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The piezomodulated-, electromodulated-, and photomodulated-reflectivity spectra of a pseudomorphic
Zn Te epilayer, grown on an InAs epilayer by molecular-beam epitaxy, exhibit heavy- and light-hole exci-
tonic signatures split by the lattice mismatch induced biaxial compressive strain. This splitting in the
pseudomorphic epilayer is studied as a function of applied hydrostatic pressure using photomodulated
reflectance spectroscopy at 80 K. With increasing hydrostatic compression, the compressive strain is

progressively compensated by the pressure-induced tensile strain. At -55 kbars the epilayer becomes
strain-free, and is under a biaxial tension at higher pressures. The separation between the heavy- and
light-hole signatures is superlinear in pressure, suggestive of a strain or volume deformation-dependent
shear deformation-potential constant. We also compare the pressure dependence of the Raman LO pho-
non of the ZnTe epilayer on InAs with that of a bulk ZnTe sample at 13 K. The pressure-dependent
strain is found to be linear. Accurate values of the first-order strain derivatives of the LO phonons and

mode Gruneisen constants are obtained.

I. INTRODUCTION

Stimulated by their applications in optoelectronic de-
vices with response in the blue such as light-emitting
diodes and lasers, ' extensive studies have been conduct-
ed on the electronic and vibrational properties of epi-
layers and quantum wells of wide band gap II-VI materi-
als, such as ZnSe on GaAs. In addition, the growth of
II-VI materials in combination with III-V materials has a
special appeal since one can, in principle, combine their
attractive features in a single heterostructure. However,
one has to contend with the lattice mismatch between the
epilayer and the substrate. In this context, it is crucial to
know the limiting conditions that lead to pseudomorphic
growth by the accommodation of the strains due to lat-
tice mismatch, rather than growth via the formation of
misfit dislocations. The latter can have deleterious effects
on the optical and electronic properties of a device. The
compressibilites and/or thermal expansion coefficients of
the materials forming the epilayer and the substrate are
usually different. As a function of pressure and/or tem-
perature, the lattice constants of the two constituent ma-
terials change differently leading to modifications in the
biaxial strain experienced by them. Systems that are lat-
tice matched at a certain pressure or temperature may
become lattice mismatched as these parameters change
and vice versa.

It has been shown that ZnSe epilayers grown pseu-
domorphically on GaAs exhibit the above effects from
the photomodulated refiectivity (PR), photolumines-
cence (PL), and Raman-scattering studies under pres-
sure. It was also shown that the tetragonal deformation

The built-in strains in the epilayer due to the lattice
mismatch are characterized by
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potential b is a function of either strain or volume defor-
mation. ' In this paper, we present a detailed PR and
Raman study of a ZnTe epilayer grown on InAs.

II. EXPERIMENT

The epilayer sample consisted of a 63-nm epilayer of
ZnTe grown on a 1.5-pm InAs homoepitaxial epilayer on
InAs by molecular-beam epitaxy. The high-resistivity
Zn Te and InAs epilayers were grown in separate
chambers. Cross-sectional TEM shows no dislocations or
stacking faults in the epilayer or its interface, characteris-
tic of pseudomorphic growth.

PR spectra were measured using a xenon arc source
and a spectrometer dispersion of 3.2 A. 0.02 mW of the
3638-A Ar+ laser line on a 200-pm spot modulated at
200 Hz was used. Raman spectra were excited using
-40 mW of various blue and violet lines of an Ar+ ion
laser focused to a spot size of 50 pm. Due to the near
resonance with the Eo gap, LO phonons up to third order
were readily seen. High-pressure and piezomodulation
and electromodulation techniques are discussed else-
where. '

III. THEORETICAL CONSIDERATIONS

A. Strains due to lattice mismatch
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E""=E +(5El, +5E, ), (2a)

where a, and a, are the lattice constants of the substrate
and the epilayer, respectively, and c; are the elastic con-
stants. The growth direction (001) is taken as the z axis
and c=c. =c is referred to as the biaxial strain.

In the absence of strain, " the heavy- and light-hole
valence-band maxima at k=O are degenerate. The biaxi-
al strain shifts and splits the heavy- and light-hole band
gaps E""and E "as follows: dE,

dp
+hh +bulk + 2acu

111

tial lattice mismatch yields biaxial compression, the
heavy-hole —light-hole band splitting decreases with hy-
drostatic pressure. This is similar to ZnSe/GaAs. '

The pressure coefficient of the epilayer material in its
bulk state is given by ab„1k= —a„/B and those for the
light and heavy holes in the strained epilayer are '

(Cll —
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where E~ is the fundamental gap and
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which are related to

(5)

where the + ( —) sign in the second term is for light
(heavy) holes.

The shift hem of the LO phonon of a strained epilayer
from its bulk counterpart for (001) growth is'

K11 K12 C12e„+ (e„„+e, ) = K,2
—K„
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a(P)=a(1 bar) P+1
B (3)

where a(P) is the lattice constant as a function of applied
hydrostatic pressure P, B is the bulk modulus
[=(c»+2C,2)/3], and B' is the pressure derivative of B.
The pressure-induced strain e(P ) from Eq. (3) is '

E(P)= a, (P) a,(P)—
~,(P)

(4a)

Here a,„ is the combined hydrostatic deformation po-
tential for transitions between the conduction and
valence bands, b is the shear deformation-potential con-
stant, and 6 is the energy separation of the spin-orbit
splitting. For an epilayer which has a lattice constant
larger than that of the substrate, as is the case in
ZnTe/InAs, the biaxial strain is compressive and a corre-
sponding band-gap expansion occurs, with the heavy-
hole-derived band gap. Note that c. is defined negative
for biaxial compressive strain.

B. Strains due to applied pressure

Hydrostatic pressure decreases the lattice constants of
a material. Since the compressibilities of different semi-
conductors vary, there can be pressure-induced biaxial
strains between semiconductors that share a common in-
terface. The strain thus generated can be formulated
from the changes in the lattice constants. Murnaghan's
equation of state' can be written as

—1/3B'

K11 +2K12 = 6&LO

B dc'
VLo dpLO

(7a)

(7b)

where yLo is the mode Griineisen parameter. The hydro-
static and shear components of the stains in zinc-blende
and diamond-type semiconductors are related to
(K»+2K, z) and (K» —K,z), respectively, for (001)
stress.

IV. RESULTS AND DISCUSSION

We have measured the pressure dependence of the
Raman-active LO phonon up to three orders for the
ZnTe epilayer on InAs and bulk ZnTe, with both samples
loaded in the same diamond-anvil cell. This has enabled
us to directly measure the pressure dependence of the
phonon shift Aco of the epilayer with respect to that of
the bulk. Figure l shows the first- and second-order Ra-
man spectra at different pressures for the epilayer (dotted
lines) and the bulk (solid lines). At 1 bar (not shown) the
first-order LO phonon in the epilayer occurs at —1 cm
higher than that in the bulk. At the second and third or-
ders, the difference is correspondingly larger. Under the
applied pressure, the phonon peaks of the epilayer and
the bulk approach each other and coalesce at -65 kbars.
This is evident from Fig. 1 and also in Fig. 2, in which
the average separation bee, normalized to the order, is
shown. The mode Griineisen parameter determined from
dcoldP of the phonon averaged over the three orders is

E(P) =e(0)+
Qe

P
(cll+2cl»,

P
(c„+2c,2),
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where the c, 's are the elastic constants for the epilayer
(e) and the substrate (s). In Eq. (4b), the initial lattice-
mismatch strain is e(0) and only a first-order term in

pressure is retained. If the bulk modulus of the epilayer
is smaller than that of the substrate, as in our case, ' the
pressure-induced stress is biaxially tensile. Since the ini-
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FIG. 1. The first- and second-order Raman spectra of the LO
phonon of the ZnTe epilayer on InAs (dotted lines) and of bulk
ZnTe (solid lines) at different pressures and 13 K.
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FIG. 2. The average separation of the LO phonon of the epi-
layer and bulk ZnTe vs pressure. The data from the first,
second, and third orders are included. The inset shows the
strain as a function of pressure obtained using Eqs. (6) and (7)
(see text for details).

photomodulated-,the

yea=0. 99+0.04, for both epilayer and the bulk, in
agreement with an earlier measurement. ' We also ob-
tain values for Eii and Ei2 to be (

—2.3+0.3) and
( —1.7+0.3), respectively. No measured values of K; of
ZnTe are available for comparison. Using the data from
Fig. 2 and Eqs. (6) and (7), we determine that the strain in
the ZnTe epilayer is linear with pressure (Fig. 2, inset).
The solid line is a linear fit which yields the strain at 1

bar due to lattice mismatch, e= —65.8X10 (in agree-
ment with the value of 66. 1X10 from the known lat-
tice constants' ) and the pressure-dependent term de/dP
to be 0.961 X 10 /kbar. The calculated strain using Eq.
(4a) predicts a slight sublinearity; the data indicate that
Eq. (4b), which contains only the linear term in pressure,
is adequate.

Figure 3(a) shows

2.95

. Photomodulated

2.85

piezomodulated-, and electromodulated-reflectivity spec-
tra of the ZnTe epilayer on InAs at 80 K. The two signa-
tures at 2.383 and 2.419 eV correspond to the excitons as-
sociated with the heavy and light holes. Piezomodulation
enhances the light hole despite its smaller matrix ele-
ment. '

Figure 3(b) shows the PR spectra for the ZnTe/InAs
epilayer at 80 K for different applied pressures. The
spectra are fitted as in Ref. 6.

Figure 4 shows the transition energies vs pressure. As
pressure is increased, the heavy and light holes approach
each other and cross at 55 kbars. Beyond 55 kbars, the
fundamental gap changes from heavy to light hole. The
crossing of heavy and light holes is analogous to that ob-
served in pseudomorphic ZnSe on GaAs. PR signals
could be observed only up to 62 kbars, where InAs un-
dergoes a phase transition into the rocksalt structure.

Figure 4 shows that the E""and E'" transitions have a
small sublinear behavior. The lines shown are fits to the
functional form E(P ) =E(0)+aP+PP . The linear
pressure coefficients are a„„=(8.96+0.20) meV/kbar
and aih =(9.45+0.20) meV/kbar. The quadratic
coefficients Phh and Pi& are ( —0.013+0.002 ) and
(
—0.034+0.003) meV/kbar, respectively. The material

parameters used in this paper' are ci2/c»=0. 574,
B=517 kbars, and B'=4.7 for ZnTe; and B=636 kbars
and B'=4.79 for InAs. From the average of the a's from
Eq. (5), we can compute the hydrostatic deformation po-
tential for ZnTe (Ref. 16) to be a,„=—5.0+0.2 eV. We
have also determined a„ from the volume deformation
from Eq. (3) and the average band-gap energy as a func-
tion of pressure. The value thus obtained is also
—5.0+0.2 eV.
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FIG. 3. (a) The electromodulated-, piezomodulated-, and
photomodulated-reflectively spectra of the ZnTe epilayer at 80
K. The two signatures correspond to the heavy- and light-hole
excitons. (b) The photomodulated-reflectivity spectra of the
ZnTe epilayer vs pressure. The dotted curves are the data and
the solid curves are a fit to the data (see text).

FIG. 4. The heavy- and light-hole transition energies vs pres-
sure. The inset shows the separation between the heavy- and
light-hole transitions energies. The dashed line is a fit using
pressure-independent b and the strain obtained from Eq. (3).
The solid line in the fit is made by allowing the shear
deformation-potential constant b to be pressure dependent.
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The splitting (E"" E—'") as a function of pressure is
shown in the inset of Fig. 4. Noting that

2M'E» —E»=2gE +
g g S (8)

from (Eg" Eg—") at 1 bar and the lattice-mismatch strain
of —6.58X10 we find' b = —1.27+0.05 eV from Eqs.
(1), (2d), and (8).

The pressure dependence of the splitting in Fig. 4 (in-
set} is clearly strongly superlinear. The strain-induced
mixing of the light hole and the spin-orbit-split bands
[second term in Eq. (8}] is too small to account for the
measured sublinearity due to the large value of b, [910
meV at 300 K (Ref. 13)]. Hence (E" —E'b) vs pressure
is determined primarily by 2 5E„which depends on b,
c;, and e(P).

The dotted curve in Fig. 4 (inset) is due to the strain
calculated from Eq. (4a) and the value of b obtained from
the 1-bar data above. While the agreement is good up to
30 kbars, at higher pressures it indicates a slight sublinear
rather than the observed superlinear pressure depen-
dence. By allowing a pressure-dependent term b'

( =db /dP) for b, the fit can be improved as shown by the
solid curve. The values obtained from this fit are
b = —l.21 eV and b' = —0.019 eV/kbar.

A similar effect was observed in the case of ZnSe on
GaAs. The Raman data showed a linear pressure-
dependent strain whereas the PR and PL data ' gave evi-
dence for a pressure-dependent shear deformation poten-
tial. Both the ZnTe/InAs and ZnSe/GaAs systems seem
to indicate that the electronic bands in the epilayer devi-
ate from the linear deformation-potential theory, whereas
the lattice vibrations are in the linear regime.

We have considered other effects to explain the non-
linear splitting (E"" E'") withou—t invoking a pressure-
dependent b. Higher-order terms in the Murnaghan
equation do not improve the fit in Fig. 4. A second-order
term in volume deformation yields a value of

g= —b'B =17.8 eV per unit decrease of volume. This
value is similar to that obtained in ZnSe/GaAs and ap-
pears rather high.

Both the Raman and PR data clearly show that the
effect of applied pressure is to cancel the initial mismatch
strain. The pressure P at which lattice match occurs
was found to be -55 kbars from the PR data at which
the splitting of the heavy- and light-hole bands goes to
zero. In the Raman data, the difference in frequency of
the Raman phonon of the epilayer and that in a separate
bulk sample was compared. A somewhat higher (-65
kbars) value of the observed P is probably due to the
uncertainty in the initial (1 bar) separation b, to. A de-
crease of -0.2 cm ' in this value will bring the P in

agreement with the PR data.

V. CONCLUSIONS

Pressure tuning of the biaxial strain in pseudomorphic
ZnTe on InAs is observed by Raman scattering (13 K}
and photomodulated-reflectivity (80 K) studies. Values
for the deformation-potential constants, mode Griineisen
parameters, and first-order strain derivatives of the LO
phonon are determined. The Raman data show a linear
dependence of the strain vs pressure. The PR data indi-
cate that the shear deformation potential depends on
pressure (or volume} in a manner similar to that observed
in ZnSe epilayers on GaAs.
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