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A method to determine the deformation potentials in strained-layer heterostructures is introduced. This is
done by measuring the piezoreflectance of biaxially strained ZnSe/GaAs layers under additional application of
an external uniaxial stress along the~110! axis. The resulting lowered crystal symmetry yields four dipole-
allowed eigenstates for the 1S exciton. By using a model that includes strain as well as excitonic spatial
dispersion and exchange effects we are able to determine the internal biaxial strain, the exchange splitting, and
the deformation potentials. The numerical results obtained on ZnSe/GaAs heterostructures as a model system
are compared with the deformation potentials given by measurements at bulk ZnSe crystals.@S0163-
1829~96!05527-0#

I. INTRODUCTION

In recent years there has been a rising interest in the fab-
rication of blue-emitting laser diodes.1,2 These devices, based
on ZnSe composite materials containing Cd, S, and Mg at
different concentrations, consist of heterostructures often in-
volving multiple quantum wells. Because of the different lat-
tice constants of the subsequently overgrown materials the
structures are usually lattice mismatched; i.e., one obtains a
built-in biaxial strain in the layers. To describe the effect of
strain on the electronic band structure knowledge of the de-
formation potentials of the different materials is required.
This paper presents a method to determine these relevant
parameters.

The system under consideration—high-quality
ZnSe/GaAs epilayers—serves as a model system for a
strained-layer heterostructure. In the case of epitaxial growth
of II-VI semiconductors the difficulties to obtain II-VI sub-
strates of sufficient structural perfection and dopability re-
quire heteroepitaxial growth. GaAs used as a substrate ma-
terial for the most ZnSe-based device structures exhibits a
lattice mismatch of 0.28% to ZnSe yielding a compressive
strain in the ZnSe epilayer. Moreover, as the heteroepitaxial
structure is cooled down to a certain measuring temperature
~here, 1.6 K!, the different thermal expansion coefficients
cause a tensile-strain contribution. The built-in biaxial strain
resulting from both effects lowers the crystal symmetry from
Td toD2d , and hence modifies the electronic properties. This
induces a light-hole~lh!–heavy-hole~hh! splitting of the va-
lence band and leads to the appearance of the two respective
free excitons.3 Thus, measuring the exciton energies gives
information about the strain situation in the surface region of

the layer within the penetration depth of the exciting light.
Due to the large exciton binding and exchange energies,
ZnSe is an excellent model material to demonstrate the ap-
proach to determine deformation potentials, as will be de-
scribed in the following.

Mayer et al.4 and Permogorovet al.5 studied the exciton
polariton in biaxially strained ZnSe/GaAs heterostructures.
They used resonant Brillouin scattering to get the internal
strain and exchange parameters. For the determination of de-
formation potentials it is highly desirable to ensure that one
has a well-known strain situation. This is done by addition-
ally applying an external stress. Several authors studied the
influence of hydrostatic pressure on the behavior of the ex-
citon in ZnSe.6–8 The application of an external uniaxial
stress9–11 advantageously reduces the symmetry of the crys-
tal so that the degeneracy of the eight 1S exciton states is
removed. Thus, we have investigated the effect of externally
applied uniaxial stress on the excitonic reflectance of biaxi-
ally prestrained ZnSe/GaAs heterostructures. The uniaxial
pressure is directed along the~110! axis while the ZnSe lay-
ers are grown in the~001! direction. Consequently, the over-
lap of external stress and growth-induced biaxial strain fur-
ther lowers the crystal symmetry fromD2d to C2v . By
varying the polarization of the exciting light we could ob-
serve the stress-induced shift and splitting of four different
exciton polaritons. A line-shape analysis yields the exact po-
sition of the exciton resonances. The pressure dependence of
these resonances is calculated using a model analogous to the
formalism introduced by Cho12 in which we have to consider
excitonic exchange and strain effects simultaneously. It is
possible to determine the trigonal deformation potential in
epilayers that are grown in the~001! direction. Futhermore,
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the exchange parameter, the internal strain, and the hydro-
static deformation potential are obtained. In order to confirm
the determined deformation potential values we have com-
paratively investigated ZnSe bulk material under uniaxial
stress applied in the~111! direction.

II. EXPERIMENT

The epilayers used in this study were grown by molecular
beam epitaxy ~MBE! in the Physikalisches Institut in
Würzburg and by metalorganic vapor phase epitaxy
~MOVPE! in the Institut für Halbleitertechnik, RWTH
Aachen. The growth temperatures were 300 °C and 480 °C
for the MBE ~Ref. 13! and the MOVPE~Ref. 14! layers,
respectively. Thus, the samples exhibit tensile strain at their
surfaces at the measuring temperature. The heterostructures
are rectangular parallelepipeds with the long axis parallel to
~110!.

ZnSe bulk crystals were grown in a closed tube by seeded
vapor phase transport in a hydrogen ambient at 1190 °C with
a thermal gradient of 10 °C to the source material. Here, the
externally stressed surfaces were just polished with 3-mm
Al2O3 powder to obtain flat plains that yield a homogeneous
stress situation in the sample.

The reflection spectra were recorded by using a 150-W
tungsten halogen lamp as light source. With regard to the
heterostructure the wave vector of the incident light is nearly
parallel to the~001! growth direction while the electric field
vector was adjusted parallel or perpendicular to the~110!
external stress axis. For detection we used a 1-m Spex mono-
chromator~resolution<0.07 meV! and a bialkali photomul-
tiplier. To apply stress along the~110! direction the epilayers
were simply cleaved perpendicular to this axis. The cleaved
edges are sufficiently plain and parallel to guarantee for an
almost homogeneous pressure distribution caused by the
uniaxial stress apparatus. For the setup of the pressure appa-
ratus, which was constructed at the Universita¨t Bremen, we
used a sample mounting head similar to that of Balslev.15

The epilayers were mounted between two steel pistons. The
lower piston is pulled by a tie rod. The pressure tuning is
done by using a spring balance. To perform measurements at
1.6 K, the apparatus has to work in a He immersion cryostat
under vacuum conditions. For this purpose, the connection of
the tie rod with the spring balance is covered by a vacuum-
safe bellows construction.

III. THEORY

A. Group theory and selection rules

Considerations based on group theory and their applica-
tion to the measured polarization dependence offer the pos-
sibility to recognize the symmetry of the observed reso-
nances. In the unstrained zinc-blende material~point group
Td) the exciton is formed by aG6 conduction band electron
and aG8 valence band hole. By taking into account aG1
envelope function for the 1S state the eightfold exciton
ground state can be decomposed into its irreducible
components16

G6^ G8^ G15G3% G4% G5. ~1!
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Since the dipole operator possessesG5 symmetry inTd ,
only the so-calledG5 orthoexcitons are dipole allowed
whereas theG4 paraexcitons are dipole forbidden. The exter-
nally applied stress along the~110! crystal axis of a biaxially
strained epilayer that has been grown in the~001! direction
reduces the symmetry to the point groupC2v . Therefore, the
splitting pattern of the 1S exciton states reads16

Td→C2v

G3→G1~ u2,0&)% G3~ u2,1&),

G4→G2~ u1,1&,u1,2&)% G3~ u2,2&)% G4~ u1,1&,u1,2&),

G5→G1~ uz&)% G2~ ux&,uy&)% G4~ ux&,uy&).

The reduction of symmetry toC2v induces mixed states of
symmetriesG2 and G4 for the ux& and uy& orthoexcitons.
Since theu1,1& and u1,2& paraexcitons also transform like
G2 andG4 , they interact with the dipole-allowed orthoexci-
tons and consequently attain oscillator strength. In the
stressed material the dipole operator transforms likeG2
andG4 for the directions parallel,~110!, and perpendicular,
~11̄0!, to the external stress axis, respectively. Therefore, ac-
cording to the resulting selection rules twoG2 (G4) excitons
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should be observed if the electric vector of the incident light
is polarized parallel~perpendicular! to the external stress
axis.

B. Line-shape analysis

It is necessary to consider the exciton-photon coupling to
obtain the exact positions of the exciton resonances from a
reflectance spectrum.17 First, we use a two-oscillator model
to describe the polariton.18 Therefore, the dielectric function
reads

«~Q,E!5
\2c2Q2

E2 5«b1(
i51

2
Xi

«1Yi
, ~3!

Xi5
Eex,iFi

E2 Mic
2, Yi5

Eex,i
2 2E22 iEG i

Eex,iE
2 Mic

2, ~4!

whereQ is the wave vector,«b is the background dielectric
constant,Eex,i are the energies,Mi are the masses,Fi are the
oscillator strengths, andG i are the damping constants of the
excitons. The dispersion relation of the three resulting polari-
tons is shown in Fig. 1.

For small values of the wave vectorQ the lower polariton
branch ~LP! is photonlike while the upper branch~UP! is
hh-exciton-like. For increasingQ values the opposite situa-
tion is obtained, the LP gets lh exciton character, and the UP
shows photonic behavior. A third intermediate polariton
branch~IP! changes its behavior from lh exciton to hh exci-
ton character. As an effect of damping all dispersion curves
extend down to the origin, whereas forG50 only the lower
branch reaches the origin. The existence of two additional
branches in the spectral regime below the energy position of
the lowest exciton resonance is not so meaningful because
their respective wave vectors are small compared with the
photonlike LP. The irregular loop in the UP near the energy
of the hh exciton is also caused by damping.

In the second step, we have to calculate the wave propa-
gation. This is done by using a simple dead-layer model. The
incident light, described by the electric field amplitudeEi ,
passes through an exciton-free dead layer withnb as a
frequency-independent refractive index. In the crystal the
photon is coupled with two excitons and forms three polari-

tons. There is no need to consider the back reflection of
polaritons at the end of the crystal because all samples are
thicker than 2mm. By taking into account the Maxwell
boundary conditions at all boundaries and the additional
boundary conditions of Pekar19 at the dead-layer–crystal in-
terface we are able to determine the reflectivityR:

R5U Er

Ei
U25 f ~Eex!. ~5!

Er denotes the electric field amplitude of the reflected
light.

C. Strain Hamiltonian

A fit of R to the measured reflectivity yields the trans-
verse exciton energies. For a theoretical analysis of the pres-
sure dependence of these exciton states, we follow the theory
of Cho.12 The eightfold subspace of the 1S exciton is
spanned by theG8 valence band~fourfold! and theG6 con-
duction band~twofold! of the unstrained material. For this
space we have to consider the effects of strain, electron-hole
exchange interaction, and the influence of a finite center-of-
mass wave vector. The total Hamiltonian reads

H5Hdisp1Hstrain1Hexch. ~6!

The dispersive termHdisp contains the excitonic center-of-
mass wave vectorQ

Hdisp5
\2
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3
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2
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2g3m0
2
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2 ,
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~8!

J is the hole quasi-spin operator for theG8 valence band,
m0 the electron mass,mel* the G6 conduction-band electron
mass, and theAi are combinations of the Luttinger param-
eters g i . Hstrain describes external and internal strain
effects20

Hstrain52atr~e!2b@~Jx
22 1

3J
2!exx1c.p.#

2~2/A3!d~$Jx ,Jy%exy1c.p.!. ~9!

a, b, andd are the hydrostatic deformation potential, the
tetragonal deformation potential along~100!, and the trigonal
deformation potential along~111!, respectively. The tensor
componentse i j of the elongation tensor are calculated from
the stress componentss i j and the pressure- and temperature-
dependent elastic constantsci j that were measured by Lee.

21

FIG. 1. Dispersion of excitons~dotted lines! and polaritons
~solid lines! in a ZnSe epilayer under tensile biaxial strain. LP, IP,
and UP denote the lower, intermediate, and upper polariton branch,
respectively.F154.831023, F251.631023, E152.80209 eV,
E252.79942 eV, G150.2 meV, G250.4 meV, eb58.7,
M lh50.27m0 , Mhh50.81m0 .
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The exchange termHexch includes the analytic and the
nonanalytic parts of the exchange interaction between elec-
tron and hole (HLT describes the longitudinal-transverse
splitting!

Hexch5D01D1sW •JW1H LT . ~10!

D i denotes the exchange parameters, ands is the electron
quasi-spin operator.

The anisotropic exchange effects as well as linear terms in

Q are neglected. Taking into account the eight exciton wave
functions given by Eq.~2! we are able to diagonalize the
whole Hamiltonian. ForQi(001), we obtain an~8^8! ma-
trix @Eq. ~11!# that separates into three smaller blocks:
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Only theG5 states are dipole allowed inTd . Regarding
the experiment we restrict ourselves to the transverse states

ux& and uy&. Thus, we have to consider the~4^4! submatrix
H3 that yields a mixing between theG4 paraexcitons
(u11& and u12&) and theG5 orthoexcitons (ux& and uy&).
The values of the nondiagonal elements of this matrix de-
pend on the strain and on the center-of-mass wave vector,
which, hence, are responsible for a transfer of oscillator
strength to the paraexcitons. In total, there are four detectable
resonances. The results of the numerical diagonalization of
H3 are shown in Figs. 2 and 3. The evaluated energies

FIG. 2. Evaluated oscillator strengths of the 1S excitons for a
tensily strained ZnSe/GaAs heterostructure.
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and oscillator strengths strongly depend on the external
stress.

IV. EXPERIMENTAL RESULTS

A. ZnSe/GaAs heterostructures

Figure 4 shows the excitonic reflectance of a 5.3-
mm-thick ZnSe/GaAs heterostructure for different external
stresses of increasing strength. Polarization-dependent spec-
troscopy is performed to separate the distinct resonances.
The incident light is linearly polarized parallel (p) or per-
pendicular (s) with respect to the axis of external stress. The
measured four exciton resonances are denoted by the num-
bers 1 to 4. As predicted in Chap. 3 we observe two reso-
nances for each polarization, i.e., the excitons 2 and 3 in the
p polarization, and the resonances 1 and 4 in thes polariza-
tion.

By varying the external stress from 0 to 198 MPa we find
a pronounced change in the energy positions and oscillator
strengths of the excitons. At 0 MPa the hh-lh splitting is
detected, being well known for purely biaxially strained ep-
ilayers. The application of uniaxial stress induces the appear-
ance of three excitons as shown in the 33-MPa spectra. The
resonances 1 and 3 shift to higher energies, while the exciton

2 hardly changes its position. The fourth resonance is not yet
detectable due to its small oscillator strength. If the external
stress increases to about 90 MPa, oscillator strength is
shifted from resonance 2 to 3, as is visible in thep configu-
ration. The effect becomes more pronounced at higher pres-
sure, where the exciton 2 vanishes gradually. In thes con-
figuration, the resonance 1 dominates the spectra throughout
the whole stress regime. For stresses of 90 MPa and higher
an additional resonance 4 is clearly seen. For highest exter-
nal stress~198 MPa! we observe a dominant splitting into
two groups of resonances, where the low-energy group~ex-
citons 3 and 4! represents a polarization-dependent fine
structure—similar to the case of pure~110! stress.20 The
large shift and splitting into two groups correspond to expec-
tation concerning the valence and conduction band, and the
excitonic fine structure is due to a pressure-induced oscillator
strength enhancement of a paraexciton.

The qualitative behavior of the different resonances is in
good agreement with the calculated eigenvectors of the
HamiltonianH3 . The observed relative oscillator strengths
correspond well to those evaluated from theux& anduy& con-
tributions to the four new eigenstates, which are shown in
Fig. 2.

The pressure dependence of the observed energy positions
of the resonances~crosses! is plotted along with the calcu-
lated eigenvalues ofH3 ~lines! in Fig. 3, in the sense that the
lines present a best fit of the solutions of the perturbation
theory to the experimental data. We useda525.160.5 eV
and d523.960.2 eV for the deformation potentials,
exx5(0.04260.004)% for the internal strain, and
D150.1060.05 meV for the exchange parameter. The well-
known tetragonal deformation potentialb51.2 eV ~Ref. 22!
was chosen as a fixed parameter. The measured stress depen-
dence of the energy positions is well reproduced. Some de-
viations between 30 and 100 MPa are due to problems in the
determination of the different exciton resonances, which are
very closely lying in this stress regime.

To confirm the fit results we compared the line shape of
the measured reflectance with the line shape calculated after
Eq. ~5!. Figure 5 shows the results for some selected spectra.
The lines and dots stand for the theoretical and measured

FIG. 3. Exciton peak position vs external stress for a tensily
strained ZnSe/GaAs heterostructure. Crosses and lines characterize
experiment and theory, respectively.

FIG. 4. Reflectance spectra of a 5.3-mm ZnSe epilayer under
different external stresses. Solid and dotted lines refer tos andp
polarization, respectively.

FIG. 5. Line-shape analysis of the measured reflectance. Dots
and lines characterize experiment and theory, respectively.
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reflectance, respectively. The energies and oscillator
strengths that are needed for the calculation are obtained
from the diagonalization ofH3 with the parameters men-
tioned above. Just the damping is varied; it increases slowly
with increasing external stress. The contributions of different
excitons with their overlapping reflection loops are well re-
produced concerning the energy positions and oscillator
strengths. The overswinging at the low-energy side of each
resonance is caused by the multilayer conception of the line-
shape model used. Concerning the energy positions of the
excitons some deviations are observed in the 33-MPa spec-
tra. They can be explained by the experimental error in de-
termining the external stress. The deviations at the resonance
1 in the 198-MPa spectrum are caused by a pressure-induced
transfer of oscillator strength of the 1S exciton to higher
excited states. This would be described by a term in the
Hamiltonian that is linear in the angular momentum of the
envelope motion. Such a term is not included in our theory.

In conclusion, there is good agreement between both
theoretical and experimental reflectance spectra throughout
the whole pressure regime.

B. ZnSe bulk crystals

Little work has been done so far concerning the determi-
nation of the trigonal deformation potentiald ~Refs. 9 and
11! even for bulk material. To get more information on it,
and, thus, to support its value as obtained above in Sec.
IV A, we performed reflectance spectroscopy of bulk ZnSe
under uniaxial pressure. The stress axis was chosen parallel
to the ~111! crystal axis to avoid the influence of the tetrag-
onal deformation potential.

The measured reflectance is shown in Fig. 6. No pro-
nounced effect of the exchange interaction is recognizable.
Therefore, the excitons are classified by theirG8 hole states.
In this sense, a line-shape analysis is not necessary, and the
energy positions of the excitons are simply taken from the
minima of the reflection loops. In Fig. 7 the exciton energies
are plotted versus the external stress. A linear splitting pat-
tern into two branches is found. The circles are obtained
from the high-energy loop in thes polarization, and the
squares are taken from the low-energy resonance in thep
polarization. The observed behavior is caused by the well-
known hh-lh splitting of the valence band. It can be ex-
plained by a simple diagonalization ofHstrain.

20 The lines in
Fig. 7 are obtained from a fit of the eigenvalues ofHstrain to
the experimental data. This procedure yieldsa524.960.5
eV andd524.360.2 eV for the deformation potentials.

TABLE I. Deformation potentials of ZnSe~‘‘–’’ sign omitted!.

a ~eV! d ~eV! Method Reference

5.4 3.8 Reflectance under uniaxial stress 9~after 22!
5.4 Photoluminescence of biaxially strained ZnSe/GaAs 26
5.26 Reflectance of biaxially strained ZnSe/GaAs 25
5.1 Photoluminescence under uniaxial stress 28
4.9 One-photon absorption under hydrostatic pressure 7
4.87 Photoluminescence of biaxially strained ZnSe/GaAs 24
4.8 One-photon absorption under hydrostatic pressure 6
4.65 4.25 Two-photon absorption under uniaxial stress 11
4.5 Two-photon absorption under hydrostatic pressure 8
4.37 Photoluminescence under hydrostatic pressure 27
5.71 Tight-binding calculations 29
5.1 3.9 Reflectance of externally stressed ZnSe/GaAs This work
4.9 4.1 Reflectance of externally stressed ZnSe bulk This work

FIG. 6. Reflectance spectra of a ZnSe bulk crystal under exter-
nal uniaxial stress in~111! direction.

FIG. 7. Stress-induced splitting of the 1S exciton in ZnSe bulk
material. Circles and squares characterize the experimental peak
positions, the lines show a fit of the eigenvalues of the strain Hamil-
tonian.
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A comparison to values of deformation potentials as
found in the literature is sometimes difficult, because the
used elastic moduli are often not given therein. A different
choice of these parameters~a variety of parameter values can
be obtained from the literature, see Ref. 23! yields deviations
up to 5%. Regarding this, our results for the hydrostatic de-
formation potential are in good agreement with published
values, as mentioned in Table I for three different kinds of
measurements. At first, there are measurements on biaxially
strained heterostructures without any external stress.24–26

Here, the inaccuracy of measuring is large because only
one measuring point is available. A second category is de-
fined by measurements under hydrostatic pressure, where
the photoluminescence27 and absorption measurements7,8

yield a great variety of data ranging from24.37 eV up
to 24.9 eV for the hydrostatic deformation potential. The
last kind of measurement is performed under uniaxial stress.
This accurate method allows one to determine both the hy-
drostatic and the trigonal deformation potential. Concerning
the hydrostatic parameter the values vary from24.65 eV
~Ref. 11! over25.1 eV~Ref. 28! up to25.4 eV~Ref. 9!. To
our knowledge there exist only two reports yielding the
trigonal deformation potential. The respective results again
differ, 23.8 eV~Ref. 9! was obtained from reflectance spec-
troscopy and24.25 eV ~Ref. 11! from two-photon absorp-
tion. The latter value fits well to our present data for bulk
material.

With regard to the errors of our fit parameters the results
obtained on ZnSe bulk material confirm the deformation po-
tential values determined on epilayers~Sec. IV A!.

V. CONCLUSION

We performed reflectance spectroscopy of ZnSe/GaAs
heterostructures under uniaxial stress. This system serves as
a model system for strained-layer heterostructures. By apply-
ing a uniaxial stress along~110! on ZnSe epilayers grown in
the ~001! direction on GaAs substrates, we obtained the hy-
drostatic deformation potentiala525.160.5 eV and the
trigonal deformation potentiald523.960.2 eV. This
method offers the fundamental possibility to determine de-
formation potentials in strained-layer heterostructures. Since
only two values for the trigonal deformation parameter are
found in the literature, we also performed measurements on
bulk ZnSe to obtain more reliable information on this poten-
tial. By using reflectance spectroscopy under uniaxial stress
parallel to the~111! crystal axis we gota524.960.5 eV
andd524.360.2 eV.

The obtained hydrostatic deformation potentials were in
good agreement with the data found in the literature. The
values for the trigonal deformation potential represent an in-
genious extension of the data available so far.
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