significant Te intensity can still be detected, even thougheport on a chemical shift of the Teddevels from CdTe to
the nominal Mn coverage is by far larger than the informa-MnTe towards higher binding energies, in contrast to the
tion depth[note that at I = 90 eV the kinetic energy of the second phase detected in our study. However, we expect the
Te 4d levels is close to the minimum of electron escapesecond phase to form on top of a metallic Mn layer, so that a
depth at 40 eMRef. 5]. After a short(5 min) sputter step core level shift in the MnTe layer could be influenced by the
removing just a few atomic layers the Te signal is com-(underlying metallic Mn layer. Furthermore, the metal-
pletely suppressed and an elemental metallic Mn overlayer imduced downward band bending only affects Te atoms
detected. Obviously, a significant amount of Te segregates t@ithin the CdzZn,Mn)Te interface and the G@An)Te bulk,
the surface of the metallic Mn film. A comparison with the hence leading to a shift towards higher binding energy only
Te 4d peak area of the pristine surface reveals a Te overlayéor these Te atoms. The same arguments could be applied for
thickness of approximatgl4 A for the spectrum with a elemental Te as well, for which, according to the data col-
nominal Mn coverage of 120 A. lection of Wagner, a shift should be detected towaridger

This finding sheds new light also on the initial stages ofbinding energies going from CdTe to ¥&While the forma-
the interface formation: for small Mn coverages the interdif-tion of a MnTe overlayer still seems the most probable ex-
fusion should be regarded as a Te segregation effect rathgfanation, an unambiguous proof has yet to be found.
than an in-diffusion of Mn and a replacement of Cd atoms byThroughout this paper, we will hence denote the second spe-
Mn atoms®“° a segregation effect in compound cies as the “Mn-Te species.”
semiconductor-metal interfaces is not unusaVloreover, In the above discussion we have stated that segregated Te
Te has been used as a surfactant in 1lI-V semiconductor efis present throughout the interface formation. This behavior
itaxial layers2’ Several investigations of noble-metal inter- is depicted in Fig. 6 in which the peak areas of the Cd and Te
4d features are plotted against the nominal Mn thickness.
The peak areas were normalized by the peak areas from the

—
hv= 90 eV

—
Te 4d pristine CdZn)Te surface. While the attenuation of the Te
sputtered signal is small for coverages up to 10 A and above, two
120 A different intensity behaviors can be observed for the Cd sig-
30A nal. Up to 1 A, the Cd signal is rapidly reduced, while for
2 oA coverages ab@/1 A amuch smaller decrease is detected.
@ 6A The Cd attenuation is, however, always larger than that of
[
kS 4A
3 3A
2A
= 14 A
£ 1A ©
S 08A 0
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4
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03A o
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FIG. 5. Photoemission spectra of the Td kevels (hv = 90 0 2 4 6 ) 8 10
eV). In the intermediate Mn-coverage ran@e8 A—10 A, a second Nominal Mn Thickness (A)
Te phase begins to be formed at lower binding energies. All spectral
features are shifted towards higher binding energy with increasing FIG. 6. Intensity attenuation of the Cd and Té ghotoemission
Mn deposition due to band bending. Even at high Mn coveragesieatures of Figs. 3 and 5 for increasing Mn coverage$0 %). The
significant Te emission is detected, which is completely eliminatechormalized peak areas are referred to as the pristifgrJtle sur-
after short sputter treatment. face.
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FIG. 7. Te MsN4sN45 and MyN 4N 45 Auger spectra for in- FIG. 8. Cd M5N 45N 45 and MyN 45N 45 Auger spectra as well as

creasing Mn coverage obtained with M@a irradiation. In the  Te 3py, photoemission for increasing Mn coverage obtained with
intermediate-coverage range, a second Te species begins to Mg Ka irradiation. Throughout the interface formation, no evi-
formed. dence for a second Cd species is found.

Te, with the consequence that only Te atoms are detected Since no Te Auger peak position data are reported for
within the photoemission information volume for large Mn MnTe (Ref. 59 and changes in both, initial state binding
coverage$120 A). Very similar results are obtained for the energy and final state effects can be induced by the underly-
3d,, levels of Cd and Te, thus ruling out explanations basedng metallic Mn layer, a rigorous identification of the sec-
on the Zn 3l and Te % contributions to the Cdd peak area ondary phase is hardly possible. However, the two times
or on different information depths for Cd and Te. Further-larger shift in the Auger spectra clearly indicates a consider-
more, both, the Te &;, and 4 levels are detected at lower able screening contribution, probably by the metallic under-
kinetic energies than the respective Cd levels, so that kyer, hence supporting the above interpretation of the
smaller information depth would be expected for the Te sig-Mn-Te species as MnTe. In addition, the Cd;Nl 5N 45 and
nal. The Zn signal shows a qualitatively similar attenuationM 4N 45N 45 Auger spectra in Fig. 8 support the assumption
behavior as the Cd signal as derived for the Zm,2level that Cd is not involved in the formation of this secondary
from an investigation with Md< « excitation. Thus, as stated (Mn-Te) phase: no significant shifts or changes in line shape
above, a Te segregation rather than Mn indiffusion carof the MsN 45N 45 peak are detected, even though large dif-
clearly be derived from our experiments. ferences in line position were reported among elemental Cd
In order to gain more insight into the formation of the and different Cd-group VI compound$.Note that the
Mn-Te species in the intermediate-coverage range, we hav@dM 4N 4N 45 Auger peak is superposed on the Tp;3
also recorded Te MN 4N 45 and MyN 4N 45 Auger spectra  photoemission peak, so that an enhanced intensity is detected
using MgK « irradiation(Fig. 7). In the Auger case, the final at E,;,~384 eV even in the high-coverage spectr(6a A).
state contributions to the detected peak position can be abotihis is again due to the fact that a significant amount of Te
3 times larger due to the double-hole final state as compareatoms floats atop the Mn overlayer, while the emission from
to the photoemission cagene-hole final staje®® Thus itis ~ Cd atoms is completely suppressed. The superposition of the
not surprising to detect the formation of the second Te speM 4N 45N 45 and Te 34, peaks is also obvious from the in-
cies (i.e., the Mn-Te specigdn the intermediate coverage creased area of the NN 4N 45 peak, as compared to refer-
range of the Auger spectra as a shift approximately twice asnce spectra for elemental Caef. 60 and to the Te Auger
large as in the photoemission ca#lee formation of the sec- spectra in Fig. 7, and from the enhanced shoulder of the
ond phase is most easily seen in thgMWsN 45 spectra at a M 4N 45N 45 peak at higher kinetic energy.
kinetic energy of 490-495 gV Again, significant Te emis- The Mn 3s core level spectra for increasing Mn coverage
sion can be detected for large nominal Mn coverages. Thare presented in Fig. 9. Three different effects are observed.
spectra for high nominal Mn coverages are shifted toward&irst we find a significant shift of the Mns3main line to-
smaller kinetic energies due to the SPV effect. Between thevards smaller binding energy for the first five Mn deposition
30 A and the 120 A spectra, the shift4s0.4 eV, which is  steps. This shift is attributed to the formation of a second Mn
comparable to the values derived from the above Fermi edggpecies, as will be discussed bel@vig. 10. While the peak
investigation with synchrotron radiation. This is not surpris-position of tte 2 A spectrum is mainly representative for Mn
ing, since the magnitude of the SPV effect depends onlyn the CdZn,Mn)Te compound, the second species is asso-
logarithmically on the incident photon fltt. ciated with the metallic Mn overlayer. Note that the metal-
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of this satellite structure has been attemgted®In our case,

T ' I ' i T T
hu=1253.6 eV Mn 3s such an approach seems hardly possible, since the determi-
nation of the satellite intensity is obscured by the background
feature atEg~87.5 eV, which is presumably due to Zn
3pa emission. Within this limitation, however, no signifi-
> cant changes of the satellite intensity or energy are observed
2 N with increasing Mn coverage. Furthermore, the validity of
g : such an approach is questionable, which also has been
= 120 A pointed out by van Ackeet al®* They showed in a careful
I A 60A study of the Fe 8 core level in different compounds and
T e o fgﬁ alloys that there is a poor correlation between magnetic mo-
% e 1g§ ment and Fe 8 splitting or satellite intensity ratios, and that
pd 2 8A even Pauli paramagnets exhibs 8plitting. They argue that
gﬁ too many effects contribute to the intensity ratio and energy
separation for a simple correlation with the local magnetic
moments.
As mentioned above, further evidence for the formation
of a CdZn,Mn)Te quaternary compound can be derived

from the existence of two Mn species in the low-coverage
regime. In addition to the Mn 8shift of Fig. 9, these two

Binding Energy (eV)
species can be detected in the Mpg2 core level spectra of
FIG. 9. MgKa photoemission spectra of the Mis 8ore level ~ Fi9- 10. Here, only spectra for the first three deposition steps
with increasing Mn coverage. For a discussion of the satellite struc@® presented. Clearly, a Mn species associated with the qua-
ture atEg~ 85 eV and the shifts of the main peak see text. ternary CdZn,Mn)Te compound aEg~640.5 eV can be
distinguished from the metallic Mn speciesEg{~638.4 eV.

. It is not quite clear from the present data whether the broad

'“duc_ed band bending of the Cd and Te core levels is NO%tructure around 640.5 eV actually represents one or more
effective for the Mn core levels of the overlayer atoms. Sec-

. : . . -~~~ distinct Mn species associated with the quaternary interface
ond, th? MQ.?’ETA"’“” peak is Shfltth?d _tO\(/jvardts mgherdblrl(_jlng ompound or whether various satellites contribute to the
?hnersggvorﬁlg tf nt(r:](_)vkeragfs"._ IS ISI uetothe Le uc |((;nfo pectrum such that the observed “multipeak™ structure re-

€ etect for thick metallic overlayers, as ObServed 101y, ;s - A gecision is presently impossible since the satellites

the Cd and Te core levels as well. Finally, a satellite SrUC¢ the 2p.), peaks are expected to be very different from

ture atEg~85 eV can be d_etected in the high-coverage ®ihose of the 3 peaks>! The line position for the metallic
gime. T.h's structure is of interest because a derivation o pecies remains constant until the reduction of SPV effect
magnetic properties of the Mn atonfe.g., the local Mag-  pecomes effective for high Mn coverages, leading to a final
netic moment based on the energy separation and 'mens'%eak position ofEg~638.8 eV(not showi. Note that at a
nominal coverage fo2 A approximately equal intensity is
observed for both specie@fter background subtractipn
This is in good agreement with the existence of a Fermi edge
for Mn coverages=1 A and with the fact that the formation

of the quaternary Gd&n,Mn)Te compound is apparently
completed at that stage of the Mn/@a)Te interface forma-
tion.

hv=1253.6eV

Mn 2ps,

IV. CONCLUDING DISCUSSION

The experimental findings of the preceding section are
summarized in a layer model depicted in Fig. &l layer
thicknesses given pertain to the deposition series of Figs. 1,

-] 6A 3, and 5. For low nominal Mn coveragetelow 1 A), the
absence of a Fermi edge in the valence-band spectra suggests

Normalized Intensity

FIG. 10. MgKa photoemission spectra of the Mrpz, core

2A
oA

644

642

640

638

Binding Energy (eV)

636

634

4A an interdiffused, quaternary Cth,Mn)Te semiconductor in

the surface region. This is corroborated by the attenuation
behavior of the Cd, Zn, and Te signals: interdiffusion pro-
cesses take place in the low-coverage regime, in which the
Cd and Zn signals of the previously Cd-terminated surface
are rapidly attenuated and the Te-segregation starts.

In the intermediate-coverage rang@e-10 A Mn) a metal-
lic Mn layer is formed, inducing a band bending in the un-

level for nominal Mn coverages up to 6 A, revealing at least twoderlying quaternary compound. This is derived from the evo-
different Mn species.

lution of a metallic Fermi edge, from the Cd core and
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FIG. 11. Schematic layer model of the Mn/@d)Te interface formation as a function of nominal Mn thicknessBelow 1 A, an
interdiffused quaternary semiconductor is formed near the surface. Up to 10 A, a metallic Mn layer with an additional, Mn- and Te-
containing species is detected. For thicker Mn layers, the segregation of Te is observed, which can be completely removed by short sputter
treatment. The nominal Mn thicknesses given pertain to the synchrotron measurements of Figs. 1, 3, and 5.

shallow valence level shifts, and from the existence of als by 0.15 eV[Eg(Cd 4ds,) = 10.95 e\. This finding
surface photovoltage effect. Simultaneously, a Mn-Te spesuggests a shift of the Fermi energy within the semiconduc-
cies is formed, as seen in the photoemission spectra of the &gr and/or a decrease of the band gap. The latter interpreta-
4d core level. As discussed above, this species is difficult taion would be in contradiction to the increase of the band gap
assign, but the formation of manganese tellurinTe)  in the order CdTe-ZnTe-MnTe, i.e., with band gap widening
seems most likely. The Mn-Te species is identified as locatedue to the alloying of C@n)Te with Mn 1:65.66.69Tha down-
on top of the metallic Mn layer for several reasons. First, weward shift of the Cd 4, level can be interpreted either as a
find a significant Te segregation to the surface even for largehemical shift due to the change of the environment induced
Mn coverages. Second, the observed band bending is derivég the Mn alloying or by a change of the surface band bend-
from the Cd photoemission signal, i.e., the band bending anghg due to an altered surface density of states.
the SPV effect are induced at an interface where Cd atoms At nominally 6 A Mn, the metallic Mn layer on top of the
are present. This can, however, only be the case if the mesd(zn,Mn)Te compound is formed and the band bending
tallic Mn layer grows on top of the quaternary @d,Mn)Te  induced by the metal-semiconductor interface is fully estab-
compound, thus ruling out the presence of a Mn-Te speciefished. Taking the SPV effect into account, one arrives at a
at this interface. Third, the Mn-Te species becomes dominartirther downward shift of the Cdds,, core level by 0.35 eV
in the upper Mn-coverage regime, while on the contrary thg g;(Cd 4ds;,) = 11.30 eM. Of course, no VBM of the
Mn 3d-derived valence region emission featuresat €V is  Cd(zZn,Mn)Te can be derived from the spectrum at a Mn
attenuated by the increasing Mn overlayer. This valence feazoverage of 6 A. However, no changes in the band gap are
ture is thus assigned to the (Zuh,Mn)Te quaternary com- expected once interdiffusion becomes negligible and the
pound. Finally, short sputtering immediately removes theformation of a metallic Mn layer begins. Thus, thertual)
second Te species found on thick Mn films. These observayBMm for a nominal Mn coverage fo6 A can be well ap-
tions unambiguously lead to the conclusion that the Mn-Teproximated by the VBM position of the 0.8 A Mn measure-
species is located on top of the Mn layer. ment, corrected by the band bending as derived from the Cd
The presence of Te on top of the Mn film and the com-4d,,, level. We then arrive at &irtual) energy difference
plete removal of Te atoms from the Mn film surface by apetween the VBM and the Fermi energy of 1.05@.10 eV.
short sputter-treatment gives strong evidence for a significanthis value represents the potential barrier to be overcome by

Te segregation during interface formation. After the sputteiholes on their way from the metallic Mn layer into the
step, only Mn atoms within a metallic surrounding can be

detected. Obviously, a purely metallic Mn film exists inbe- Cd(Zn)Te Cd(Zn,Mn)Te  Mn/Cd(Zn,Mn)Te
tween the C@n,Mn)Te quaternary semiconductor com- © A Mn) (©.8 A Mn) (6 AMn)
pound and the Mn-Te overlayer. Ec Er
According to this layer model, three nominal Mn cover-
ages are of particular interest for the determination of the
(schemaitig electronic structure of the interfacEig. 12: at

0.70 eV

0.80eV

VBM

0 A nominal Mn coverage, the pristine Gh)Te surface is 3 3 L--VBM

characterized by the energetic difference of 0.80 eV 8 3

(*£0.10 eV} between valence-band maximuBM) and Cd - T

Fermi energy(i.e., the reference level in our photoemission 4ds/ —

experimen), as derived from a linear extrapolation of the I 4Cg
5/2

valence-band edge. The binding energy of the g Aevel
(with respect tdEg) is regarded as representative of changes
in the band bending of the substrate and is derived as 10.80

eV (*£0.05 eV in this case. FIG. 12. Schematic model of the electronic structure at different
For a nominal coverage of 0.8 A Mn, no Fermi edge isstages of the Mn/Q&n)Te interface formation: pure CZn)Te (0

yet detected. At this point, the quaternary(Za,Mn)Te sur- A Mn), interdiffused C@n,Mn)Te (0.8 A Mn), and the Mn/

face is investigated. The formation of the quaternary comCd(Zn,Mn)Te Schottky barrie6 A Mn). An E.-VBM difference

pound leads to an upward shift of the VBM by 0.10 @M.,  of 1.05 eV is derived for the last case after the surface photovoltage

Er-VBM = 0.70 eVj and a downward shift of the core lev- correction.

SPV
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Cd(Zn,Mn)Te quaternary semiconductor. In order to derive aclearly show the existence of a Schottky barrier, even though
Schottky barrier for the electron@.e., the difference be- the absolute value is inaccurate due to the uncertainty in
tween the conduction-band minimum and the Fermi energyband gap determination. However, even for the smallest pos-
from our data, one is forced to assume a value for the bandible band gap(approximately 1.5 eV for pure CdJea
gap of the interdiffused G&n,Mn)Te compound. This is, Schottky barrier height of about 0.5 eV would be derived.
however, a difficult task since the exact concentration of MnThus, an Ohmic contact can clearly be ruled out for the case
and Zn within the sample volume determining ttseirface ~ of Mn on CdZn,Mn)Te(100.
band gap is unknown and most likely inhomogeneous as
well. Both, the alloying with Zr{thus forming Cdzn)Te]®®
and with Mn[forming CdMn)Te]®® increases the band gap
of pure CdTe(around 1.5 eV at room temperatft&9, as is Several interesting effects beyond a simple and abrupt
also true for the quaternary compoufidihus, a band gap in metal-semiconductor interface formation have been found
the range of 1.5 to 2.0 eV seems feasible and leads to for the Mn/CdZn)Te(100 interface using synchrotron- and
Schottky barrier range of 0.45-0.95 eV. Overall, a down-Mg K a-excited photoemission and Auger electron spectros-
ward change in band bending of 0.5 eV is detected betweecopy. For small nominal Mn coveragéselon 1 A Mn), an
the pristine CZn)Te surface and the fully established Mn/ interdiffused, quaternary @dn,Mn)Te compound semicon-
Cd(Zn,Mn)Te interface. ductor interface is formed. Minimization of the surface free

These results can be well compared to Schottky barrierenergy leads to a segregation of Te to the previously Cd-
and Ex-VBM values for other metals on CdTe: Jolehal. terminated polar surface. In the intermediate-coverage range,
report E-VBM = 0.96 eV for the Ag/CdTE00 a metallic Mn film is formed on top of the @dn,Mn)Te
interface®® Friedmanet al. derived E;-VBM values in the  compound, inducing a downward band bending in the sub-
range of 0.8—1.0 eV for Ag, Cu, and Au interfaces with bothstrate and giving rise to a surface photovoltage effect. In this
n- and p-type CdT€110), thus detecting a Fermi-level pin- coverage regime, a second, Te and Mn containing species is
ning consistent with a defect or Tersoff-type model offormed on top of the Mn layer. Throughout the interface
Schottky barrier formatiof® Patterson et al. obtained formation, significant Te segregation is detected up to a
Schottky barriers from 0 to 1.0 eV for a wide range of metalsnominal Mn thickness as high as 120 A, while no Te atoms
(In, Ag, Al, Sn, Cu, Au, Nj on CdT&110,”° while the are present within the metallic Mn film. The valence-band
a-Sn/CdT&100 interface is reported with a Schottky barrier maximum of CdzZn,Mn)Te at the interface with a metallic
height of 0.55 eV/! Moreover, Voset al. report Schottky ~Mn film has been determined as 1.05 0.10 eV below the
barriers from 0.5 to 1.5 eV for variousion-Mn) metals on Fermi energy as compared to 0.7 eV for the(ZxdMn)Te
ZnSe&100 surfaces? Shawet al. have pointed out that in surface and 0.8 eV for the pristine @)Te surface.
the case of Au or In on CdT#10 the pinned Fermi-level
position is determined by bulklike defects. ACKNOWLEDGMENTS
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