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Composition dependence of the hydrostatic pressure coefficients of the bandgap
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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 Zn3e, 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 unti=0.7, which is the point where the ambient-pressure bandgap shows
a minimum. At larger values of 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 witliSe localized level and the extended states of the ZnSe va-
composition is a widely observed property of semiconductotence band$ZnTe conduction bancdhear the Brillouin zone
alloys. In many semiconductor alloy systems, the deviatiorcentef®®
from a linear dependence can be described by a quadratic Here we report results of studies of the hydrostatic pres-
term proportional to the so-called bowing paraméter In  sure dependence of the bandgap of ZnS&e, alloys over
this virtual crystal approximatiofVCA) approach, bandgap the entire composition range. The results show an entirely
bowing is explained by including effects of composition anddifferent pressure dependence of the band gaps of ZnSe- and
structural disorder on the conduction and valence ban@nTe-rich alloys. The behavior can be well explained by the
edges. The VCA works reasonably well for alloys of similar anticrossing interaction between localized Se or Te levels
materials in which the bowing parameters are smaller oand the extended states of the host semiconductor matrix.
comparable to the bandgaps of the constituents. Bulk ZnSg _,Te, single crystals were grown by either a

Recently, a very strongly nonlinear composition depen-modified Bridgman methdd on the Te-rich side, or by the
dence of the bandgap has been observed in highlphysical vapor transport methddon the Se-rich side. The
electronegativity-mismatched group IlI-V nitride alloys such samples were mechanically polished into small chips00
as GaAs_,N, (Refs. 2 and Band InR_,N,.*° It has been X 100um? in size and a thickness 6§10 um, and mounted
demonstrated that the composition dependence of the banihto gasketed diamond anvil cells for the application of hy-
gap of these alloys cannot be described using a single bovdrostatic pressure. The pressure medium was a mixture of
ing paramete?. In addition to the large bandgap bowing, a ethanol and methandlL:4). The applied pressure was cali-
greatly reduced hydrostatic pressure dependence of the banlskated by the standard method of monitoring the red shift of
gap and a significant increase in the electron effective mas#e rubyR1 photoluminescence line. The optical absorption
as compared to the end-point materials are also observetheasurements were performed at room temperature using a
The band anticrossinBAC) model has been developed to 0.5 m single-grating monochromator and an ultraviolet-
explain these novel effects. In the BAC model the anti- sensitive silicon photodiode as the detector.
crossing interaction between the previously observed reso- Figure 1 shows the optical absorption curves of
nant states of nitrogen and the conduction band states of ttEnSe 4,Te, oo Measured over a range of hydrostatic pres-
host semiconductor modifies the electronic structure and isures. The apparent absorption below the band edge origi-
responsible for the unusual properties of these alloys. nates from the fact that the reflection of the beam from the

The BAC model has also been applied to highly mis-surface of the sample has been neglected in the absorbance
matched group II-VI alloys including Zn$e,Te, and calculation. The curve at the top is a photomodulated reflec-
ZnS,_,Te,, in which large bandgap bowings have also beertance(PR) spectrum taken at ambient pressure. The feature
observed The availability of group 11-VI alloys covering the at lower energy corresponds to the critical transition from the
entire composition range provides an ideal opportunity tatop of the valence bands to the conduction band edge. The
study the electronic structure of highly mismatched alloysfeature at higher energy is attributed to the transition from
For example, it has been shown for ZrSgle, alloys that  the top of the spin-orbit split-off valence band to the conduc-
on the ZnSgZnTe)-rich side, the bandgap bowing is mostly tion band edge. The fundamental bandgap enekgy de-
determined by an anticrossing interaction between the Téermined from the PR spectrum 2498.06 eV is in good
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FIG. 1. Absorption curves of Znge,Te, o9 for a range of hy-
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FIG. 3. Linear and second-order pressure coefficients as a func-

drostatic pressures. The curve at the top portion of the figure arion of composition. The curves are calculated coefficients based on
photomodulated reflectan¢eR) data taken at ambient pressure. All the BAC model.
experiments were performed at room temperature.

It is interesting to note an entirely different effect of al-

agreement with the gap energy defined by the crossing poindying on the pressure dependence of the bandgaps of ZnSe-
at 2.42 eV of the steeply rising portion and the saturation lineand ZnTe-rich alloys. Results in Fig. 2 show that ZnTe al-
of the ambient-pressure absorption curve.
The fundamental bandgap determined from the absorptiopressure dependence than ZnTe. On the other hand, the pres-
curves shown in Fig. 1 is plotted as a function of pressure irsure dependence of the bandgap does not vary much with
Fig. 2. For a comparison, the pressure dependencies at sesbmposition in ZnSe-rich alloys.
eral other compositions are also shown, including the end- To quantitatively describe this nonlinear composition de-
point materials ZnSe and ZnTe. The measured pressure dgendence of the pressure behavior of the bandgaps over the
pendencies of ZnSe and ZnTe shown in Fig. 2 are invhole composition rangex=1, we fit the pressure data of

quantitative agreement with previous observatinslit can

loyed with only 4% of ZnSe shows a considerably weaker

all samples with a quadratic equation

be seen from Fig. 2 that the bandgap of ZnTe shows a much

more pronounced nonlinear behavior than the bandgap of

Eq(X,P)=Eq4(X)+ay(x)P+ay(x)P?, (6h)

ZnSe. This nonlinear behavior of the bandgap of semicon- ) . ,
ductors is typically attributable to the pressure dependence dfN€reEq(X) is the composition-dependent bandgap at ambi-

the bulk modulus.

ZnSe1
30[ 295K

Te
=X X

nTe

ent pressure. The linear pressure coefficiey(tx) and the
second-order pressure coefficien(x) can be obtained as a
function of composition from the least-squared fitting using
Eqg. (1). Examples of numerical fits to the experimental data
are shown by solid curves in Fig. 2.

The composition dependence of the bandgap at ambient
pressure measured by both PR and optical absorption is

3 o7 x=096 shown in the inset of Fig. 2. The bandgap shows a convex
< =065 dependence on the composition and reaches a minimum at
2 550 b x~0.7. The solid curve represents the results of theoretical
w” calculations based on the BAC model as described in Ref. 9.
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At ambient pressure the bandgap is given by the eqution
Eq(x)=(1—x)E5*™x) + xEFT"(x), 2)

whereESe'”C'(x) is the bandgap calculated from the valence
band edge shifted by the interaction with the localized levels
of Te on the Se-rich side, arEge'”Ch(x) is the bandgap cal-

culated from the conduction band edge shifted by the inter-

FIG. 2. Bandgap as a function of pressure for several composi@ction with the localized levels of Se on the Te-rich side.

tions. The solid curves are quadratic fits to these data points using 1h€ measured pressure coefficients are shown as a func-
Eq. (1). Inset, ambient-pressure bandgap measured by PR and opon of x in Fig. 3. The linear coefficient of ZnTe is 60%
tical absorption experiments plotted as a function of compositionlarger than that of ZnSe, and the second-order coefficient of
The curve is the calculated dependence based on the BAC mod&nTe is three times larger than that of ZnSe. As demonstrated
(Ref. 9. in Fig. 3, however, the pressure coefficients deviate signifi-
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cantly from a simple linear interpolation between ZnSe andirst- and second-order pressure coefficients. Substituting
ZnTe. Starting from ZnSe, both, and|a,| increase slowly pressure dependencies of the band states and the localized
until x~0.7. Afterx~0.7, they make a rapid transition to the levels into Eq.(2), differentiation of Eq.(2) with respect to
values of ZnTe. The crossover of the changing rate mear pressure gives rise to the calculated pressure coefficients as a
=0.7 corresponds to the composition at whigf{(x) reaches  function of composition. The calculated linear pressure coef-
its minimum. This behavior is in stark contrast with that of ficient as a function of composition is shown as a solid curve
well-matched group II-VI alloys, such as &bd,_,Se, in  in Fig. 3. A very good agreement is obtained between the
which a small bowing parameteb - 0.35 eV) of the band-  calculateda;(x) and experimental results. The calculated
gap and a linear composition dependence of the pressutgcond-order coefficiers,(x) deviates from experimental
coefficients have been observ’.é‘d. . data, especially on the Te-rich side. This is due to the fact
The experimentally determined composition qlependenc(g_‘at higher-order coefficients make considerable contribu-
of the pressure coefficients can be explained using the BA ons to the pressure dependence of the bandgap that is cal-

g?gge; r!gv-\ll—i-czﬁguacltlicc)))l/qqgaﬂgsg dtoe %&)meegﬁctrr:]eogﬁtligrfs-sincuIated by solving the eigenvalues of the Hamiltonian matri-
g y Ces given by the BAC modé@.We note that in the

interaction between the Se localized states and'tbenduc- . .
tion band of ZnTé The localized Se level lies 0.6 eV above calculations no adjustable parameters have been used. All the
the conduction band edge of ZnTe. It has been sfidhat parameters, such as the locations of the Te and Se levels and

the perturbation of the Se localized states on the ZnTe corfhe interaction constants between the localized Ievgl and the_
duction band successfully explains the composition and hyPand states, use the values that have been determined previ-
drostatic pressure dependencies of the fundamental bandg@ps!y by fitting with bandgap bowing measurements. The
on the Te-rich side. The conduction band edge of ZnTe risekesults demonstrate that the BAC model provides a compre-
rapidly with increasing pressure as can be seen from the dafiensive description of the composition and the pressure de-
of ZnTe in Fig. 2. However, as is commonly known for lo- pendencies of the fundamental bandgap of Zngee,.
calized states in semiconductors, their energy levels are inFhese dependencies can be decomposed into the VCA effect
sensitive to applied hydrostatic pressure due to the localizetfom the random alloying, and the BAC effect due to the
nature of their wave function’s.As the pressure increases, hybridization between the localized levels associated with
the conduction band edge of ZnTe moves up closer to the Sthe minority component and the extended states of the ma-
level, leading to a more localized nature of the hybridizedjority component. The concurrence of the minimunEg(x)
wave function. As a result the rate of the bandgap energgnd the drastic changes & (x) anda,(x) at x~0.7 indi-
increase is reduced. With further increase in pressurgates the crossover from the composition region where the
(>~100 kbay, the conduction band edge states start toyalence BAC dominates to that in which the conduction
change in nature from extended-like to localized-like. Evengac dominates.
tually the pressure dependence of the bandgap will approach |, symmary, we have measured the hydrostatic pressure
the pressure behavior of thréelGSe localized level, rising at thﬁependence of the bandgap of ZnS@e, alloys over the
smgll rage 9f~hl'5” meV/kll)a : he hvbridization b entire composition range. Both the first-order and the
tweeonr thi-rllgcaﬁlzggs'(r):a ﬁ;f; ;%é)’trgeeval)ér:::elzsgggs gf' thsecond-order pressure coefficients as a function of composi-
host ZnSe has been shown to be responsible for the compﬁpn show an abrupt phange n §Iope around0.7. This
sition dependence of the bandgap and the spin-orbi ehavior correlates with the bowing effect of the bandgap
hich reaches a minimum also nea+0.7. We have dem-

\s/g:gtrllr;g bg:; Teed ds%Ff) lzer\]/g:e'splgcgteg::%%oet\r/]:t;?f\éittgi t onstrated that the pressure dependence can be decomposed
) ' PP qﬁto a random alloying effect and a nonlinear effect due to

'nl'?);rglihn?;ign:recf;]);?:'cgzﬁt'eonr‘(’a"étshu'rfzeb‘éalaeag? gfaPhOIes k;j;ne he band anticrossing interaction between the localized states
g y g p 8[(13(1 the band states in the alloy.
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