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Composition dependence of the hydrostatic pressure coefficients of the bandgap
of ZnSe1ÀxTex alloys
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Optical absorption experiments were performed using diamond-anvil cells to measure the hydrostatic pres-
sure dependence of the fundamental bandgap of ZnSe12xTex alloys over the entire composition range. The
first- and second-order pressure coefficients were obtained as a function of composition. The coefficients do
not vary linearly between the ZnSe and ZnTe end-point values. Starting from the ZnSe side, the magnitude of
both coefficients increases slowly untilx'0.7, which is the point where the ambient-pressure bandgap shows
a minimum. At larger values ofx the coefficients rapidly approach the values of ZnTe. The large deviations of
the pressure coefficients from the linear interpolation between ZnSe and ZnTe are explained in terms of the
band anticrossing model.
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The nonlinear dependence of the bandgap energy
composition is a widely observed property of semiconduc
alloys. In many semiconductor alloy systems, the deviat
from a linear dependence can be described by a quad
term proportional to the so-called bowing parameter~b!. In
this virtual crystal approximation~VCA! approach, bandgap
bowing is explained by including effects of composition a
structural disorder on the conduction and valence b
edges.1 The VCA works reasonably well for alloys of simila
materials in which the bowing parameters are smaller
comparable to the bandgaps of the constituents.

Recently, a very strongly nonlinear composition depe
dence of the bandgap has been observed in hig
electronegativity-mismatched group III-V nitride alloys su
as GaAs12xNx ~Refs. 2 and 3! and InP12xNx .4,5 It has been
demonstrated that the composition dependence of the b
gap of these alloys cannot be described using a single b
ing parameter.6 In addition to the large bandgap bowing,
greatly reduced hydrostatic pressure dependence of the b
gap and a significant increase in the electron effective m
as compared to the end-point materials are also obser
The band anticrossing~BAC! model has been developed
explain these novel effects.3,7 In the BAC model the anti-
crossing interaction between the previously observed re
nant states of nitrogen and the conduction band states o
host semiconductor modifies the electronic structure an
responsible for the unusual properties of these alloys.

The BAC model has also been applied to highly m
matched group II-VI alloys including ZnSe12xTex and
ZnS12xTex , in which large bandgap bowings have also be
observed.8 The availability of group II-VI alloys covering the
entire composition range provides an ideal opportunity
study the electronic structure of highly mismatched allo
For example, it has been shown for ZnSe12xTex alloys that
on the ZnSe~ZnTe!-rich side, the bandgap bowing is most
determined by an anticrossing interaction between the
0163-1829/2003/68~3!/033206~4!/$20.00 68 0332
th
r
n
tic

d

r

-
ly

d-
w-

nd-
ss
d.

o-
he
is

-

n

o
.

e

~Se! localized level and the extended states of the ZnSe
lence bands~ZnTe conduction band! near the Brillouin zone
center.8,9

Here we report results of studies of the hydrostatic pr
sure dependence of the bandgap of ZnSe12xTex alloys over
the entire composition range. The results show an enti
different pressure dependence of the band gaps of ZnSe-
ZnTe-rich alloys. The behavior can be well explained by t
anticrossing interaction between localized Se or Te lev
and the extended states of the host semiconductor matri

Bulk ZnSe12xTex single crystals were grown by either
modified Bridgman method10 on the Te-rich side, or by the
physical vapor transport method11 on the Se-rich side. The
samples were mechanically polished into small chips;100
3100mm2 in size and a thickness of;10 mm, and mounted
into gasketed diamond anvil cells for the application of h
drostatic pressure. The pressure medium was a mixtur
ethanol and methanol~1:4!. The applied pressure was cal
brated by the standard method of monitoring the red shif
the rubyR1 photoluminescence line. The optical absorpti
measurements were performed at room temperature usi
0.5 m single-grating monochromator and an ultraviol
sensitive silicon photodiode as the detector.

Figure 1 shows the optical absorption curves
ZnSe0.91Te0.09 measured over a range of hydrostatic pre
sures. The apparent absorption below the band edge o
nates from the fact that the reflection of the beam from
surface of the sample has been neglected in the absorb
calculation. The curve at the top is a photomodulated refl
tance~PR! spectrum taken at ambient pressure. The feat
at lower energy corresponds to the critical transition from
top of the valence bands to the conduction band edge.
feature at higher energy is attributed to the transition fr
the top of the spin-orbit split-off valence band to the condu
tion band edge. The fundamental bandgap energy (Eg) de-
termined from the PR spectrum 2.4560.06 eV is in good
©2003 The American Physical Society06-1
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agreement with the gap energy defined by the crossing p
at 2.42 eV of the steeply rising portion and the saturation l
of the ambient-pressure absorption curve.

The fundamental bandgap determined from the absorp
curves shown in Fig. 1 is plotted as a function of pressure
Fig. 2. For a comparison, the pressure dependencies at
eral other compositions are also shown, including the e
point materials ZnSe and ZnTe. The measured pressure
pendencies of ZnSe and ZnTe shown in Fig. 2 are
quantitative agreement with previous observations.12,13It can
be seen from Fig. 2 that the bandgap of ZnTe shows a m
more pronounced nonlinear behavior than the bandgap
ZnSe. This nonlinear behavior of the bandgap of semic
ductors is typically attributable to the pressure dependenc
the bulk modulus.

FIG. 1. Absorption curves of ZnSe0.91Te0.09 for a range of hy-
drostatic pressures. The curve at the top portion of the figure
photomodulated reflectance~PR! data taken at ambient pressure. A
experiments were performed at room temperature.

FIG. 2. Bandgap as a function of pressure for several comp
tions. The solid curves are quadratic fits to these data points u
Eq. ~1!. Inset, ambient-pressure bandgap measured by PR and
tical absorption experiments plotted as a function of composit
The curve is the calculated dependence based on the BAC m
~Ref. 9!.
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It is interesting to note an entirely different effect of a
loying on the pressure dependence of the bandgaps of Z
and ZnTe-rich alloys. Results in Fig. 2 show that ZnTe
loyed with only 4% of ZnSe shows a considerably weak
pressure dependence than ZnTe. On the other hand, the
sure dependence of the bandgap does not vary much
composition in ZnSe-rich alloys.

To quantitatively describe this nonlinear composition d
pendence of the pressure behavior of the bandgaps ove
whole composition range 0<x<1, we fit the pressure data o
all samples with a quadratic equation

Eg~x,P!5Eg~x!1a1~x!P1a2~x!P2, ~1!

whereEg(x) is the composition-dependent bandgap at am
ent pressure. The linear pressure coefficienta1(x) and the
second-order pressure coefficienta2(x) can be obtained as
function of composition from the least-squared fitting usi
Eq. ~1!. Examples of numerical fits to the experimental da
are shown by solid curves in Fig. 2.

The composition dependence of the bandgap at amb
pressure measured by both PR and optical absorptio
shown in the inset of Fig. 2. The bandgap shows a con
dependence on the composition and reaches a minimu
x'0.7. The solid curve represents the results of theoret
calculations based on the BAC model as described in Re
At ambient pressure the bandgap is given by the equatio9

Eg~x!5~12x!Eg
Se-rich~x!1xEg

Te-rich~x!, ~2!

whereEg
Se-rich(x) is the bandgap calculated from the valen

band edge shifted by the interaction with the localized lev
of Te on the Se-rich side, andEg

Te-rich(x) is the bandgap cal-
culated from the conduction band edge shifted by the in
action with the localized levels of Se on the Te-rich side.

The measured pressure coefficients are shown as a f
tion of x in Fig. 3. The linear coefficient of ZnTe is 60%
larger than that of ZnSe, and the second-order coefficien
ZnTe is three times larger than that of ZnSe. As demonstra
in Fig. 3, however, the pressure coefficients deviate sign
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FIG. 3. Linear and second-order pressure coefficients as a f
tion of composition. The curves are calculated coefficients base
the BAC model.
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cantly from a simple linear interpolation between ZnSe a
ZnTe. Starting from ZnSe, botha1 and ua2u increase slowly
until x;0.7. Afterx;0.7, they make a rapid transition to th
values of ZnTe. The crossover of the changing rate neax
50.7 corresponds to the composition at whichEg(x) reaches
its minimum. This behavior is in stark contrast with that
well-matched group II-VI alloys, such as ZnxCd12xSe, in
which a small bowing parameter (b50.35 eV) of the band-
gap and a linear composition dependence of the pres
coefficients have been observed.14

The experimentally determined composition depende
of the pressure coefficients can be explained using the B
model. In Te-rich alloys~x close to 1!, the BAC model pre-
dicts a new conduction band edge formed by the anticros
interaction between the Se localized states and theG conduc-
tion band of ZnTe.8 The localized Se level lies 0.6 eV abov
the conduction band edge of ZnTe. It has been shown8 that
the perturbation of the Se localized states on the ZnTe c
duction band successfully explains the composition and
drostatic pressure dependencies of the fundamental ban
on the Te-rich side. The conduction band edge of ZnTe r
rapidly with increasing pressure as can be seen from the
of ZnTe in Fig. 2. However, as is commonly known for lo
calized states in semiconductors, their energy levels are
sensitive to applied hydrostatic pressure due to the local
nature of their wave functions.15 As the pressure increase
the conduction band edge of ZnTe moves up closer to the
level, leading to a more localized nature of the hybridiz
wave function. As a result the rate of the bandgap ene
increase is reduced. With further increase in press
~.;100 kbar!, the conduction band edge states start
change in nature from extended-like to localized-like. Eve
tually the pressure dependence of the bandgap will appro
the pressure behavior of the Se localized level, rising at
small rate of;1.5 meV/kbar.8,16

For Se-rich alloys~x close to 0!, the hybridization be-
tween the localized Te level and the valence bands of
host ZnSe has been shown to be responsible for the com
sition dependence of the bandgap and the spin-o
splitting.9 The Te deep level is located at;0.1 eV above the
valence band edge of ZnSe. As opposed to the effect on
Te-rich side, the hybridization with the valence bands d
not significantly change the pressure behavior of the ba
gap, because the conduction band states that are respon
for the pressure effects of the bandgap are not affected by
hybridization. The slow increase in the pressure coefficie
with increasingx, is therefore attributed to two effects: th
VCA effect that is a linear interpolation between ZnSe a
ZnTe, and the negative contribution from the pressu
induced rise of the valence band edge that is Te locali
level-like. These two effects tend to cancel each other, so
the pressure coefficients stay almost constant for smallx, as
is seen in Fig. 3.

In order to explain the experimental data over the en
composition range (0<x<1), we use Eq.~2! to find the
03320
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first- and second-order pressure coefficients. Substitu
pressure dependencies of the band states and the loca
levels into Eq.~2!, differentiation of Eq.~2! with respect to
pressure gives rise to the calculated pressure coefficients
function of composition. The calculated linear pressure co
ficient as a function of composition is shown as a solid cu
in Fig. 3. A very good agreement is obtained between
calculateda1(x) and experimental results. The calculat
second-order coefficienta2(x) deviates from experimenta
data, especially on the Te-rich side. This is due to the f
that higher-order coefficients make considerable contri
tions to the pressure dependence of the bandgap that is
culated by solving the eigenvalues of the Hamiltonian ma
ces given by the BAC model.9 We note that in the
calculations no adjustable parameters have been used. A
parameters, such as the locations of the Te and Se levels
the interaction constants between the localized level and
band states, use the values that have been determined p
ously by fitting with bandgap bowing measurements. T
results demonstrate that the BAC model provides a com
hensive description of the composition and the pressure
pendencies of the fundamental bandgap of ZnSe12xTex .
These dependencies can be decomposed into the VCA e
from the random alloying, and the BAC effect due to t
hybridization between the localized levels associated w
the minority component and the extended states of the
jority component. The concurrence of the minimum ofEg(x)
and the drastic changes ina1(x) and a2(x) at x;0.7 indi-
cates the crossover from the composition region where
valence BAC dominates to that in which the conducti
BAC dominates.

In summary, we have measured the hydrostatic pres
dependence of the bandgap of ZnSe12xTex alloys over the
entire composition range. Both the first-order and t
second-order pressure coefficients as a function of comp
tion show an abrupt change in slope aroundx;0.7. This
behavior correlates with the bowing effect of the bandg
which reaches a minimum also nearx'0.7. We have dem-
onstrated that the pressure dependence can be decom
into a random alloying effect and a nonlinear effect due
the band anticrossing interaction between the localized st
and the band states in the alloy.
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