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X-ray study of atomic correlations in Zn0.5Cd0.5Se0.5Te0.5 epitaxial thin films

Q. Lu, B. A. Bunker,* H. Luo,† A. J. Kropf, K. M. Kemner,‡ and J. K. Furdyna
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556

~Received 16 December 1996!

X-ray absorption fine-structure spectroscopy~XAFS! measurements have been performed at approximately
90 K to study the local structure of II-VI quaternary alloy Zn0.5Cd0.5Se0.5Te0.5. Samples were grown by
molecular beam epitaxy on~100! GaAs substrates, 4° miscut towards the~111!B direction with a ZnTe buffer
layer. The XAFS data indicate that there are more Zn-Se and Cd-Te bonds in the alloy than expected for a
random arrangement. The results imply the formation of high-strain local structure and indicate that electronic
pairing energies dominate over strain energy. These results are similar to the earlier observation of interlayer
switching in ZnTe/CdSe superlattices. The preference of Zn-Se and Cd-Te bonding also implies a tendency to
spontaneously form a composition-modulated microstructure.@S0163-1829~97!09315-6#
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I. INTRODUCTION

The local structure of semiconductor alloys has long b
studied both experimentally and theoretically, and is clea
closely related to the electronic and optical properties.1–6 Al-
though much of this work has concentrated on III-V alloy
developments in the wide-gap II-VI semiconductors have
cently drawn attention due to their success in short wa
length optoelectronic applications such as blue-green l
diodes. There are to date, however, relatively few studie
the local structure of II-VI semiconductors.

One recent study7 suggests that entire layers of atoms
terchange at ZnTe/CdSe superlattice interfaces. In this
tem ZnTe and CdSe are nearly lattice matched, but the at
on both sides of the interface are still observed to switch
the interface. The formation of a high-strain structure in
superlattice suggests investigation of the alloy grown by
multaneous deposition of all the constituent elements.
explore this system, Zn0.5Cd0.5Se0.5Te0.5 samples were
grown by molecular beam epitaxy~MBE! under similar flux
ratios, growth rate, and substrate temperature as those
growing the ZnTe/CdSe superlattices. The primary moti
tion for the x-ray absorption fine structure~XAFS! and dif-
fraction study of these quaternary alloys has been to un
stand the driving force behind the switching mechanism
to investigate structural consequences of that mechanism
random alloy.

Artificially ordered structures, such as ZnSe/CdSe~Ref.
8! and CdTe/ZnTe~Ref. 9! layered structures, show chara
teristic optical properties.10–12 An obvious question is
whether some of these properties are related to local st
ture, and in particular, local ordering. The observation
atomic switching in ZnTe/CdSe superlattices indicates t
atomic rearrangement may occur in II-VI compounds. R
cently, spontaneous ordering has been reported in the dil
magnetic alloy Zn0.5Fe0.5Se~Ref. 14! grown by MBE. Spon-
taneous short-period compositional modulation has also b
discovered in ZnSe12xTex ~Ref. 15! and long-range compo
sitional modulation has been observed in ZnSe12xTex ,
grown on GaAs 4° miscut towards the (111)B ~Ref. 16! as
in the present samples. Previous studies have concent
on ternary~‘‘pseudobinary’’! II-VI alloys only. Atomic rear-
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rangement could be much more significant in quaternary
loys than ternary alloys because of disorder on both the
ion and cation sublattices.

II. SAMPLE PREPARATION AND CHARACTERIZATION

A Riber 32 R&D MBE system was used to grow th
samples. For each sample, 1mm of GaAs was grown on top
of the GaAs substrate, with a substrate temperature
580 °C, to improve the starting surface. The substrate wa
the~100! direction with 4° miscut towards the (111)B direc-
tion. A 2mm ZnTe buffer layer was grown to decrease t
dislocation density due to 7% lattice mismatch from Ga
to the Zn0.5Cd0.5Se0.5Te0.5 alloy. Finally, an epilayer of
Zn0.5Cd0.5Se0.5Te0.5 was grown with a thickness of 2.5
mm microns. The ZnTe and the Zn0.5Cd0.5Se0.5Te0.5 layers
were grown with a substrate temperature of 300 °C. T
growth rate was kept at about 1 ML/S. A ZnTe buffer lay
is nearly matched with the Zn0.5Cd0.5Se0.5Te0.5 alloy. X-ray
rocking curve measurements of the samples show no cha
teristic peaks due to any constituent binary or ternary co
pound alloys. Transmission electron microscopy~TEM!
measurements show some indications of short-range com
sitional modulation. Transmission electron diffraction~TED!
studies, however, show no additional spots correspondin
the composition modulation.

III. XAFS MEASUREMENTS

XAFS experiments were performed at both the Se and
K edges with the x-ray polarization vector parallel and p
pendicular to the sample surface; both polarizations w
measured to investigate possible anisotropy in the a
structure. The experiments were performed at approxima
90 K to reduce thermal disorder. Normally, measurement
thick samples are performed by collecting emitted x-r
fluorescence as a function of incident x-ray energy. In th
single-crystal samples, however, x-ray diffraction peaks
allowed at certain energies and severely contaminate
fluorescence signal. To minimize this problem, to
9910 © 1997 The American Physical Society
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electron-yield~TEY! instead of fluorescence detection h
been used as the electron yield is much less sensitiv
diffraction peaks.17 XAFS measurements were also pe
formed on ZnSe and CdSe single crystals~for the Se edge!,
and ZnSe and ZnTe~for the Zn edge! as standards for a
check on the analysis. The standards are all MBE-gro
crystals.

The measurements were carried out at beam lines X1
and X23-A2 at the National Synchrotron Light Sour
~NSLS!. The electron beam in the storage ring had an ene
of 2.5 GeV and a maximum stored current of 225 mA. Tw
Si ~311! single crystals were used in the fixed-exit mon
chromator at X23A2 and in a pseudo-channel cut monoch
mator at X11A. The beam size at the sample was 5.0
wide by 0.5 mm high and 0.5 mm by 1.0 mm, respective
for measurements with the beam polarization parallel
perpendicular to the sample surface. An ion chamber fi
with nitrogen gas was used for measuring the incident be
intensity I 0. The total electron yield is proportional to x-ra
absorption by the sample and it is measured by a free-fl
He gas electron yield detector. The helium gas amplifies
electron yield current by a factor of approximately 80~Ref.
18! and also serves as a thermal exchange gas.17 Samples
were set up at relatively low angles~5°–10°) relative to the
incident beam in order to spread the beam footprint over
sample. At these angles, x rays penetrate to a few thou
angstroms, which is also the approximate escape depth
to
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the detected secondary electrons.18 Data were collected a
three different incidence angles, and three azimuthal an
at each incident angle. With such measurements, major
fraction peaks were avoided and smaller peaks distinguis
from the ‘‘true’’ data. The remaining sharp diffraction pea
were ‘‘deglitched’’19 as one of the first steps of the da
analysis process.

IV. DATA ANALYSIS

The data were analyzed by using a locally modified v
sion of the UW/NRL package. The analysis procedure
discussed in detail elsewhere.19 After removing the slowly
varying background, the normalized extended XAFS d
were mapped from x-ray energy space to electron wave n
ber space~‘‘ k space’’!. The normalized XAFS oscillations
x(k) for the Zn and Se edges of Zn0.5Cd0.5Se0.5Te0.5 are
shown in Fig. 1. Thex(k) data were then Fourier trans
formed into real space~‘‘ r space’’! with a k2 weighting and
k-space ranges of 2.95–11.35 Å21 for the Zn edge and
3.05–11.55 Å21 for the Se edge. The Fourier-transforme
‘‘ r -space’’ data are shown in Fig. 2. To isolate the neare
neighbor information, data were inverse Fourier transform
with window width of 2.0 Å for the Zn edge and 1.8 Å fo
the Se edge. These data were then fit to reference data
the standards ZnSe, ZnTe, CdSe, and CdTe. The experim
tal single-shell data and the resulting fits are shown in Fig
-
u-
es
FIG. 1. ~a! Normalized EXAFS oscillations,
x(k), corresponding to the~a! Zn and ~b! SeK
edges of Zn0.5Cd0.5Se0.5Te0.5 measured at ap-
proximately 85 K. The solid lines denote mea
surements with the x-ray polarization perpendic
lar to the sample surface while the dotted lin
denote polarization parallel to the surface~e.g.,
parallel to the growth direction!.
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FIG. 2. Magnitude of thek-weighted Fourier
transform of ~a! Zn and ~b! Se K-edgek2x(k)
data for the alloy~both polarizations! and stan-
dards.
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while the resulting structural parameters are summarize
Table I.

V. RESULTS AND DISCUSSION

In Fig. 2, where the Zn edger -space data are shown, th
Zn0.5Cd0.5Se0.5Te0.5 r -space XAFS spectrum~which is re-
lated to a radial distribution function! of the alloy is seen to
be more similar to ZnSe than to ZnTe. A similar effect
seen for the Se edge, where the Zn0.5Cd0.5Se0.5Te0.5 shape is
much closer to ZnSe than to CdSe. These qualitative ob
vations suggest that there are more ZnSe bonds than Z
bonds and more ZnSe bonds than CdSe bonds.

Quantitative results are obtained from the fits, which
summarized in Table I. These results agree with the qua
tive conclusions, showing there are more Se than Te at
around Zn atoms, and more Zn than Cd atoms around th
atoms. Note that the results from the Zn and Se edges
independent, but are consistent with each other within
experimental uncertainties. Unfortunately, theK-edge ener-
gies for both Cd and Te are too high~and theL-edge ener-
gies too closely spaced! to obtain good quality data with th
experimental facilities used here, so direct measuremen
the Cd-Te coordination were not possible. However, n
that the preference of Zn-Se bonds and a deficit of Cd-Se
Zn-Te bonds all imply a preference for Cd-Te bonds.
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The preference of Zn-Se and Cd-Te bonds is consis
with the result of the XAFS studies of interfaces in ZnT
CdSe superlattices. A recent study7 suggests that CdSe/ZnT
superlattices exhibit a switching of nearly entire planes
atoms at the interfaces between the two materials. This w
demonstrates that the switching mechanism could be dr
by the relative pairing energies~or pair potentials! of Zn-Se,
Zn-Te, Cd-Se, and Cd-Te at the cost of increased strain
ergy.

The competition of ‘‘pairing’’ bond formation and strai
energies are also expected to be important in the rand
alloy. The strain energy is highly dependent on the size
the constituent atoms. To minimize the total strain in t
system, one would expect that Zn-Te and Cd-Se bonds
preferred, which is opposite of the experimental results h
An explanation lies in the differences in bond formation
binary compounds in the alloys. The bond-formation ene
is simply the reduction in total energy in forming a pa
bond.20 The sum of bonding energies for ZnSe and CdTe
about 0.26 eV higher than that of ZnTe and CdSe. This
equality suggests that the ZnSe and the CdTe pairs ha
higher tendency to form than ZnTe and CdSe pairs. Thi
also supported qualitatively by the fact that ZnSe has m
higher melting point than the other binary compounds in
alloy, and the sum of the band gap of ZnSe and CdTe is 0
eV higher than that sum of ZnTe and CdSe. From our m
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FIG. 3. Least-square fits and experimen
first-shell data for~a! Zn and ~b! Se K-edge
k2-weighted single-shellx1 data, for the Zn

0.5Cd0.5Se0.5Te0.5 alloy in both polarizations.
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surements, the bonding energies apparently favor the for
tion of ZnSe and CdTe, which overcome minimization
strain energy.

Similar XAFS studies have been performed on the III
quaternary alloy GaxIn 12xAsySb12y .

21 The III-V quater-
nary results showed the Ga-As pairs were preferred o
In-As pairs. These results are similar to our II-VI finding
and also imply the formation of high-strain microstructure.
major difference between the previous III-V studies and
present work is in sample preparation. The previous III
study was performed on polycrystalline powder samples
a-
f
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r

at

have a relatively large surface area, while these current m
surements were performed on single-crystal epitaxial film
This can be important for some cases because surface
interfaces may not have the same boundaries to phase s
gation as the bulk single crystals. Despite these differen
the results of the two studies are in agreement.

A further corroboration of these results is seen in da
field TEM images13 of the ZnxCd12xSeyTe12y alloy, which
show some indications of short-range composition va
tions. Since ZnSe and CdTe bonds are preferred and
‘‘average’’ alloy has equal numbers of Zn, Se, Cd, and
TABLE I. Structural parameters of Zn0.5Cd0.5Se0.5Te0.5 as obtained from XAFS measurements.

Correlation Nearest-neighbor
K edge Polarization Bonds number distance~Å!

Zn Parallel Zn-Se 3.2810.3
20.6 2.4760.01

Zn-Te 0.7210.6
20.3 2.5860.04

Perpendicular Zn-Se 3.2410.3
20.6 2.4760.01

Zn-Te 0.7610.6
20.3 2.6060.04

Se Parallel Se-Zn 2.6060.4 2.4660.01
Se-Cd 1.4060.4 2.6360.02

Perpendicular Se-Zn 2.6960.3 2.4660.01
Se-Cd 1.3160.3 2.6260.02
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atoms, the alloys must be segregated into ZnSe-rich
CdTe-rich regions. The XAFS data shown in Fig. 1 show
change in coordination between the parallel and perpend
lar orientations, which is consistent with the lack of lon
range order.

In summary, XAFS measurements of epitaxial thin film
of the II-VI alloy Zn0.5Cd0.5Se0.5Te0.5 clearly show that
there are more Zn-Se and Cd-Te bonds in the alloy t
expected for a random alloy. There is no statistically sign
cant difference in coordination parallel and perpendicula
the growth direction. The observed preference is also con
tent with the previously studied atomic-layer switching at t
interfaces of ZnTe/CdSe superlattice. The XAFS resu
would imply some sort of short-range composition modu
tion, and this is seen in dark-field TEM images. There is
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evidence for long-range ordering of either local structure
the composition fluctuations, however.
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