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Exciton photoluminescence in strained and unstrained ZnSe under hydrostatic pressure
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Near-band-gap photoluminescence (PL) from exciton recombination in bulk crystalline ZnSe and in

strained and strain-relaxed ZnSe epilayers grown on GaAs substrates is examined for pressures up to 80
kbar at 9 K in a diamond-anvil cell. The small sublinear dependence of PL energy with pressure for bulk

ZnSe is attributed to the pressure dependence of the bulk modulus. In the strained ZnSe film, the change

in biaxial strain with pressure is seen by the changing separation of the heavy- and light-hole exciton

peaks. The heavy-hole exciton energy goes from being 12.5 meV below that of the light hole (1 bar), to
the same energy as the light hole (-29 kbar), to relatively higher enegy ( & 29 kbar) as pressure is in-

creased, which shows that the strain in the ZnSe film has been tuned from being compressive to tensile.

In contrast, PL suggests that strain-relaxed films slip when pressure is applied. The hydrostatic deforma-

tion potential for near-band-gap transitions in Znse is a = —4.37 eV, while ~a~ is unexpectedly larger for
transitions associated with deep levels. There is evidence that the tetragonal deformation potential b is a
function of either volume deformation or strain.

I. INTRODUCTION

The electronic structure and vibrational properties of
ZnSe-based semiconductor heterostructures have been
studied in great detail, in part because these structures
are potential active media in optical devices involving
blue light emission. ' The interesting properties of these
heterostructures come from band-gap engineering
through the use of strains, dopants, and quantum
confinement. This study examines the effects of strain on
the electronic properties of ZnSe by studying changes in
band-edge photoluminescence (PL) that occur with the
application of hydrostatic pressure. Three contrasting
types of ZnSe structures are examined: strained and
strain-relaxed epilayers of ZnSe on GaAs, and bulk crys-
talline ZnSe. This appears to be the first investigation of
band-edge photoluminescence in bulk and thin-film ZnSe
under pressure.

Epilayers of ZnSe have been grown commensurately
and incommensurately on GaAs substrates by using
molecular-beam epitaxy (MBE). Commensurate growth
has been achieved for thicknesses up to -0.15 pm.
Elastic strains due to the 0.25% lattice mismatch are ac-
commodated up to this critical thickness. However, for
larger thicknesses misfit dislocations lower the total ener-

gy of the system and incommensurate growth ensues. ' '

Photoluminescence has been used to characterize epilayer
strains by their effect on band-edge emission. ' '

The three samples considered here represent three con-
trasting conditions of initial strain. For the bulk ZnSe
sample there is no lattice mismatch, and therefore no net
strain is present at ambient pressure. In the second sam-
ple, the ZnSe epilayer is thinner than the critical thick-
ness for misfit dislocation formation ( —1500 A). The film
is therefore commensurately grown to the GaAs sub-
strate, and is under compressive strain of -0.25%. Fi-
nally, in the third sample, the ZnSe epilayer is greater
than the critical thickness, and is therefore incommensu-

rately grown. As a result, at ambient pressure there is no
biaxial strain in the film at the growth temperature
(-320'C). There is, however, net biaxial tension in the
film at room temperature and at the 9-K temperature of
these measurements, since the thermal expansion
coefficient is larger for the epilayer than for the sub-
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The biaxial strain in the ZnSe layers causes a shift in
the band-gap energy, as well as a splitting between the
heavy- and light-hole valence bands, which are otherwise
degenerate at k=0. In the strained layer, the application
of hydrostatic pressure not only increases the net hydro-
static component of strain, but also changes the nonhy-
drostatic component because of the differences in the
compressibilities of ZnSe and GaAs. The separation in
the lh and hh exciton PL peaks indicates this changing
strain. In particular, in this paper the crossover from ini-
tially compressive to tensile strain is demonstrated to
occur near 29 kbar for the strained ZnSe epilayer at 9 K.

Previous studies on the application of hydrostatic pres-
sure to ZnSe have primarily focused on bulk material.
These have included absorption, ' ' " donor-acceptor
pair, ' and self-activated luminescence experiments' at
various temperatures, which have measured the linear
slope of the band-gap energy E with pressure p in the
range 6.0—7.5 meV/kbar. Ves et al. "have shown a sub-
linear relationship between the ZnSe band-gap energy
and pressure by transmission, and have provided a fit to
their data to quadratic order.

A preliminary report of this work described PL in
these ZnSe structures up to 25 kbar. ' To our knowledge
there had been no previous study of the pressure depen-
dence of the near-band-gap photoluminescence in either
bulk or epilayer ZnSe systems. During the course of the
current work, two related investigations of the effect of
pressure on strains in ZnSe epilayers on GaAs have ap-
peared. Cui et al. ' have studied this system using Ra-
man scattering. Rockwell et al. ' have examined ZnSe
epilayers at 80 K by using photoreflectance, and have
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concluded that the tetragonal deformation potential 6 de-
pends on pressure. ZnSe/GaAs

820 A heavy hoe

II. EXPERIMENTAL PROCEDURE AND RESULTS

Photoluminescence measurements were made on
0.082-pm- (strained) and 2.1-pm- (strain relaxed) thick
ZnSe epilayers grown on GaAs (001) by molecular-beam
epitaxy, which are labeled the thin and thick 61ms, re-
spectively, and on bulk crystalline ZnSe that was grown
by zone melting. Experiments were conducted at T=9
K and at pressures up to 80 kbar, which is below the
pressure for phase transitions in ZnSe (137 kbar) and
GaAs (172 kbar).

The GaAs substrates were mechanically thinned from
300 pm down to 50 pm for insertion in a diamond-anvil
cell (DAC). Spectra were compared before and after
thinning to guarantee sample integrity. The DAC was
made in-house and is a modified version of the one de-
scribed in Ref. 17, and was placed within a closed cycle
cryostat. Samples were inserted together with ruby
chips, for pressure calibration, ' within a gasketed liquid
argon bath to obtain near-hydrostatic conditions. While
the cell design allows for pressure tuning at low tempera-
ture, it was found that near-hydrostatic conditions could
not be obtained this way. Pressure was therefore added
at room temperature.

ZnSe photoluminescence was excited using the 4067-A
or the multiline uv lines (3375—3564 A) from a krypton
ion laser, and detected using a 0.85-m double spectrome-
ter, and a cooled photomultiplier tube or intensity-
enhanced diode array. Photon counting electronics were
interfaced to an IBM AT for A/D data conversion,
storage, and analysis.

PL spectra for each of the three samples are presented
at ambient pressure in Figs. 1 —3. For the bulk crystalline
sample (Fig. 1) the following identifications have been
made. The dominant feature at 2.7970 eV (I2O} is associ-
ated with a neutral bound donor exciton, attributed to ei-
ther an In or Ga impurity. A neutral bound acceptor ac-
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FIG. 2. The PL spectrum of a strained ZnSe layer on GaAs
at ambient pressure at 9 K.

counts for the exciton feature at 2.7924 eV (I, ). The
feature at 2.7827 eV (I, ) is commonly attributed to deep
Cu acceptors or Zn vacancies, or to an exciton bound to
an impurity complex which involves Cu. The phonon re-
plica I& is found 31.6 meV lower in energy than I&.
Finally, two weak features higher in energy than I20 are
due to the excited state (n =2) of a donor bound exciton
at 2.8014 eV (I2D} and the free exciton transition at
2.8039 eV (FE).

The two main peaks observed in the PL spectrum of
the thin film (Fig. 2) correspond to the ground-state free
exciton transition for heavy holes (2.8041 eV), and,
higher in energy by 12.5 meV, to that for light holes
(2.8166 eV). An additional but very small peak is found
near 2.7998 eV (I„),which is usually attributed to a neu-
tral bound exciton.

For the thick film (Fig. 3), a total of six features are
identi6ed. Two of the features correspond to the n =1
light-hole FE (2.8006 eV), which is the largest peak, and
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FIG. 1. The PL spectrum of bulk crystalline ZnSe at ambient
pressure at 9 K.

FIG. 3. The PL spectrum of a strain-relaxed ZnSe layer on
GaAs at ambient pressure at 9 K.
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the heavy-hole FE (2.8034 eV), which is the small shoul-
der on the high-energy side of the lh peak. The (I&a) neu-

tral donor bound exciton also accounts for two peaks cor-
responding to the heavy-hole feature at 2.7969 eV and the
light hole at 2.7959 eV. The remaining two features cor-
respond to an ionized donor (I3) at 2.7915 eV and an
unidentified peak (I') at 2.7726 eV.

Photoluminescence is monitored with increasing pres-
sure for each of the three samples, with representative PL
spectra shown in Figs. 4(a) —6(a). For each, the PL ener-
gies of various excitonic features are obtained by decon-
voluting and fitting the peaks, and are plotted as a func-
tion of pressure [Figs. 4(b) —6(b)]. These are fit by

E(p) =Ea (1 bar )+ap+ Pp

with a and P listed in Table I. Typical experimental er-
rors in PL energy are -+0.5 meV and in pressure are
—+1 kbar.

One feature of these measurements is the large a for
the deeper excitonic peaks. Specifically, for bulk ZnSe,
the I, feature increases at a faster rate than the I20 peak,
and the two peaks merge at -55 kbar [Fig. 4(a)].

For the thin epilayer, the prominent feature is the de-
crease in the energy difference between the heavy-hole
and light-hole exciton features with pressure. These
merge near p =29 kbar, and then begin to separate again
[Fig. 5(a)]. The heavy-hole peak is lower in energy at low
pressures, while the lower-energy feature at high pres-
sures is identified as the light hole. This is confirmed by
the change in the ratio of peak intensities through cross-
over. The difference between the hh and lh energies is
not linear with p [Fig. 5(b}].

III. DISCUSSION

Hydrostatic pressure shifts the conduction- and
valence-band edges of a semiconductor by changing the
volume, while uniaxial pressure also splits these bands by
changing crystal symmetry. ' ' For ZnSe with its
direct band gap at I, the conduction band is only subject
to the hydrostatic components of strain. In addition to
the net shift of the valence bands (I's} due to hydrostatic
strain, tetragonal distortion (biaxial and uniaxial strain)
splits the fourfold-degenerate P3/2 multiplet into heavy-

N 3—
C

U

I—
V)
Z:
LLJ

p = 31.9 kbar

Bulk ZnSe

p= 1bar

l2o

l
DeeP
1

12—

10-
C

8

(a) ZnSe/GaAs
820 A

29.3

19.1
10.5 kbar

hh

(o)

0 ' I

3.0

p = 14.1 kbar
l

D—LO
1

2.9
ENERGY (eV)

2,8
I I

1
I I I I

1
~ I ~ I ) I I I I

f
~ I I I

hh ]
0 ~ I I I

1
I I ~ I

1
I I I ~

1
I I I I

1
I ~ I I

1
I I I I

1
~ ~ I ~

1
I I I I

l
I I I I

3.2 3. 1 3.0 2.9 2.8
ENERGY (eV)

Bulk ZnSe ZnSe/GaAs

)
~~ 3.0

w 2g

2.8

3. 1

~ 3.0
LLI

2.9

2.7
0

I
l

I
l

I
l

I
l

I
l

I
1

I
1

I
l

I
(

~
1

I
1

I
l

I
/

I

10 20 30 40 50 60 70
Pressure (kbar)

2.8 I I I I
1

~ I ~ I
1

I I ~ I
l

~ I I I
1

I I I ~
1

I I I I

0 10 20 30 40 50
PRESSURE (kbar)

60

FIG. 4. Representative PL traces for bulk ZnSe at various
pressures in (a), with the energy dependence of the I20 I, and
I 1 peaks vs pressure at 9 K in (b).

FIG 5. Representative PL traces for the thin ZnSe layer at
various pressures in (a), with the energy dependence of the
light-hole and heavy-hole peaks vs pressure at 9 K in (b).
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Eb„,„(Q)=Eo(Qo)+a +5 (2)

where 0 is the volume, A0 is the volume at 1 bar, and
AQ=Q —Q0. a =a, —a„and 5=5, —5„,where a, and a„
are the (linear) hydrostatic deformation potentials for the
conduction and valence bands, respectively, and 5, and
5„are the quadratic dependences of the conduction- and
valence-band I -point energies on volume, respectively.

At zone center, the three valence bands split due to
spin-orbit coupling and uniaxial deformations by

hole (hh: J =—', , mz =+—,
'

) and light-hole (lh: J=—', ,
mJ =+—,') bands.

Including the relative shifts of the conduction band
and the average of the valence bands under hydrostatic
deformation (EQ/0) to second order, the band gap for
unstrained bulk ZnSe varies as

2
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where h0 is the spin-orbit splitting and 5E00&
=2b(e„—E„„)is the strain splitting, with b the tetrago-
nal or shear uniaxial deformation potential. To first or-
der, 5E00& depends on pressure, while h0 does not.

Using Eqs. (2)—(4), the heavy-hole and light-hole band
gaps are

AQ EQ
E„h =Eo+a +5 +b(e„—e„„),

FIG. 6. Representative PL traces for the thick ZnSe layer at
various pressures in (a), with the energy dependence of the free
exciton (FE) light- and heavy-hole peaks and the I20 bound-
exciton (BE) light- and heavy-hole peaks vs pressure at 9 K in

(b).

TABLE I. Parameter fits for ZnSe PL energy vs pressure.

Feature a (meV/kbar) P (meV/kbar')

AQ AQ
E]h =EP+a +5

b (s„—E„„)—b(s —c. )
—2

ZZ XX
0

Since 60=430 meV for ZnSe and 5EOO&
—10 meV for the

strained layers, Eq. (4) has been expanded assuming
b,o))5Eoo, to give Eq. (7).

A. Bulk ZnSe
Bulk

Thin epilayer

Thick epilayer

Izo
ID

ID-Lo
1

FE hh
FE 1}1

FE hh
FE lh

I2O hh

I20 1h

I3
I'

6.70+0.2
6.94+0.2
6.49+0.2

6.79+0.2
6.58+0.2

6.55+0.2
6.61+0.2
6.56+0.2
6.42+0.2
6.55+0.2
6.90+0.2

—0.014+0.003
—0.013+0.003
—0.010+0.004

—0.011+0.003
—0.018+0.003

—0.005+0.003
—0.008+0.003
—0.007+0.003
—0.005+0.003
—0.008+0.004
—0.016+0.004

For bulk ZnSe the band gap E can be expressed in
terms of volume Q, as in Eq. (2), or pressure p, as in Eq.
(1). These expressions can be related by expanding
Murnaghan's equation of state

—1/B'
+ I

Q(p)=Q(1 bar) 1+p 8
where 8 is the bulk modulus of ZnSe and B'=dB/dp.
The linear terms are related by

a
+bulk
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while the quadratic terms are related by

[(1+8' }a+25]
bulk 28 2

(10)

One could obtain a and 5 from a and P by using Eqs.
(9) and (10}. However, when Eq. (8) is expanded in orders
of pB'/B, it becomes clear that analysis of any parameter
in terms of pressure can be inaccurate when p approaches
even a fraction of 8/8' (=130 kbar). Instead, either
several terms of higher order in p must be included in the
fit or all the data must be expressed in terms of b,Q/0 by
using Murnaghan's equation before analysis.

The pressure dependence of the data in Fig. 4(b) was
changed to a dependence on volume by using Eq. (8) with
the ZnSe parameters B=642 kbar and B'=4.77." B
was obtained at 9 K by extrapolating the ZnSe bulk
modulus at 300 K [610 kbar, which is an average of two
published values, 595 (Refs. 15 and 25) and 624 kbar
(Refs. 11 and 24)] using the reported temperature depen-
dence of bulk modulus down to 77 K. From the quad-
ratic fit of the data for the I20 exciton, which is expected
to track the band edge, one obtains the hydrostatic defor-
mation potentials a = —4.37 eV and 5= +5.21 eV.
These can be compared to a = —4.30 eV and 5=+6.63
eV, which are obtained from a and P by using Eqs. (9)
and (10) and are therefore less accurate.

Ves et al. "analyzed their transmission data as a quad-
ratic fit of energy versus linear deformation ( —ha/a).
Their linear and quadratic coefficients a'=14.4 eV and
5'=6.2 eV can be compared to a'= 13.1 eV and 5'=30.3
eV for the current data analyzed in terms of —b,a /a. 5'

measured for bulk ZnSe here is significantly larger than
that in Ref. 11, but is consistent with that measured in
ZnSe epilayers both here (Sec. III B) and in Ref. 16.

Pressure is seen to increase the peak associated with
the deep level (I) ) faster than it increases the peak for
the shallow neutral donor bound exciton (I2c). Typically,
a deep level is expected to have a weaker pressure depen-
dence than the band edge due to its increased localiza-
tion. However, an exciton bound to a deep acceptor is
expected to track the band edge since the pressure
coefficient of the valence band is relatively small and the
electron is bound to the hole via Coulomb attraction (as
for a shallow donor). The increased pressure dependence
seen here suggests reduced Coulomb attraction due to the
complex nature of the defect.

Finally, because the LO phonon energy increases by
-0.04 meV/kbar, ' a for the phonon replica (I, }
should be smaller than that for I, by this amount. It is
not clear why the measured difference is even larger.

(6) 12 (6)
~zz ~ ~xx (12)

where aG is the GaAs lattice constant, which is the in-

plane lattice parameter for the ZnSe strained layer, a is
the unstrained lattice parameter for ZnSe, and C11 and

C,2 are elastic constants for ZnSe [8= ( C» +2C) z ) /3 ].
The pressure dependence of the lattice parameter for

bulk material is obtained from Eq. (8):
' —1/3B'

Bl
a(p)=a(1 bar) 1+p B

(13)

where 8'=dB/dp.
Externally applied hydrostatic pressure modifies biaxi-

al strain through the pressure dependences of Eqs. (11)
and (12).

s(p)=

p
3BG

p
3B

(14)

in the low-pressure regime. BG is the bulk modulus for
GaAs (794 kbar at 9 K, also 8'=4.67}. Since 8 )Bz
while a (aG, pressure decreases the magnitude of the
strain in the ZnSe epilayer initially. Use of the exact ex-
pression for c instead of the linearized form will decrease
d E/dp slightly.

Pressure also leads to additional hydrostatic strain
components:

~(h) —~(h) —~(h)
xx gP Zz 3

B'1+' p (15)

Keeping only the linear terms in Eqs. (6) and (7)

a C12 2C12
Ehh=EO p+ 2Q 1 + b 1+

B C11 C1,

(17)

In the thin layer the heavy-hole level is higher than the
light hole (E (0), while the light-hole level is higher in the
thick film (s )0). Using Eqs. (9) and (17}

Each component of the total strain is composed of a hy-
drostatic and biaxial component, c; =c';"'+ c.'; '.

Using Eqs. (11)—(15), at low p the fractional change in
volume (0) can be written as

EQ =s„„+E +s„=—~+2(1—C)2/C„)E(p) . (16)

B. Strained ZnSe eyilayers

2C, 2C
+b 1+

C, 1

12
hh b lk
1h

dE,

dp

In ZnSe epilayers biaxial strain results from the lattice
mismatch between the epilayer and the substrate. The
degree of lattice mismatch in a coherently grown ZnSe
epilayer leads to the nonhydrostatic strain components:

aG(p) —a(p)s(b) —s(b) — G
s(p )

a (p)

(18)

where

dc, 1 ~G 1 1

dp 3 a B BG
(19)

By examining at ambient pressure the splitting of the
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heavy and light holes and the blueshift of their average
energy relative to bulk ZnSe, a and b may be determined
with Eq. (17), as was done in Ref. 4. Using
C»/C, 2=0.6, one obtains a = —4. 74 eV and b = —1. 14
eV, which are close to the values —4.87 and —1 ~ 05 eV,
respectively, reported in Ref. 4.

Equation (19) is valid when the ZnSe film does not slip
on the GaAs substrate as pressure is applied, i.e. , if the
in-plane lattice constant of the ZnSe film follows the lat-
tice constant of GaAs. This is expected to be true for the
commensurate thin film. Equations (18) and (19) predict
that a~h & ahh & o.'t, „~k, and that the magnitude of the biaxi-
ally compressive strain should decrease with increasing
pressure, become zero near 26 kbar, and then become in-
creasingly tensile as pressure increases. Therefore, below
-26 kbar the lh exciton is expected to be higher in ener-

gy than the hh, while above this crossover pressure the
hh exciton should be higher. Exact analysis of strains
using Murnaghan's equation also predicts a crossover,
but at pressure of 31 kbar.

This pressure tuning of strain and the reversal of the lh
and hh features have been confirmed for the thin epilayer,
as is seen in Fig. 5. When data at 29.3 and 34.4 kbar,
where the lh and hh PL features cannot be resolved, are
excluded from analysis, the crossover from initially
compressive to tensile strain is seen to occur at 28.8 kbar.
Inclusion of these points, with the assumption that
E~„=Ehh at these two pressures, leads to crossover at
30.8 kbar.

The deformation potentials can also be determined by
analyzing E,„and E„h at elevated p by using Eqs. (6) and

(7). The average of the light-hole and heavy-hole free ex-
citon energies can be plotted versus volume deformation
to help obtain the hydrostatic deformation potentials.
This assumes that biaxial strain symmetrically splits the
lh and hh energies, as in Eq. (17). The resulting values
for a and 5 are —4.56 and +5. 18 eV, respectively.
These are consistent with the values obtained in the
preceding section for shallow levels in bulk crystalline
ZnSe, which is expected because both free excitons and
excitons bound to a shallow level are pinned to the band
edge. The variation of the exciton binding energy with
applied hydrostatic pressure is estimated to be only on
the order of —0.07 meV/kbar, and is not very significant.

Equation (17) shows that b may be determined from
the light-hole to heavy-hole energy difference at each
pressure, as was already done at ambient pressure. The
resulting deformation potential is plotted at each pressure
in Fig. 7(a), which suggests that b decreases with pressure
as b (eV)= —1.02 —0.037p (kbar). A similar experimen-
tal observation has been reported by Rockwell et al. ' by
using photorefiectance; they also modeled b as a decreas-
ing function of pressure. By comparing the data fits us-

ing a constant and pressure-dependent tetragonal defor-
mation potential in Fig. 7(b) (as in Figs. 6 and 9 of Ref.
16) it is seen that the assumption of a constant b leads to
a very poor fit.

It is possible that the nonlinear separation of the lh and
hh peaks may be explained by higher-order terms in the
Hamiltonian, such as those of order E [ —(E„—E ) ] or
E(AQ/f1) [-(c,„—E„)p ], or by improved analysis of bi-
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FIG. 7. The fit for the tetragonal deformation potential b

from the thin-film data of Fig. 5 in (a), and the experimental
heavy- and light-hole energy difference from Fig. 5 in (b), which
is compared to the models with either the pressure-independent
value of b ( —1. 14 eV) (dashed curve) or the pressure-dependent
relation for b (solid curve) from (a).

axial strain. While it is seen that the use of Murnaghan's
equation to determine biaxial strain in ZnSe, instead of a
linear approximation, predicts the downward curvature
seen in Fig. 5(b), even with a constant value of b, it alone
does not explain the increased splitting with pressure.
This conclusion is in accord with Ref. 16.

The terms that are linear in biaxial strain in Eqs. (6)
and (7) are +b(p) (E„—e„„), which can be expressed
as +(bo+b, p)(e„—e„„) or as +ho(e„—e„„)
+g(E„—c,„)(bQ/A), where g= b~—B. For
b

&

= 0.037 eV/kbal wh1ch 1s dete1 m1ned here one
finds that g=23. 75 eV. Rockwell et al. ' suggested a
correlation between the pressure-dependent tetragonal
deformation potential and the general linear decrease of b
among semiconductors with decreasing lattice constant,
as determined from tight-binding calculations. When
expressed as a change of b with volume, this trend sug-
gests that b decreases by 3.97 eV per AQ/Q decrease of
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I]h

Ihh

mrl

m

' 3/2

exp( b,E /k T),— (20)

where b,E is the hh/lh separation, which is &0 at am-
bient pressure. Consider the PL spectrum at two pres-
sures p, (p, and p2 &p„ for which b,E is 5E (& 0) and
—5E, respectively. If the ratio of the intensity of the

4—E ZnS
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FIG. 8. The normalized heavy-hole —light-hole splitting plot-

ted vs biaxial strain c,, where strain is determined by using
Murnaghan's equation. The model fit includes a pressure-
independent value for b and a ~c, term.

semiconductor volume, which is smaller than g. It is not
clear whether such a comparison is very meaningful.

When the effect of biaxial strain on volume deforma-
tion [Eq. (16)] is considered, the (b,Q/0) expressions in
Eqs. (6) and (7}are seen to have a term of order Ep, name-

ly, 4e(1 —C,z/C»)p /B, which could explain this ap-
parent pressure dependence of b. However, the magni-
tude of this term is small (-3X 10 at 50 kbar, corre-
sponding to a perturbation of 1.6 meV} and anyway, it
does not affect the Ih/hh splitting.

The energy difference Ehh —
E&h was also modeled by

using a pressure-independent value for b plus an addition-
al term ~c. . One physical mechanism for this latter term
is the light-hole/spin-orbit split band mixing seen in Eq.
(7). This fit is plotted versus strain s in Fig. 8, with the
parameters b= —2.23 eV and a=1880 eV and with
strain determined by using Murnaghan's equation. This
large value for ~ may suggest that the ~c. term is not
physically significant. By using Eq. (7), x would be ex-
pected to be —120 eV, which is much smaller in magni-
tude than the model fit for ~.

The change in the weak feature on the high-energy side
of the hh peak with pressure-induced strain proves that it
is due to the light-hole FE, and that it is not the n =2 hh
FE, as has been suggested. This identification is also
confirmed by the ratio of the intensities of these two
peaks at pressures below and above the pressure p, at
which crossover to strain-free conditions occurs.

The transition rate for electron/hole recombination
varies as m„, where m„ is the electron/hole reduced
mass. ' Therefore, the ratio of the peak intensities I for
lh and hh free exciton recombination is

weaker, higher-energy peak to the stronger, lower-energy
peak R is R, at p, (i.e. , I~h /Ih„) and R,
p 2(i.e. , Ihh /I~h), then Eq. (20) gives
%=Rz/R, =(m,„/m„) for any 5E. It is clear from
Fig. 5(a) that R is much larger for tensile ZnSe films

(p &29 kbar) than for compressive films (p (29 kbar).
Also from this figure %-4, which is close to the 4 8. ratio
that is expected from theory, using rn, =0.16m„
m&h =0.149m„and mhh =0.86m, for ZnSe.

C. Unstrained ZnSe epilayers

Using the values of a and b derived for the thin epi-
layer, in the thick ZnSe film the redshift from the corre-
sponding energies in bulk ZnSe and the lh/hh splitting
both correspond to a slight tensile strain of 0.06% at am-
bient pressure, which has been attributed ' ' to the
difference in the thermal expansion coeScients for ZnSe
(6.8X106/K; 300 K) and GaAs (5.8X 106/K; 300 K).i2

If there were no slippage of the thick ZnSe film as pres-
sure is applied, then a for the dominant light-hole feature
would be -0.67 meV/kbar below that of the bulk, and
the lh and hh splitting would increase by -0.48
meV/kbar. Since a is much closer to the bulk value than
this prediction and since the hh and lh features follow
each other closely for both free and neutral donor bound
exciton PL [Fig. 6(b)], there appears to be much slippage
as pressure is applied. This is in agreement with the Ra-
man studies by Cui et al. ' who found that applied hy-
drostatic pressure changes the optical phonon frequency
in a thick incommensurate ZnSe film and bulk ZnSe at
exactly the same rate. However, because the light- and
heavy-hole PL features are still split, there still appears to
be some residual biaxial strain, even at elevated pressure.
Also note that the free exciton and I&0 peaks track each
other with pressure.

IV. CONCLUDING REMARKS

Pressure tuning of biaxial strain in ZnSe epilayers is
clearly seen by the shifting and eventual reversal in ener-
gy of the photoluminescence peaks due to light- and
heavy-hole exciton recombination. No such strain tuning
is seen for incommensurate ZnSe layers. The hydrostatic
deformation potential is approximately the same for free
excitons and those bound to a shallow donor, but is larger
in magnitude for excitons associated with a deep level.
Though the tetragonal deformation potential obtained
from the epilayer studies seems to depend on pressure (or
volume), the actual physical mechanism for this is not
clear.
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