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Angle-resolved photoemission spectroscopy is used to measure the width Q, , =T';— X of the split-off
valence band in Cd, 3Zn, ,Te(100). We find an increase in the alloy bandwidth which is ~2 times larger
than the value expected from a linear alloy model (Vegard’s rule). Using CdTe as a reference material,
we determined a bowing parameter b, ~0.65 eV for the split-off-band width in Cd,_,Zn, Te alloys. The
virtual-crystal approximation (VCA) works well for the upper valence bands but fails to describe the
more localized d states. Chemical differences and the size mismatch between Cd and Zn atoms lead to
pronounced deviations from the VCA behavior. The appearance of distinctly split Cd 4d- and Zn 3d-
band emissions which we observe is outside the scope of the VCA, lending support to more sophisticated
structural models which incorporate disparate Cd and Zn atoms for binary semiconducting alloys.

I. INTRODUCTION

Many electronic properties of semiconducting binary
alloys can in a first approximation be assumed to be
linearly related to the concentration variation in the al-
loy. The optical band gap is an example. However, it is
frequently found that while the linear model (Vegard’s
rule) may describe the change in lattice constant in alloy
semiconductors perfectly, it fails to explain the alloy
band structure.! A simple theoretical model, the virtual-
crystal approximation (VCA),? which replaces the indivi-
dual alloy atoms (or molecules in the case of a compound
alloy) with an average atom placed in the symmetry of
the crystal can describe many of the observed nonlinear
alloy effects much better.’ 8

The VCA may produce nonlinearities in the binary al-
loy properties because the band structure is not linear
with the crystal potential matrix elements. The model
simply states that the properties P(x) of an alloy of form
A,_,B,C, where A and B are anions and C is the com-
mon cation, can be described by the equation

where P 4 and Py represent the properties of the indivi-
dual alloy components. The nonlinearities are accounted
for in the VCA by introducing a bowing parameter b,.
In the absence of nonlinear effects (b, =0) the VCA is
equivalent to Vegard’s rule.

The VCA was appropriate in describing the major part
of the bowing effect observed in the optical band gap of
many isovalent alloys such as Cd,_,Hg,Te,’
ZnSe,_,Te.,’ Zn,_,Cd S, and Hg,_,Zn,Te.!" Wei
and Zunger® pointed out that in those cases where the
simple VCA model failed, the alloy constituents not only
had a large chemical mismatch but also showed a
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significant size mismatch between the substituted cations.
The effect of the structural misfit can be very pronounced
and may lead to a bowing which significantly overshoots
the values expected from VCA-based calculations.

The mismatch in bond lengths in addition to the chem-
ical disparity between the cations in the binary
Cd,_,Zn,Te alloys generates departures from the VCA.
A given Te atom may be surrounded by any combination
of Cd and Zn atoms, yielding a Te-site symmetry of T,
Cs,, or D,;. A key ingredient is that a lowering of site
symmetry leads to splittings of otherwise degenerate en-
ergy levels. In addition to the lowering of symmetry, the
individual bonds are under considerable strain from the
aggregate, and this strain may accentuate splittings. Re-
sults on Al ,Ga,_,As and Hg, sCd, sTe alloys where the
size mismatch is negligible have shown deviations from
the predictions of the VCA, and provided experimental
support for a refined structural model.'’>!* Alloys of
Cd,_,Zn, Te, however, are size mismatched, since the
Cd-Te bonds in CdTe are ~6.4% longer than Zn-Te
bonds in ZnTe. The size mismatch may act as a pertur-
bation which contributes to non-VCA behavior in the
electronic structure of Cd,_,Zn, Te alloys.

This paper reports experiments to determine the alloy
effects in the electronic valence-band structure of
Cd, sZn, ,Te. We investigate the valence-band dispersion
E(k) from the center of the Brillouin zone along the A
direction to the X point by angle-resolved photoemission
spectroscopy (ARPES) with synchrotron radiation. By
comparison of the alloy data with ARPES spectra of
CdTe(100), we find that the valence-band structure of
Cd,_,Zn, Te alloys does not follow the simple linear
composition relation (Vegard’s rule) which works ex-
tremely well for the lattice constant of these alloys.
Rather, the experimental band mapping shows a very
pronounced nonlinear effect in the width of the split-off
valence band with a bowing parameter of b,=0.65 eV.

1498 ©1992 The American Physical Society



46 DETERMINATION OF THE BOWING PARAMETER OF THE . . .

The persistence of distinct Cd 4d and Zn 3d emission
features rather than an ‘“averaged” d-band emission,
however, indicates a limitation of the VCA. While the
VCA works reasonably well to describe alloy properties
of extended states it has shortcomings in predicting the
alloy properties of more localized states.

II. EXPERIMENT

A Cd, 3Zn, ,Te single crystal was oriented along the
[100] direction. The sample dimensions were 10X 10X 1
mm.> The crystal was mechanically polished and chemi-
cally etched before insertion into the vacuum system.
Sputtering the sample for several hours with Ar ions of
1-keV energy, followed by annealing to 300°C to remove
surface contamination and the sputter damage, resulted
in clean surfaces. The cleaning and annealing cycles were
repeated several times until the structural quality of the
sample surface, as measured by reflection high-energy
electron diffraction (RHEED), did not improve further.

Figure 1 shows a horizontal intensity profile taken
from a RHEED pattern along the (100) azimuth of the
Cdg gZn, ,Te sample. For comparison we also show the
RHEED pattern from CdTe(100) taken under similar ex-
perimental conditions. The incident electron beam ener-
gy was E;,~20 keV. The angle of incidence was ~2°
along the (110) azimuth. One can see from Fig. 1 that the
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FIG. 1. Horizontal intensity profile of the RHEED pattern
from Cd,sZngy,Te(100) and CdTe(100) surfaces. The incident
electron beam was 20 keV, at a 2° angle of incidence.
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alloy sample does not show the half order streaks which
are well developed in the CdTe sample. The lack of sur-
face reconstruction may be a result of the natural disor-
der in the alloy, as well as the increase in step density,
since the CdjgZn,,Te sample also has an increased
widths of the diffracted beams compared to that of single
phase CdTe.

The angle-resolved photoemission experiments were
performed at the University of Wisconsin’s 1-GeV elec-
tron storage ring Aladdin on the Seya-Namioka beam-
line. The photon energy of this beamline ranges from
hv~10 to 35 eV. The angle of incidence of the photons
was 60° with respect to the surface normal of the sample.
With this geometry, the predominant component of the
electric-field vector points along the sample normal. The
electric field of the photon belongs to the I';5 representa-
tion at the I" point, the A, representation for dispersion
along the A line, and the X; representation at the X
point."#!> As we will explain later in the text, the
different representations are important since they are re-
sponsible for the accentuation of emission from the split-
off band at the expense of the two upper valence bands.

With the chosen monochromator entrance and exit slit
settings, the resolution of the beamline was
AE 000 ~(10"% eV " 1)E? The minimum resolution of
the monochromator was <90 meV. The energy resolu-
tion of the electron analyzer was AE,,, ~0.15 eV.
Since the analyzer resolution is considerably less than
that of the monochromator, the combined resolution of
the system is practically limited by the resolution of the
electron analyzer.

The resolution in k space is determined by the accep-
tance cone of the analyzer and the kinetic energy of the
photoelectrons. Taking the acceptance to be a cone of
half angle 6=1.5° gives a k-space resolution
Ak /Gy ~6X10"%(E,)'”%, where E, is the kinetic energy
of the photoemitted electron, G, =27 /a, and a ~6.4 A.
The resolution for these experiments was better than
Ak /kry =5% of the width of the Brillouin zone.

ITI. RESULTS AND DISCUSSION

Figure 2 shows selected normal-emission spectra for
photon energies in the range Av=13 to 34.5 eV. The
binding energy is referenced to the Fermi level (E;=0),
which was determined from a thin metal film evaporated
on the sample. The binding energy window shown in Fig.
2 covers the dispersion of the two upper valence bands
and the split-off band. The valence band derived from
the Te Ss orbital and the Cd and Zn d states is at higher
binding energy. These states will be discussed later.

The prominent photoemission feature which disperses
from E,~1.9 eV at hv=15.0 eV to E,~5.4 eV at
hv=34.5 eV results from transitions from the split-off
valence band into segments of three distince final-state
bands.!>!® The first final-state band covers the range
hv=15.0 to 18.5 eV; the second band picks up at
hv=18.5 eV and continues to Av=24.5 eV, and the
third band goes up to Av=34.5 eV. One may see the
contributions of the individual final-state bands in the
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spectra measured at hv=18.5 and 24.5 eV, where small
but noticeable shoulders appear at lower binding ener-
gies. A more thorough analysis of final-state bands in
zinc-blende semiconductors has been given elsewhere.'

The three final-state bands may be approximated with
one free-electron-like band.!>'® In the simple model
where the final-state bands are assumed to be free-
electron-like bands, the energy of the primary cone final
state band is given by

E,=#(k—G)*/(87°m)—U, ,

where U, is the inner potential measured from the
valence-band maximum (VBM) and G is a reciprocal-
lattice vector normal to the (100) surface.!””'® For the
transitions into this band, we found the reciprocal vector
|G200|=21r/a and inner potential of U;,=4.25 eV gave
the best agreement between experimental data and known
valence-band structure.

As the photon energy increases, the split-off band tran-
sition disperses and merges with a density-of-states (DOS)
feature at E, ~5.4 eV which is present in all of the spec-
tra. The DOS feature results from the flat portions of the
valence bands near the X, point. At hv=34.5 eV, the
DOS and split-off band transitions coincide, meaning that
the direct transition reaches the X point at the end of
the Brillouin zone. One can also see from the Av=14
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FIG. 2. Normal-emission valence-band spectra of
Cdg 3Zng ,Te(100) measured in the photon energy range

hv=13.0to 34.5 eV. The strongly dispersive feature is emission
from the split-off band.
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and 15 eV spectra that the split-off band transition starts
at the I' point around Av~15.0 eV. The spectral range
of hv=15.0 to 34.5 eV thus maps the dispersion of the
split-off band from I'; to X¢. Since the critical point en-
ergies of this band are well marked by the additional
DOS features the bandwidth of the split-off band may in
principle be determined without making any detailed as-
sumptions about the final-state bands.

It is noticeable from the spectra that emission from the
upper two valence bands is very weak. For hv=14 eV,
one sees emission from I'g at £, ~1.0 eV. Increasing the
photon energy forces the transition to occur along the A
line. The symmetries of these two bands are predom-
inantly A; and A, (representations without electron spin).
Since the dipole operator responsible for these transitions
is mostly A, and the final state for primary cone emission
is also A; (again without electron spin), transitions from
these heavy- and light-hole bands are forbidden in first
order. However, the experimental geometry allows for
small but nonzero electric-field components parallel to
the sample surface, giving rise to dipole operators with A,
and A, symmetry. This component accounts for the
weak emission from the two upper valence bands.'* 13

From the normal emission spectra we determined the
experimental valence band dispersions E(k) which are
shown in Fig. 3. The circles represent data points from
the Cdg 3Zng ,Te spectra. The k vectors were obtained by
using free-electron final-state bands. The solid lines are a
polynomial fit to the data, and are primarily used to
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FIG. 3. Experimental valence band dispersion E(k) for
CdOAXZHO_ ZTe( 100).
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guide the eye. As previously noted, the emission from
the upper two valence bands is relatively weak, and as a
result of that, the experimental data show a slightly
higher uncertainty in this energy region than the data
from the split-off band, which has considerably stronger
photoemission features.

The kink in the data of the split-off band at
k /krx~0.2 is an artifact originating from shortcomings
of the free-electron final-state-band conduction band near
the I" point. A more sophisticated final-state band model
which would take the splitting of bands at the Brillouin-
zone boundary into account, would place these transi-
tions closer toward the I" point. However, for the pur-
pose of the present paper, the approximation of free-
electron final-state™ bands is adequate and does not
conflict with our interpretation. The effect of gaps in the
final-state bands has been discussed in more detail else-
where.!’

We would now like to focus attention on the spin-orbit
splitting A, =I[3—TI; and the bandwidths
Q, , =T';— X, of the split-off band. Table I summarizes
the theoretical and experimental values of A, ; and Q,
for CdTe, ZnTe, and Cdgy3Zn,,. As one can see from
Table I the experimental and theoretical spin-orbit split-
tings agree fairly well while the experimental X-critical
point energies are ~0.5 eV smaller than the calculated
values, a fact which seems to be generally true for zinc-
blende semiconductors. In the following estimation of
Q, ,(Cdy gZny ,Te), we have used the theoretical Q,
values for CdTe and ZnTe.?

Figure 4 gives a closer look of the dispersion of the
split-off band in Cd, ¢Zn, ,Te towards the X point. When
comparing to CdTe which is shown in Fig. 4 as crosses,
one may observe a 0.21-eV increase in binding energy of
the X4 point in Cdg 3Zn, ,Te emission. Considering the
~0.04-eV difference between the A, ,, we determine an
increase in ,, of ~0.25 eV between Cd, 3Zn,,Te and
CdTe.

One may rearrange the expression for P(x) to read

TABLE 1. Theoretical (theor.) and experimental (expt.)
values of the spin-orbit splitting A, , =I'3— s, X critical point
energies, and the bandwidth Q,, =I';—X,. The reference en-
ergy is the valence-band maximum with E(I'y)=0. All energies
are given in eV.

Material Method Ao, Fy—Xs Q.
CdTe theor.? 0.89 5.05 4.16
expt. 0.95 4.40 3.45

ZnTe theor.* 0.93 5.56 4.61
expt. 0.91 5.10 4.19

Cdy 3Zng ,Te expt.* 0.91 4.61 3.70

2Reference 19.
YReference 20.
°Reference 21.
dReference 22.
°This work.
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FIG. 4. Comparison of the experimental dispersion of the
split-off band in Cd, 3Zn,,Te(100) and CdTe(100) near the X
point.

P(x)—P 4c=(Pgc—P 4c)x +b,x(1—x)

where now only differences enter into the equation. Us-
ing the experimental values from Table I and applying
Vegard’s rule (blJ =0), one obtains 0.15 eV as the expect-
ed difference between the alloy and CdTe split-off-band
width.2> Vegard’s rule underestimates the observed in-
crease in bandwidth Qg , =0.25 eV by almost a factor of
2. Even though the absolute difference between the pre-
diction of Vegard’s rule and our measurement is relative-
ly small it is outside the experimental uncertainty of
+0.02 eV. Using the experimentally determined
difference Qg , (Cdg 3Zny ,Te)—Q , (CdTe)=0.25 eV,
one may estimate the bowing parameter b, =0.6510.25
ev.

Figure 5 shows the calculated concentration depen-
dence of the bandwidth assuming a bowing parameter of
b,=0.65 eV. The data point is the experimental value
for Cdg 3Zn, ,Te, and the CdTe and ZnTe end points are
taken from experiment.2%?*2% Several studies in the past
decade show that, for instance, the fundamental band gap
frequently has larger bowing parameters so that the alloy
band gap may exceed the values of the constituent ma-
terials at certain concentrations.*>72%, Recent results on
ZnSe,_,Te, alloys indicate that the optical band gap
overshoots in the range 0.3 <x < 1.0.° Studies that have
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FIG. 5. Calculated split-off-band width in Cd,_,Zn,Te as a
function of the Zn concentration of x. The solid line represents
a prediction of the VCA with a bowing parameter b, =0.65 eV.
The bandwidth variation is based on the experimental values of
the alloy and the constituent components as listed in Table I.
The dashed line shows the linear variation of the bandwidth as-
suming Vegard’s rule.

examined the bowing parameter for optical band gap of
Hg,_,Cd, Te (size matched) and Hg,_,Zn, Te (size
mismatched) alloys have suggested that bowing is pro-
nounced for materials which are size mismatched.”?%?’
These findings indicate our estimation of a bowing pa-
rameter b, which forces the split-off bandwidth to
overshoot in the size mismatched Cd,_,Zn,Te system is
not unreasonable.

A large bowing parameter indirectly implies a high de-
gree of alloy disorder. A priori one might expect that dis-
order leads to prominent splittings or broadening in ener-
gy levels. For instance, Wei and Zunger showed for
Cd, sZn, sTe that relaxation of the individual Cd and Zn
bonds from the VCA average position results in a ~0.2-
eV splitting in the split-off band near the X4 point.® This
splitting is not present in unrelaxed Cd, sZn, sTe where
only the chemical mismatch between Cd and Zn is con-
sidered. A careful comparison of our CdTe and
Cd, ¢Zn, ,Te spectra in this study shows that there is no
real evidence for such changes. The reason we do not ob-
serve a splitting may be that the splitting is below our ex-
perimental resolution. The relatively small Zn concentra-
tion (x =0.2) in our sample may also be of a disadvan-
tage to observe the predicted disorder induced splittings.

One expects to see larger effects due to the chemical
and size mismatch between the Cd and Zn atoms in the
more localized metal d states, however. While the upper
three valence-band states are extended in character, the

DAVID W. NILES AND HARTMUT HOCHST 46

more localized Cd 4d and Zn 3d states see potentials
which resemble those of the pure CdTe and ZnTe crys-
tals. States which are centered on the Te atoms, on the
other hand, are affected by the varying alloy environ-
ment, i.e., a tetrahedral coordination Cd,_,Zn,.

The binding energy of the 4d states in CdTe is about
0.8 eV higher than the Zn 3d states in ZnTe.?>?%?% Fig-
ure 6(a) shows the spectrum of the metal d states of the
Cdj 3Zng ,Te alloy measured at hv=24 eV. The main
peak at ~10 eV is due to the Cd 4d emission while the
shoulder at ~9.2-eV binding energy can be assigned to
the Zn 3d states. The solid line was obtained by fitting
two spin-orbit-split doublets and a background (due to in-
elastic electron scattering) to the experimental data. The
fitted spin-orbit splitting is A, , =0.69 eV between the
4d;,, and 4ds,, states. For the Zn 3d components, we
determined a spin-orbit splitting of 0.68 eV.

The intensity of the Zn emission is ~13% of the total
intensity. Incorporating the atomic photoemission cross
sections which are o(Cd 4d)~10 Mb and o(Zn 4d)~6
Mb at hv=24 eV, we conclude that the measured Zn in-
tensity agrees fairly well with the nominal Zn concentra-
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FIG. 6. (a) Photoemission spectra of Cd4d-and

Zn 3d —derived states. The appearance of a shoulder on the
lower binding energy side which is related to the Zn 3d emission
indicates the limitations of the VCA. (b) The CdTe(100) spec-
trum also shows a shoulder which is weaker and shifted further
towards lower binding energy. This structure is related to
direct transitions from the Te 5s band.
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tion in the sample.”’ For comparison, we also show the
normal emission spectrum of the CdTe(100) surface in
Fig. 6(b). The CdTe spectrum has also a small shoulder,
but its energy position is 0.3 eV lower and less intense
than the Zn 3d feature in Fig. 6(a). Moreover, the CdTe
shoulder which is associated with transitions from the
Te S5s —derived band disperses with photon energy, while
the Zn 3d feature is nondispersive.?

In the VCA approximation, there should only be one
band which would be a composite of the Cd 4d, Zn 3d,
and Te 5s states. However, we observe a strong emission
which stems from the Cd 4d states and a weaker feature
at ~1 eV lower binding energy from the Zn 3d state.
The structural alloy model by Wei and Zunger predicts a
doublet structure for this band with a splitting of ~1.25
eV between the predominantly Cd 4d and Zn 3d com-
ponents.®

When viewed as core levels, the presence of two dis-
tinct features is not too surprising. In fact, Marbeuf
et al. observe distinct Zn 3d and Hg 5d emissions from
Hg,_,Zn,Te alloys.2%?" Wall et al. also reported dis-
tinct d-state emission from other II-VI binary alloys.*%3!
However, the proximity of the d states to the s and p
states which comprise the valence bands makes them
non-negligible in band-structure calculations.’? Investi-
gations on CdTe(110) have shown that the Cd 4d level
mixes with the Te Ss states and as a result of that show a
small dispersion.?® To this extent, one would have to in-
corporate the chemical mismatch between Cd and Zn
atoms. The observed splitting into two separate d bands
exemplifies a fundamental limitation of the VCA for
semiconducting compound alloys.

IV. CONCLUSIONS

The VCA works well for the delocalized sp states
which comprise the top three valence bands of the

Cd,_,Zn,Te alloy. The model, however, fails for the
more localized shallow metal d states, where chemical as
well as size mismatch between the Cd and Zn atoms
cause a noticeable splitting between the 3d and 4d states.
The observed splitting is outside the scope of the VCA
because the model would replace the individual Cd and
Zn atoms by a new ““average” atom.

It is expected that the increased localization of the
valence electron in the split-off band around the X point
also causes a small splitting at the zone boundary, al-
though the present data do not substantiate this possibili-
ty.? With sufficient energy resolution, one may observe a
splitting or at least a broadening of the photoemission
features from this region of the Brillouin zone.

The bowing parameter b, =0.65 eV, which we deter-
mined from the width of the split-off band, implies that
nonlinear effects are significant the electronic band struc-
ture of Cd,_,Zn,Te alloys. Since the Cd and Zn atoms
are chemically as well as size mismatched, a large degree
of statistical disorder makes our estimation of the in-
creased split-off band width plausible. To evaluate the
disorder effect on the bowing parameter further, we plan
to study Cd;_,Zn,Te alloys for a concentration near
x =0.5 where the deviation from linearity will be most
pronounced. Since Cd,_,Zn,Te single crystals of arbi-
trary Zn concentrations are not commercially available
we first need to study the molecular-beam epitaxy growth
of thin strain free alloy films.
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