
X-ray-absorption fine-structure study of ZnSe xTe1−x alloys
J. Pellicer-Porresa) and A. Polian
Physique des Milieux Condensés, CNRS-UMR 7602, Université Pierre et Marie Curie, B77
4, place Jussieu, 75252 Paris Cedex 05, France

A. Segura and V. Muñoz-Sanjosé
ICMUV, Univ. de Valencia, c/Dr. Moliner 50, 46100 Burjassot, Valencia, Spain

A. Di Cicco
INFM, Dipartimento di Matematica e Fisica, Università degli studi di Camerino,
Via Madonna delle Carceri, 62032 Camerino (MC), Italy

A. Traverse
Laboratoire pour l’Utilisation du Rayonnement Électromagnétique, Centre Universitaire Paris-Sud,
Bâtiment 209 A, Boîte Postale 34, 91898 Orsay Cedex, France

(Received 2 December 2003; accepted 30 April 2004)

X-ray-absorption fine-structure experiments at different temperatures in ZnSexTe1−x (x=0, 0.1, 0.2,
0.55, 0.81, 0.93, 0.99, and 1.0) have been performed in order to obtain information about the
structural relaxation and disorder effects occurring in the alloys. First and second neighbor distance
distributions have been characterized at the Se and Zn K edges, using multiple-edge and
multiple-scattering data analysis. The first neighbor distance distribution was found to be bimodal.
The static disorder associated with the Zn–Te distance variance did not depend appreciably on
composition. On the other hand, the static disorder associated with the Zn–Se distance increased as
the Se content diminished. Using the bonding angle information provided by our experiments the
point of view of the anion has been related to that of the cation. The resulting structural model
indicates that Zn tetrahedra surrounding the anions remain essentially undistorted, but forced to tilt
from their ideal zincblende orientation to accommodate the minority element. The main origin of
structural disorder is suggested. ©2004 American Institute of Physics. [DOI: 10.1063/1.1763989]

I. INTRODUCTION

The development of the first green-blue semiconductor
laser1 was a consequence of the high degree of control of the
properties of ZnSe, and advances in doping techniques,2–4

especially after the introduction of nitrogen as an acceptor
using a plasma source.5,6 These achievements brought a re-
newed interest in wide gap II-VI semiconductors, as is mani-
fested in the numerous studies about ternary and quaternary
alloys (MgyZn1−ySexTe1−x, ZnSxTe1−x, and ZnSexTe1−x, for
example), necessary to achieve carrier confinement and op-
tical guide conditions7–9 utilized in laser diodes based in
ZnSe. Due to its applied interest, the band gap dependence
on composition has been widely studied.10–18

Understanding the band gapsEgd dependence on compo-
sition sxd is also of fundamental interest. The band gap of the
ABxC1−x semiconductor alloys strongly deviates from the av-
erage gap of the constituents. This effect, named bowing, is
often quantified using a bowing parameterb describing the
nonlinear part ofEgsxd,

Egsxd = xEg
AB + s1 − xdEg

AC − bxs1 − xd. s1d

The origin of bowing still remains controversial. The
so-called band anticrossing modelsBACd has been
developed19 to study bowing in III-Vx−N1−x alloys. The
model has also been applied to II-VI ternary alloys12 and,

recently,13 to the quaternary alloy MgyZn1−ySexTe1−x. In the
BAC model the anion present in less amount in the alloy
gives raise to a localized level that interacts with the conduc-
tion band minimum, affecting the band gap value.

This model contrasts with more classical approaches14

where the bowing parameter is decomposed in two terms,
b=bI +bII , which represent the nonlinear effects already ex-
isting in a fictitious ordered alloysbId, and the contribution
of disorder itselfsbIId. bI may be in turn considered as the
sum of three different contributions,bI =bVD +bCE+bS. The
first one,bVD, represents the contribution from volume de-
formation, and introduces the compression and dilation
which is produced in the unit cell of the constituents(AB and
AC) to adapt their size to that of the alloy. The second term,
bCE, takes into account the possible different chemical elec-
tronegativity of the constituents, which may lead to charge
redistribution. The third one,bS, describes structural relax-
ation that occurs in the alloys. It is well known20,21 that
simple geometrical relationships which exist in pure com-
pounds between bond lengths(RAB andRAC) and lattice con-
stantsaAB andaAC (R=sÎ3/4da for zincblende, for example)
are no longer valid for the alloys. In particular, a bimodal
distribution of first neighbor distances is observed.

Information relevant tobVD may be obtained from high
pressure x-ray diffraction experiments. We have already be-
gun this type of experiments.22–24 bCE depends on the inher-
ent properties of B and C. X-ray-absorption fine-structure
sXAFSd is sensitive to the local environment of the absorb-
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ing atoms, and yields information about structural relaxation.
in addition, XAFS studies at low temperatures can provide
useful information about static disorder. So, XAFS provides
essential information about thebS andbII terms.

A previous XAFS study focused on first neighbor
distances.25 On the other hand, the pair distribution function
obtained in Ref. 26 by neutron powder diffraction did not
yield information about static disorder, and was not able to
discriminate the different next neighbor contributions. We
have performed XAFS experiments at different temperatures
in the ZnSexTe1−x alloy in order to get information about first
and next neighbor distances, and associated Debye-Waller
factors. We have then constructed a model describing the
structural relaxation and disorder effects. The knowledge of
these effects is fundamental to assess the problem of gap
bowing in the allows.

II. EXPERIMENT

The ZnSexTe1−x alloys were grown by physical vapor
transport from the binary compounds: ZnSe, was grown by
the chemical vapor transport, and ZnTe grown by the cold
travelling heater method.27 The growth method was chosen
to ensure random alloying. X-ray diffraction shows the char-
acteristic zincblende pattern. The samples studied correspond
to Se concentrations given byx=1, 0.99, 0.93, 0.81, 0.55,
0.2, 0.1, and 0. The Se content was inferred from the lattice
parameter obtained by x-ray diffraction through Vegard’s law
(what has been checked for the lattice parameter in Ref. 17).

X-ray-absorption spectra were measured at beamline
D42 of the high-energy ring at the Laboratoire pour la Utili-
sation du Rayonnnement ÉlectromagnétiquesLUREd. The
experiments were performed in the transmission mode, at the
Zn s9659 eVd and Se K edges12 658 eVd. We used a
Sis111d double-crystal monochromator. The presence of har-
monics was avoided using thes111d reflection, and by partial
detuning of the monochromator crystals. A reference Cu foil
was used to establish the energy calibration. The first inflec-
tion point of the Cu foil was set at 8979 eV. The resolution at
the Zn and Se K edge was 7.8 and 11.2 eV, respectively.

The alloys were crushed to obtain a fine powder, mixed
with cellulose and boron nitride, and pressed in order to form
pellets. The mass of sample introduced in each pellet
s10 mg/cm2d was optimized to get the best signal to back-
ground ratio at both edges. At the Zn K-edge the total ab-
sorptionmx ranged from 1.4 to 2, whereas it varied between
1.0 and 1.5 at the Se K-edge.

Samples with a Se content given byx=0.0, 0.2, 0.55,
0.81, and 0.99 were mounted in a liquid-helium cryostat, and
studied at several temperatures from 10 to 300 K. Alloys
with x=0.1 and 0.93 were introduced in a liquid-nitrogen
cryostat. In this case the spectra were measured at 77 and
300 K.

III. RESULTS AND DISCUSSION

A. XAFS spectra and data analysis

The background subtracted, k-weighted XAFS spectra at
the Zn and Se K edge are shown in Fig. 1. Pure ZnSe and
ZnTe share the zincblende structure. The Zn cation is sur-

rounded by four SesZnSed or TesZnTed anions situated at
R=sÎ3/4da. In the alloy the Zn environment depends in a
direct way on the Se content. The structure of the low k
oscillations is specially sensitive to the absorbing atom
neighborhood, and it is seen in Fig. 1 that at the Zn K edge
their shape vary in a progressive way from ZnSe to ZnTe.
On the other hand, the Se first neighbors shell is always
formed by four Zn atoms, and the dependence of the Se
environment on composition is only from the second shell
on, so the low k oscillations are less sensitive to the Se
content. The Se environment is directly accessible at all con-
centrationsxÞ0 through the measurements at the Se K edge.
However, the jump associated with the Se K edge diminishes
with respect to the total absorption as the Se content is re-
duced, and the spectra become noisier.

The multiple-edge EXAFS analysis was performed using
the ab initio multiple-scatteringsMSd GnXAS package.28–31

The GnXAS method is based on an n-body expansion of the
x-ray absorption crosssection. Within this method, the struc-
tural xskd signal is given by a sum of contributions associ-
ated with two-body, three-body and higher-order atomic con-
figurations, averaged on the correspondingn-body
distributionssg2, g3, . . .d accounting for thermal and static
disorder. The irreduciblen-body terms contributing to the

FIG. 1. EXAFS signal of ZnSexTe1−x at the Zn and Se K edges. All the
spectra have been measured at 77 K, except the ones corresponding to
ZnSe0.99Te0.01 and ZnSe0.55Te0.45, which have been measured at 52 K.
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EXAFS xskd signal are calculated using both MS expansion
and continued-fraction techniques,28,29 and are classified ac-
cording to the geometry and chemistry of the atomic con-
figurations. In particular, two-bodygs2d signals are numbered
according to bond distances and type of atoms involved(g1

s2d

is associated to the Se first neighbors of Zn, for example).
gs3d signals contain the pure three-body contributions associ-
ated to triplets of atoms and are also classified according to
their geometry. As the definition of a three-body configura-
tion implicitly defines the lower-order two-body ones, it is
useful to incorporate the two-bodygL

s2d signal associated with
the longest distance in the three-body termgs3d. This gives
the effective MS contribution due to the presence of a
second-shell atom, defined ashs3d=gs3d+gL

s2d.
In this work, the two-body and three-body contributions

relevant to ZnSe, ZnTe, and chalcopyrite Zn2SeTe(see Table
I) have been calculated for each atomic edge under consid-
eration. Shown in Table II are the two- and three-body con-
figurations used in the refinements. Each of them has been
used only when relevant to either the Zn or Se K edge. The
dominant signal is always the first-neighbor two atom signal.

In the low temperature spectra of slightly alloyed com-
pounds, the second neighbor shells are also relevant.

Data analysis was performed directly on the absorption
data without any previous noise filtering or preliminary
background substraction. Structural and background param-
eters were simultaneously obtained minimizing ax2-type re-
sidual function, following the multiedge method discussed
elsewhere.30–32 The same statistical weight was assigned to
the Zn and Se K edges.

The gs2d two-body signals employed in the refinement
process to characterize the first shell contribution are defined
by their bond distance and associated Debye-Waller factor
(see Table II). In the gs3d and h3 signals, theR12 and R13

distances describing the shortest bonds in the triplet are iden-
tical to first neighbor distances, and do not introduce any
new parameter in the fit.u represents the angle between the
shortest bonds in the triplet.R12, R13, andu completely de-
fine the geometry of the triplet, and in particular, inh sig-
nals, they establish theR23 long distance associated to second
neighbors. To complete the characterization of three-body
signals, a six parameter symmetric covariance matrix is de-

FIG. 2. Structural refinement corresponding to ZnSe0.81Te0.19 and
ZnSe0.2Te0.8 spectra at 11 K. The structural fit has been carried out simulta-
neously at the Zn and Se K edges. In the figure it is shown the decomposi-
tion of the multiple scattering into its two-bodysgs2dd, three-bodysgs3dd, and
hs3d contributions. Thehs3d signals include the two-body signal correspond-
ing to the longest distance in the triplet.

TABLE I. ChalcopyritesĪ42dd model used in the phase shift calculation of
Se−Zn* −Te and Se* −Zn−Te three body signals. In our modela
=5.888 Å,c=2a=11.776 Å,u=s1/4d+fsRZnTe

2 −RZnSe
2 d /a2g=0.277.

Atom Wickoff position Coordinates

Se s4ad s0,0,0d
Te s4bd s0,0,1/2d
Zn s8dd su,1/4,1/8d

TABLE II. Two- and three-body configurations considered in the XAFS
analysis. The three-body configurations are defined by the two shortest
bonds,R12 and R13, and the angleu between them. Deg is the number of
configurations as a function of the Se compositionsxd. The starred atoms
represent the absorbing atoms. The nomenclature employed to describe the
multiple-scattering signals is also given.

Peak R12 sÅd R13 sÅd u deg Deg Atoms XAFS sig

Derived from ZnSe
g2

1 2.458 4x Zn* –Se g1
s2d

4 Se* –Zn g2
s2d

2 4.014 12 Zn* –Zn incl. in hs3d

12x Se* –Se incl. inhs3d

g3

1 2.458 2.458 109.5 12x Zn* –Se–Zn h1
s3d

6 Zn–Se* –Zn g2
s3d

2 2.458 2.458 109.5 6x2 Se–Zn* –Se g3
s3d

12x Se* –Zn–Se h4
s3d

Derived from ZnTe
g2
3 2.641 4s1−xd Zn* –Te g3

s2d

4 4.313 12 Zn* –Zn incl. in hs3d

g3

3 2.641 2.641 109.5 12s1−xd Zn*-Te-Zn h5
s3d

Derived from Zn2SeTe
g3

4 2.461 2.645 109.2 6xs1−xd Se–Zn*-Te g6
s3d

12s1−xd Se*-Zn–Te h7
s3d
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fined. The covariance matrix contains Debye-Waller factors
associated toR12 andR13 (again identical to that of two-body
signals), the angle variancesu, and bond-bondrRR and
bond-anglerRu dimensionless correlations. This kind of pa-
rametrization is discussed in Ref. 29.

The composition in the first and second shells have been
fixed in the analysis, assuming that the alloying is random.

Additional nonstructural parameters considered in the fit
are the energy difference between the experimental and the-
oretical energy scalesDE0sZnd, DE0sSed; and the amplitude
correction factorsS0

2sZnd, S0
2sSed. The DE0 values are corre-

lated to interatomic distances. They have been determined
from the analysis of pure ZnTe and ZnSe spectra, and main-
tained fixed in all refinements concerning the alloys. The
amplitude correction factors are mainly correlated with
Debye-Waller factorsss2d. First of all we performed a pre-
liminary refinement for every composition and temperature
with the S0 considered free. Then the average S0 value was
calculated[S0

2sZnd=0.96 andS0
2sSed=1.00] and introduced in

a definitive fit.
Figure 2 gives an example of the structural refinement

corresponding to ZnSe0.81Te0.19 and ZnSe0.2Te0.8 spectra at
11 K. The theoretical signal has been decomposed into its
multiple-scattering components. In the lower part of the fig-
ures the agreement between the experimental spectra and the
simulations is shown.

B. First neighbors

In Fig. 3 we show(hollow symbols) the first neighbor
Zn–Se and Zn–Te distances in the alloys as a function of
composition. The Zn–Se distance takes part in the fit at both
the Zn and Se K edges. In our fit scheme, where we have
fixed the differenceDE0 between the experimental and the
theoretical energy scales, the main sources of error in the
determination of the Zn–Se distance are on the one hand the
possible existence of a chemical shift, and on the other the
experimental determination of the edge energy. We do not
expect the chemical shift to be important as the end com-
pounds are structurally and electronically very similar. In our

analysis the edge energy is defined by the maximum of the
first derivative of the absorption spectrum. The precision of
the procedure is ultimately defined by the experimental reso-
lution and the reproducibility of the monochromator posi-
tion. In contrast, the Zn–Te distance is obtained from a fit to
the Zn K edge. As the Te content diminishes the contribution
of the g3

s2d Zn–Te signal is reduced with respect to the total
one, and the error in the determination of the Zn–Te distance
increases. Our measurements are not precise enough to de-
termine the evolution of distances with temperature, which is
33,34 of the order of 0.1% whenT varies from 10 to 300 K.
However, we can use the distances obtained at different tem-
peratures to estimate statistic errors. In the same figure,
XAFS data25 obtained using pure compounds as structural
standards for data analysis is presented as filled symbols. The
distances obtained with both analysis are in excellent agree-
ment.

Zn–Se and Zn–Te distances display slow dependence
with Se content, and do not follow Vegard’s law. The same
conclusion has been reached in other alloys since the first
observation20,21 of the phenomenon in Ga1−xInxAs. XAS
studies on liquid pseudobinary ionic alloys35 have shown that
in liquids the first neighbor bimodal distributions do not de-
pend on composition, so the linear dependence observed is
considered as a direct lattice effect.

The evolution of Debye-Waler factors as functions of
temperature and composition is presented in Fig. 4. It is evi-
dent that the dependence of the distance variance on compo-
sition is more pronounced in the case of the Zn–Se bond
than in the Zn–Te one. In order to analyze both behaviors,
the Debye-Waler factors have been decomposed in terms of
their staticssA,sd and dynamic componentsssA,dd. The dy-
namic component is described using an Einstein model,

sA
2 = sA,s

2 + sA,d
2 , s2ad

sA,d
2 =

"

2mAvA
cothS"vA

2kT
D . s2bd

A makes reference to either Zn–Se or Zn–Te.mA is the
reduced mass, whereasvA is a phonon frequency.

FIG. 3. Hollow symbols: First neighbor Zn–Se and Zn–Te distances in
ZnSexTe1−x. Filled symbols: Results from Ref. 25. The original Zn–Te data
in Ref. 25 has been shifted 0.006 Å to match the pure ZnTe values.

FIG. 4. Evolution of the Debye-Waller factor as a function of temperature
for ZnSe0.99Te0.01shd, ZnSe0.81Te0.19ssd, ZnSe0.55Te0.45snd,
ZnSe0.2Te0.8sLd, and ZnTes3d. Continuous lines represent fits to Eq.(2).
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The fit of the temperature dependence is presented as
continuous lines in Fig. 4. The obtained phonon frequencies
increase almost linearly from ZnTes173 cm−1d to
ZnSes204 cm−1d, and are comparable to those of the optic
modes36 in ZnSesvTO=205 cm−1,vLO=250 cm−1d and
ZnTe svTO=177 cm−1,vLO=205 cm−1d. The static compo-
nent of the Debye-Waller factor obtained in the fit is reported
in Fig. 5. sZnTe,s

2 does not depend appreciably on composi-
tion, whereassZnSe,s

2 clearly increases as the Se content is
reduced. It is also important to note that, following Eq.(2),
even at low temperatures2kT!"vAd, the static component
sA,s represents only a part of the total Debye-Waller.

C. Second neighbors

Second neighbor distances are obtained from the spectra
at low temperature, and shown in Fig. 6 as hollow symbols.
Zn–Te–Zn and Zn–Se–Zn second neighbor distances ob-
tained in Ref. 25(filled symbols) are also shown for com-
parison.

It is apparent the existence of two different behaviors.
The Zn–Zn second neighbor distance corresponding to the
Zn–Se–Zn and Zn–Te–Zn triplets present a small depen-
dence on concentration, clearly different from that expected
from the virtual crystal approximation. The associated bond
angleu (see Table II) remain nearly constant when alloying,
althoughuZn−Te−Zn is found to be smaller thanuZn−Se−Zn, and
closer to the ideal value, 109.47°. On the other hand, the
Se–Se and Se–Te second neighbor distances in Se–Zn–Se
and Se–Zn–Te present a more pronounced dependence on
composition, although not as important as predicted by the
virtual crystal approximation(dashed line). In this case we
have]uSe−Zn−Se/]x=−7±1°, ]uSe−Ze−Te/]x=−5±1°; andu is
reduced as the Se content is increased.

The Debye-Waller factor associated with second neigh-
bors has been calculated using the angle variancesu ob-
tained in the EXAFS fit. Its dependence with temperature has
been analyzed using Eq.(2), and the static contribution to the
Debye-Waller factor associated with second neighbors has
been obtained(see Fig. 7). The cation sublattice appears to

be the most disordered, and at x=0.55 there is no difference
between Zn–Se–Zn and Zn–Te–Zn triplets. As we intro-
duce Te in ZnSesSeSe

2 follows sZnZn
2 , but at x=0.55 it

reaches a lower maximum. The behavior ofsSeTe
2 is different,

as it is only significative when Se is the minority compound.

D. Structural model

It is widely accepted that the microscopic structure of
AB1C1−x random alloys is different from that of the pure
compounds, AB and AC. Perhaps the most striking property
is that cation-anion distances show a bimodal distribution,
remaining near to that of the end compounds. The
ZnSexTe1−x system is not an exception, as can be appreciated
in Fig. 3. To reconcile the existence of two different cation-
anion distances with the macroscopic zincblende structure it
is necessary to obtain information from farther neighbors.
Mikkelsen and Boyce20,21 found that in Ga1−xInxAs, the Ga
and In second neighbor distance distribution is nearly unimo-
dal, and closely approaches the virtual crystal. On the oppo-
site, the As second neighbor distribution is bimodal, and
strongly deviates from the virtual crystal. In the case of

FIG. 5. Evolution of the static disorder contribution to the Debye-Waller
factor [see Eq.(2)] associated to first neighbors as a function of the Se
content.

FIG. 6. Upper panel, hollow symbols: second neighbor distance as a func-
tion of the Se contentx in the ZnSexTe1−x alloy. Filled symbols: results from
Ref. 25. The original Zn–Te–Zn and Zn–Se–Zn data in Ref. 25 have been
shifted to match the pure ZnTe and ZnSe values. Lower panel, associated
angles(see Table II). Continuous lines represent linear fits. The dashed line
corresponds to the virtual crystal approximation.
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ZnSexTe1−x the situation is similar, but with the roles of an-
ions and cations interchanged. In our case the Se–Se and
Se–Te distances are close to the virtual crystal, whilst the
Zn–Zn distance shows a bimodal distribution(Fig. 6). These
differences in behavior indicate21,37,38 that the Zn sublattice
is more likely to be distorted than the anion one. In Fig. 7,
the behavior of the static disorder associated with second
neighbor distances support this argument, as the static disor-
der is more important in the cation sublattice than in the
anion one. From an intuitive point of view, following
Balzarottiet al.,37 if first neighbor interactions are dominant
in the alloy it is very likely that Zn atoms, surrounded by
different anions, will leave its central position in the tetrahe-
dron. The cation-anion distance has been theoretically inves-
tigated using statistical models where all the configurations
around the Zn atoms, with0,1,2,3, or 4 Seatoms, have
been taken into account. On the other hand, the anions,
which are always surrounded by four identical Zn atoms,
should remain in their undistorted positions.

We have tried to relate the information about the cation
environment with that of the anion, in order to give a global
vision of the alloy. With this in mind we have focused our
attention on the angle information provided by our measure-
ments, explicitly introduced in the description of the triplets
appearing in Table II. The results suggest that the Zn tetra-
hedra surrounding the anion remain essentially undistorted,
but they are forced to tilt from their ideal zineblende orien-
tations to accommodate the minority compound.

Let us imagine the substitution of a Se atom by a Te one
in a Se rich alloy. For simplicity’s sake we will concentrate
in s111d zincblende planes(Fig. 8). Other planes adequate to
represent different Zn displacements are described in Fig. 11
of Ref. 38. Our arguments can be readily extended to those
distortions. The tetrahedra where the Se is substituted would
be enlarged to accommodate a Zn–Te distance which, ac-
cording to Fig. 3 is nearly equal(but not exactly) to that of
ZnTe. The slight difference is induced by the compressive
environment. In a first approximation the substituted Te
would be in the center of the tetrahedra, which, asuZn−Te−Zn

is maintained constant, would remain essentially undistorted.
The presence of the enlarged tetrahedra would force the
neighboring tetrahedra to tilt from their ideal positions. In
the processuSe−Zn−Sewould increase anduSe−Zn−Tewould de-
crease. Effectively, in Fig. 6, we can see thatuSe−Zn−Seis
bigger, anduSe−Zn−Tesmaller, than the zincblende value. The
same type of reasoning is valid for the substitution of a Te
atom by a Se one in a Te rich alloy. Now the Se centered
tetrahedra would be contracted,uSe−Zn−Te bigger than in
zincblende anduTe−Zn−Tesmaller.

Finally, we can discuss on the origin of static disorder.
Let us imagine an anion corresponding to the minority com-
pound in the center of a Zn tetrahedra. A displacement of the
anion in the direction of one of the Zn atoms will give origin
to the existence of two different cation-anion distances,

d1 = d0 + h , s3ad

d2 =Îh2 +
h
Î6

dZn−Zn+
3

8
dZn−Zn

2 u d0 −
h

3
, s3bd

whered0=sÎ6/4ddZn−Zn describes the distance from the cen-
ter to the corners of the tetrahedra, and h is the displacement
of the minority compound. Ifh.0 the anion will approach
threeof the Zn atoms, and will become more separated of the
otherone. We can estimate the static disorder originated as,

ss
2u

h2

3
. s4d

The precise way in which the minority compounds move
inside the tetrahedra depends on energy considerations. As
the inner part of the bond potential is harder than the outer
one, it should be expected that the anion would approach
three of the cations, auhu /3 distance, with the other one be-
coming a distanceuhu further away, rather than in the oppo-
site sense. To estimate the displacement, we have assumed
that in a Te rich alloysx=0.2d the Se atom approaches three
Zn atoms up to the equilibrium distance in pure ZnSe
sd2=2.454 Åd. In a Se rich alloysx=0.81d we have supposed
that the Te atom moves away from one of the Zn atoms up to
the equilibrium distance in ZnTesd1=2.643 Åd. In this way

FIG. 7. Evolution of the static disorder contribution to the Debye-Waller
factor [see Eq.(2)] associated to second neighbors as a function of the Se
content.

FIG. 8. Structural model describing the substitution of a Se atom(white
circles) by a Te one(black circle) in a s111d ZnSe zincblende plane. The Zn
atoms are represented by gray circles. The triangles drawn in continuous
lines represent the projection of the tetrahedra in thes111d plane before the
substitution, whereas the dashed triangles indicate the main distortions after
the substitution.
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we have calculated the data appearing in Table III, where we
see that a greater amount of disorder is generated in the case
of the Zn–Se bond than in the Zn–Te one, in agreement
with Fig. 5. The ultimate origin of the different shifts of Se
and Te atoms is dictated by their different sizes and elec-
tronegativities. The substitution of a Te atom by a Se one in
a Te rich alloy leaves the Se atom with a certain degree of
freedom inside the Zn tetrahedra. The potential well felt by
the Se atom is softer than the one felt by a Te atom in a Se
rich alloy, where the Te atom is fixed by the compressive
environment. These same arguments explain why the second
neighbor Debye-Waller factorsSeTe

2 is small (see Fig. 7)
when Te atoms are in low concentration whereas it is of the
same order thansSeSe

2 when the Se content is small.

IV. CONCLUSIONS

In this paper we have described the results of a XAS
experiment carried out in ZnSexTe1−x (x=0, 0.1, 0.2, 0.55,
0.81, 0.93, 0.99, 1.0) at different temperatures. The structural
relaxation and disorder effects occurring in the alloys have
been characterized.

First neighbor distances remain near to that of pure com-
pounds, as it is shown in Fig. 3. The second neighbor Zn–Zn
distance corresponding to Zn–Se–Zn and Zn–Te–Zn trip-
lets is found to be only slightly dependent on composition.
On the other hand, the Se–Se and Se–Te second neighbor
distances in Se–Zn–Se and Se–Zn–Te present a more pro-
nounced dependence on composition, although not as impor-
tant as predicted by the virtual crystal approximation.

Thanks to the angle information provided by our analy-
sis, we have formulated a structural model where the Zn
tetrahedra surrounding the anions remain essentially undis-
torted, but they are forced to tilt from their ideal zincblende
orientations to accommodate the minority compound.

The XAS study at different temperatures has allowed us
to decompose the Debye-Waller factor into its static and dy-
namic components. The static disorder associated with the
Zn–Te distance variance does not depend appreciably on
composition, whereas the static disorder associated with the
Zn–Se distance increases as the Se content diminishes. In
our model, the substitution of a Te atom by a Se one in a Te
rich compound leaves the Se atom with a certain degree of
freedom inside the Zn tetrahedra, and results in the main
source of static disorder. On the other hand, when a Se atom

is substituted by a Te one in a Se rich compound, the Te
atom is maintained at the center of the tetrahedra by the
repulsive part of the bonding potential.

We have shown that the use of XAS to study the envi-
ronment of selected atoms, combined with the utilization of
the GnXAS package, constitutes a powerful tool for struc-
tural analysis.
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