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Oxygen isoelectronic impurity in ZnSxTe12x
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The binding energy of excitons bound to oxygen isoelectronic impurity in ZnSxTe12x , shows a remarkable
scaling with the difference between the electronegativity of oxygen and the concentration-weighted average of
those of S and Te. The signatures of the free exciton, observed with wavelength modulated reflectivity, and
those of shallow acceptor bound excitons, revealed in photoluminescence, show an unmistakableredshiftwith
increasingx ~0<x<0.13!. In striking contrast, the excitons bound to the isoelectronic oxygen center in these
alloys manifest ablueshiftwith increasingx. @S0163-1829~99!51148-X#
r-
th
re
tin

a

a
a

c
at
he

th
re

on

in
e
th
lfu
se
th
a-
c
s

e
it

it
e
u
r.
-
it

rc
e
fa

i-
m-
M-

ata
free
by
g a
-
ve-
ht
to

h a
L

ited

a

ents
he

A

tal
he
is
rgy
A
, in
he
ow

the

or

w 5
is-
An isoelectronic impurity in a semiconductor often su
prisingly binds an exciton, in spite of its isovalency wi
respect to the host atom it replaces. This occurs when the
a large electronegativity difference between them, resul
in a short range potential in which the exciton is trapped.1 A
striking example is oxygen in ZnTe,2 which produces exci-
tonic bound states in the otherwise forbidden energy g
leading to a most remarkable photoluminescence~PL! spec-
trum as well as an absorption spectrum. The absorption
the emission spectra are ‘‘mirror images’’ with respect to
common no-phonon line~NPL!. In contrast, an isoelectroni
substituent differing slightly in its electronegativity from th
of the host atom it replaces easily forms an alloy with t
host, as in ZnSxTe12x . In this context, it is clearly of inter-
est to study an isoelectronic impurity in a system where
electronegativity of the host atom it replaces can be alte
in a controlled fashion, e.g., oxygen in ZnSxTe12x . In the
spirit of virtual crystal approximation, the average ani
electronegativity of ZnSxTe12x can be viewed as a
concentration-weighted average of those of S and Te. S
the electronegativity of oxygen differs more from that of T
than from that of S, it is natural to expect a decrease in
binding energy of excitons bound to oxygen as the su
concentration increases, as discussed and explored by I
and Strauss.3 By combining the advantages of waveleng
modulated reflectivity in discovering free excitonic sign
tures, and of PL in observing those of oxygen-bound ex
tons, we have investigated the problem quantitatively a
function of the sulfur concentration in ZnSxTe12x . The
spectra are recorded on thesameset of specimens whos
alloy compositions have been accurately determined w
electron microprobe analysis. Aquantitative correlationof
the binding energy of excitons bound to oxygen centers w
the effectiveanion electronegativity and the evolution of th
alloy disorder broadening of the phonon replicas emerge
ambiguously from the investigation reported in this pape

Single crystals of ZnSxTe12x were grown using a modi
fied Bridgman technique. Oxygen doping was achieved w
the addition of a small amount of ZnO powder to the sou
material inside a quartz ampoule. For the absorption m
surement, both sides of the sample were polished to a sur
PRB 600163-1829/99/60~24!/16275~4!/$15.00
is
g

p,

nd

e
d

ce

e
r
ler

i-
a

h

h

n-

h
e
a-
ce

roughness of; 0.5 mm. Cleaved as well as polished spec
mens were used for the PL studies. The actual sulfur co
position of the samples was determined with a JOEL JS
6400 scanning electron microscope using a LINK d
analysis system for energy dispersive microanalysis. The
excitonic signature of the ternary alloy was discovered
recording wavelength modulated reflectivity spectra, usin
SPEX~Model 1870! 0.5-m monochromator; a vibrating mir
ror inside the monochromator modulated at 85 Hz the wa
length of the light from a tungsten lamp source. The lig
reflected by the optical specimen, typically cooled down
10 K in a Janis SuperTran cryostat, was detected wit
silicon photodiode followed by a lock-in amplifier. The P
spectra were recorded with a SPEX~Model 14018! 0.85-m
double grating monochromator. The samples were exc
using the 4880-Å line from a Spectra-Physics Ar1 laser. The
sample temperature was controlled from 1.5 K to 10 K in
Janis 10-DT cryostat, and an RCA~type C31034A! photo-
multiplier was used as a detector. Absorption measurem
were carried out using a Xe lamp as a white light source. T
transmitted spectra were recorded with a SPEX~Model
1403! 0.85-m double grating monochromator, and an RC
~type C31034A! photomultiplier as a detector.

As a background for the discussion of the experimen
results, it is useful to briefly recall the salient features of t
isoelectronic oxygen impurity in ZnTe. The NPL in PL
accompanied by rich phonon replicas on the lower-ene
side, representing the creation of LO, TO, LA, and T
phonons as well as combinations of them; in absorption
contrast, they are ‘‘mirrored’’ on the high-energy side of t
NPL. These phonon replicas are distinctly resolved at l
temperatures. The temperature dependence of the NPL in
emission spectrum exhibits theJ51 and J52 doublet re-
sulting from the exchange interaction between aj h5 3

2 hole
and aj e5 1

2 , which is characteristic of an excitonic state f
an isoelectronic trap in a zinc-blende semiconductor.4,5 Tran-
sitions from theJ51 upper level of the doublet to theJ
50 ground state (A-line! are electric dipole allowed while
those from theJ52 lower level (B-line! are electric dipole
forbidden. However, as the temperature is reduced belo
K, the upper level is thermally depopulated and a new em
R16 275 ©1999 The American Physical Society
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sion line is observed originating from theJ52 state. That
the dipole-forbiddenB-line is observed at all is partly due t
phonon assisted mixing of theJ52 and J51 states and
partly due to a relaxation of the selection rules, presuma
caused by residual strains around the oxygen center.6

The free exciton of ZnSxTe12x , recorded as a derivativ
signature observed in wavelength modulated reflectivity
displayed in Fig. 1 as a function ofx in the range 0<x<
0.13. As can be seen, the energy of the free exciton, Eg(x),
decreases with increasingx in this range. In a recen
investigation7 it was observed that Eg(x) in ZnSxTe12x , as
well as in ZnSexTe12x , indeed decreases before it even
ally increases towards the value for ZnS and ZnSe, res
tively. The signatures in wavelength modulated spectra sh
a distinct alloy broadening withx. The PL spectra of
ZnSxTe12x ~0<x<0.13! in Fig. 2 show features, identifie
with arrows, attributed to exciton bound to a shallo
acceptor.8 It is clear that the shallow acceptor bound ex
tonic feature tracks the position of the free exciton and c
firms the decrease of Eg(x) shown in Fig. 1. In contrast, the
energy of the excitons bound to oxygen isoelectronic im
rity shifts as a function ofx in a directionoppositeto that
exhibited by the shallow acceptor bound exciton. Forx50,
the oxygen luminescence shows the very sharp NPL as
as the distinctive signatures associated with emission of
LO phonon and its overtones. The NPL and the LO phon
replicas in turn are accompanied by the emission of TA, L
and TO phonons. It is remarkable that even with a sm
addition of S, the phonon replica signatures are oblitera
This is evidently a consequence of an alloy broadening of
NPL and its phonon replicas.

The remarkable evolution of the isoelectronic oxygen

FIG. 1. Wavelength modulated reflectivity spectra display
the free excitonic signatures in ZnSxTe12x for 0<x<0.13 at T
510 K. The spectra are shifted vertically for clarity.
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signature from the distinctive phonon structure forx50 to
the structureless broad band forx50.03 is displayed in Fig.
3. With x50.0025, the NPL can still be observed, and t
overtones of its LO phonon replica as well as acoustic p
non replicas are distinctly observed, although the NPL a
all its phonon replicas are already broadened slightly a
shifted to higher energies. Forx50.005, the NPL and its LO
phonon and acoustic phonon replicas are broadened m
and blue-shifted further. Atx50.01, the NPL and its phonon
replicas are barely resolved, although their LO phonon r
licas can still be resolved. Atx50.03 all the phonon struc
tures have disappeared, and the emission band coalesce
a single broad band. In the inset of Fig. 3, the absorption
the emission mirror images of the isoelectronic oxygen
ZnS0.005Te0.995 is shown as a typical example. In addition
the occurrence of the absorption and emission spectra o
oxygen center as mirror images of each other, the PL sp
trum of ZnS0.005Te0.995 shows a small redshift as the tem
perature decreases from 10 K to 1.6 K. This results from
fact that theB-line, though electric dipole forbidden, dom
nates theA-line as a consequence of the thermal depopu
tion of the upper level at 1.6 K, from which theA-line
originates.5

The overall vibronic structure of the isoelectronic impu
ties, as in the case of the oxygen center in ZnTe, has b
explained on the basis of the Franck-Condon princip
which leads to a Poisson distribution for the intensities of
LO phonon replicas for both emission and absorption at l
temperatures,Sne2S/n!, where n is the number of emitted

FIG. 2. Photoluminescence~PL! spectra of ZnSxTe12x for
0<x<0.13, showing the signature of the exciton bound to a sh
low acceptor, identified with an arrow, and oxygen emission ba
The spectra are shifted vertically for clarity.
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LO phonons and S the most probable number o
phonons.5,9,10 The peak of the broad feature, produced
0.01<x by the alloy broadened phonon replicas, shifts
wards higher energy with increasingx while the energy of
the excitons bound to shallow acceptors decreases. It is
obvious that the binding energy of the exciton bound to
oxygen centerdecreases with increasing x. In order to make
this deduction more quantitative, it is useful to estimate
accurately as possible the energy of NPL. Since the w
and overall shape of the oxygen luminescence band doe
change very much withx, the peak position of the broa
spectrum for largex can be viewed as the maximum of th
superposition of all the phonon features corresponding
those observed forx50, but alloy broadened. On the bas
of this model, this distinctive feature of the oxygen lumine
cence band can be fitted using a ‘‘continuous’’ analog of
Poisson distribution.11 To the extent the curve can be fitte
with the same distribution, we can deduce the NPL ene
for large x, where the distinct NPL signature is no long
observed, by assuming that the difference in energy betw
this broad fitted peak and the NPL can be reasonably
pected to be the same~87 meV! for small values ofx, e.g., in
the range 0<x<0.13 studied in the present work. Thus w
have implicitly assumed the same values of S and\vLO for
0<x<0.13; the change in the ZnTe-like LO phonon fr
quency is available directly from the Raman spectra we h
studied and found to be about 0.1 meV, justifying the use
the same ZnTe LO phonon energy in the analysis. Viewe
this manner, the energy of the NPL can be reliably dedu
by adding to the peak position of each fitted distribution,

FIG. 3. PL spectra of oxygen emission band in ZnSxTe12x for
0<x<0.03, showing the alloy broadening in detail. The spectra
shifted vertically for clarity. The occurrence of the emission a
absorption spectra of the oxygen center in ZnS0.005Te0.995 as mirror
images is underscored in the inset.
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meV, calculated for ZnTe, where the NPL is directly o
served. The energies of the NPL thus extracted and the b
gap measured with wavelength modulated reflectivity a
function of x are displayed in Fig. 4~a!. The NPL energy
position of the oxygen center in ZnSxTe12x increases as the
band gap decreases, the rate at which the binding en
decreases being larger than that of the band gap energy
crease. The binding energy of the exciton bound to the o
gen center shown in Fig. 4~b! is seen to decrease linear
with increasingx. This linear behavior is consistent with
model, which assumes the virtual crystal approximation
the anion electronegativity of the alloy.

In the present study, the combined advantages of diffe
types of spectroscopies have led to a microscopic insight
a physically important parameter,viz. the ‘‘effective’’ anion
electronegativityin ZnSxTe12x as a function ofx. The con-
vergence of the free exciton signature with its redshift a
the oxygen luminescence band characterized by its blues
observed with increasingx in the range 0<x<0.13, enables
the decrease in binding energy of the exciton bound to
oxygen center in ZnSxTe12x to be exposed in an unambigu
ous manner. A significant outcome of this study is that
binding energy of the exciton bound to the oxygen cen
scales with the difference between the electronegativity
oxygen and the ‘‘effective’’ electronegativity of the anion
‘‘S xTe12x ’’, in ZnSxTe12x considered in the spirit of the
virtual crystal approximation for the anion electronegativi
of the alloy. It is demonstrated that the binding energy
excitons bound to oxygen in ZnSxTe12x extrapolates to zero

e

FIG. 4. ~a! The NPL energy of the exciton bound to oxyge
center~solid squares! and the energy of the free exciton measur
with wavelength modulated reflectivity~full circles! as a function of
x. The solid line is a quadratic fit for the band gap variation
ZnSxTe12x . ~b! The binding energy of the exciton bound to ox
gen center as a function ofx is displayed along with a linear fi
~solid line!.
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for x50.16. Indeed, it would be of interest to explore t
nature of the oxygen isoelectronic impurity forx larger than
0.16.
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11S@(E02E)/\vLO#e2S/G@(E02E)/(\vLO)11#, where G(n11)

5n! is the gamma function and\vLO is the energy of the LO
phonon of ZnTe. This function is derived from the Poisson d
tribution, Sne2S/n!, by substituting the discrete variablen for a
continuous one,@(E02E)/\vLO#11, whereE is the energy of
an emitted photon.


