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Optical measurements have been used to study the biaxial tensile strain in heteroepitaxial ZnTe grown
by molecular-beam epitaxy on both GaAs and GaSb substrates, and its effect on the low-temperature
photoluminescence (PL) spectrum of the material. The observed strain (0.92 X 10 ' for ZnTe/GaAs and
0.45X10 ' for ZnTe/GaSb) agrees with that expected for differential thermal contraction from the
growth temperature to low temperature, based on the difference in thermal expansion coefficients. The
amount of strain increases with growth temperature, as expected, but decreases slightly in thin layers on
GaAs. The latter effect is due to incomplete relaxation of the large (7.6%%uo) lattice mismatch strain be-
tween ZnTe and GaAs, the unrelieved part of which constitutes a biaxial compressive strain.
Reflectance and variable temperature PL measurements show that the free exciton splits into heavy-hole
(I») and light-hole (X&h) components, which both shift to lower energy. The J=1 (allowed) and J=2
(forbidden) components of the oxygen isoelectronic center bound exciton are mixed and shifted to lower
energy by the strain. Temperature-dependent PL measurements show that the oscillator strengths of the
two components are strongly redistributed by the strain. We calculate the strain-induced splittings in
the 0-bound exciton and in the excitons bound to neutral acceptors and neutral double acceptors, and
find good agreement with the experimentally observed peak positions. Further confirmation of our as-
signrnents of the strain-split and shifted bound exciton peaks is obtained using magnetospectroscopy in
fields up to 12 T. The diamagnetism, g factors, and splitting patterns of the free and bound excitons in
the magnetic field are discussed.

I. INTRODUCTION

Due to its wide, direct band gap (E =2.26 eV at
T =300 K), zinc telluride is of considerable interest for
potential application in green light emitting devices. For
the past three decades bulk Zn Te, and more recently het-
erostructures involving ZnTe and other II-VI materials,
have been studied extensively. However, molecular-beam
epitaxial (MBE) ZnTe epilayers, usually grown on III-V
substrates such as GaAs and GaSb, have received rela-
tively little attention. ' " The major problems in hetero-
structures involving II-VI epilayers on III-V substrates
which are different from the case of bulk or homoepitaxi-
al material are out diffusion of column-III and -V ele-
ments, and strain due to lattice mismatch and thermal ex-
pansion coeScient mismatch. Since there is a large lat-
tice mismatch between ZnTe and GaAs (-7.6%), the
critical thickness for relaxation of the epilayer is very
thin. Therefore the ZnTe epilayer is expected to relax
completely at the growth temperature by the formation
of misfit dislocations at or near the interface. These
dislocations have been found to form a regular array with
a spacing of about 54 A at the interface, and are primari-
ly of the Lomer type. ' As the samples cool down, the
process of dislocation creation will cease due to kinetic
limitations. Consequently, a biaxial tensile strain in the
ZnTe epilayer should be generated by the difference in
the thermal expansion coefficients of ZnTe (8.3 X 10
K ') and GaAs (6.86X 10 K '). In the case of

Zn Te/GaSb, the lattice mismatch is much smaller
( -0.13%), and the thermal expansion coefficient of
GaSb (-7.75X10 K ') is closer to that of ZnTe. The
relaxation of the mismatch strain is still expected to be
complete for layers of a micrometer or more thickness, so
that the remaining strain should be primarily thermal,
and smaller than that in ZnTe/GaAs. The ZnTe/GaSb
system is in fact quite similar to the ZnSe/GaAs system,
whose strain behavior has been studied extensively. '

However, the experimental situation is not yet clear.
Several researchers have claimed that there is no strain in
Zn Te grown on GaAs. By comparing low-
temperature photoluminescence (PL) spectra of the
heteroepitaxial layers with those of bulk material, they
found a one-to-one correspondence between certain peaks
in each set of spectra, with no evidence of strain-induced
shifts. Therefore they concluded that the epilayers are
not strained and that the biaxial tensile strain due to
differential thermal contraction relaxed during the cool-
ing process. On the other hand, Dang et a1. claimed to
have observed significant biaxial tensile strain in similar
samples by reflectance, low-temperature PL, and optical
pumping experiments. It is important to clarify this is-

sue, since failure to recognize strain in the material wi11

result in incorrect assignments of the peaks in the PL
spectra, which in turn will result in erroneous con-
clusions that could mislead the effort to improve the ma-
terial quality.

In this investigation, we have performed detailed
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reflectance, low-temperature PL, variable temperature
PL, and magnetoluminescence measurements to demon-
strate that significant thermal strain exists in the
ZnTe/GaAs material system, and to determine its effect
on various free and bound exciton peaks in the PL spec-
trum. Similar measurements have also been performed
for Zn Te/GaSb. The reflectance spectrum of
ZnTe/GaAs clearly shows that the free exciton peak
splits into heavy-hole and light-hole components, which
both shift to low energy compared to its position in un-
strained bulk material. These results prove the existence
of strain in our samples. The temperature dependence of
the PL spectra is used to distinguish between the free and
bound exciton peaks, since only the free excitons survive
at high temperature. We also observe that the com-
ponents of the oxygen isoelectronic center bound exciton
mix, split, and shift to lower energy as a result of the
strain in both the ZnTe/GaAs and ZnTe/GaSb samples,
but to a larger degree in the ZnTe/GaAs case. These re-
sults further confirm the existence of strain. Accounting
for the strain in the undoped ZnTe/GaAs material, we
calculate the behaviors of the various bound excitons that
are observed and reinterpret the PL spectra. Finally, we
study the behavior of the free and bound exciton peaks in
magnetic fields up to 12 T. From the diamagnetism and
splitting patterns of the various exciton peaks, we
confirm our assignment of the PL spectra.

II. EXPERIMENT

All samples were grown in a dual chamber Riber MBE
system using metallic Zn and Te sources. A solid Zn3As2
source was used to dope some of the samples p type. '

Most of the undoped and As-doped ZnTe/GaAs samples
that will be discussed here were grown under Te-rich
conditions with a (2X1) surface reconstruction. The
growth temperature was 320—330'C, and the layer
thicknesses are from 3.5 to 7. 1 pm. The ZnTe/GaSb
sample was grown under Zn-rich conditions with a
c (2X2) surface reconstruction, a growth temperature of
330 C, and a layer thickness of 1.3 pm. An additional
series of ZnTe/GaAs samples was grown under Zn-rich
conditions with a c(2X2) surface reconstruction at
growth temperatures ranging from 270 to 350'C and
with layer thicknesses varying from 0.8 to 4.25 pm, to
study the strain, in the material as a function of layer
thickness and growth temperature. The PL measure-
ments were performed using excitation either by blue
light at 2.8 and 2.88 eV from a dye laser with Stilbene 3
dye, or by UV light at 3.53 eV from an Ar+ gas laser. A
12-T superconducting solenoid was used for the magne-
tospectroscopy; details of the apparatus have been given
elsewhere. ' The samples were suspended strain free in
flowing superfluid or gaseous He in all cases.

III. RESULTS

A. Evidence for biaxial tensile strain in the epilayers

1. Free and shallow bound ewcitons in ZnTe/GaAs

Figure I shows the reflectance and low-temperature PL
spectra for both undoped and As-doped ZnTe grown un-
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FIG. 1. Low-temperature reflectance (upper) and PL (lower
two) spectra for both As-doped (7.1 pm) and undoped (3.5 pm)
ZnTe/GaAs layers grown by MBE under Te-rich conditions.
The small peak labeled "(PL)"in the reflectance spectrum is due
to luminescence excited by the light source used for the
reflectance measurement.

der Te-rich conditions on GaAs substrates. The
reflectance spectrum for the As-doped sample clearly
shows the intrinsic heavy-hole, Xhh ( ~mz~ =—', ) and light-

hole, X,h ( ~m J ~

=
—,
'

) free exciton transitions at 2.3798 and
2.3747 eV, respectively. (The reflectance spectrum of the
undoped sample is not shown but is similar. ) These
structures match the positions of the Xhh and X,„peaks
in the PL spectra of both the undoped and As-doped
samples, and agree with the assignments of Dang et al.
The much larger intensity of the Xhh structure in
reflectance is qualitatively in agreement with theoretical
expectations for the relative oscillator strengths of the
Xhh and X&h transitions in the quasicubic model, ' assum-
ing a weak exchange interaction, and further confirms
our assignments.

For the undoped sample, we observe that the peak la-
beled A &"'"'" at 2.3694 eV is fairly weak. However, it
dominates the whole spectrum and is assigned as A", ' in
the As-doped sample. The A, ' peak in the doped sample
has a full width at half maximum (FWHM) of 0.88 meV,
which is narrower than those observed in previous stud-
ies, ' ' ' demonstrating the high quality of the material.
The correlation of this peak with As doping suggests that
it almost certainly involves neutral shallow As acceptors.
The structure at 2.3661 eV is possibly related to the A, '
peak. Our assignment of the A &' peak is strongly sup-
ported by the observation of a corresponding "two-hole"
replica at 2.3114 eV (not shown here), which involves the

2$3/2 final state of the acceptor. The energy separation
between the 1s3/2 and 2s3/p states is 57.5 meV, which is
only slightly smaller than the value found for As in bulk
material, 58.8 meV. ' The difference of 1.3 meV is main-
ly due to strain, which is expected to reduce the 1s3/g
binding energy by 0.8 meV. This observation confirms
that A

&

' is indeed the neutral shallow As acceptor-bound
exciton peak, which is further supported by the strength
of its LO and TO phonon replicas. Therefore the 3 &""""
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peak in the undoped sample, which has been shifted from
its position at 2.375 eV in bulk material, is a neutral shal-
low acceptor-bound exciton involving acceptors such as
Li, As, P, etc. These acceptors have very nearly the same
A, peak positions in ZnTe. ' We have not yet been able
to detect the two-hole replica of A',"'"'" in the undoped
material, which could distinguish among these possibili-
ties. However, a (e —A ) peak involving As has been
detected in this material. '

Our assignments of the above peaks differ strongly
from those of Refs. 2, 3, and 5, where the 2.3747-eV X&h

peak was assigned to an (unshifted) neutral acceptor-
bound exciton peak by comparison to bulk material. Our
assignment of this peak to an intrinsic (rather than ex-
trinsic) transition has obvious implications for the assess-
ment of material quality. Also, the above authors as-
signed the A &"'"'" peak as the unshifted A; peak previ-
ously observed at 2.3690 eV in bulk material, ' ' which
has been attributed to a center of orthorhombic symme-
try involving donor- Vz„complexes. We view this
match in peak positions as a purely coincidental result of
the previously unrecognized strain shifts. The impor-
tance of performing careful PL measurements under a
variety of conditions (as discussed below), and of correlat-
ing PL with other data such as reflectance to achieve a
reliable assignment of the spectra, is made very clear in
the present case.

The strongest peak in the undoped sample at 2.3570 eV
is denoted A"„and exhibits a corresponding LO phonon
replica and two satellite peaks at 2.3518 and 2.3442 eV.
A similar peak at 2.3613 eV in bulk ZnTe has been
identified as an exciton bound to neutral double accep-
tors, which might be column-IV elements on a Te
site. Due to the strain in our material, we believe
that A", is that peak shifted to lower energy by strain, in

agreement with the conclusions of Dang et al. Our as-

signment of this peak differs significantly from that in

Refs. 2 and 3, where a similar, but much broader struc-
ture was assigned as the 1LO phonon replica of an unsplit
free exciton peak (it was not identified at all in Ref. 5).
This reassignment is important in evaluating the proper-
ties of the undoped material grown under Te-rich condi-
tions, which we find to be dominated by double acceptors
as opposed to intrinsic transitions using the assignment of
Refs. 2 and 3. These double acceptors can (hopefully) be
eliminated using more highly refined source materials,
which have been highly successful in improving the puri-

ty of undoped ZnSe. However, the involvement of re-

sidual C from the MBE ambient is also possible, and fur-

ther work will be required to distinguish these possibili-
ties.

The excitonic features in the present material are much
stronger than the donor-acceptor and band-acceptor
peaks at lower energy, ' unlike the case of solid ZnTe
source-grown material of Refs. 2 and 3. Clearly, the use

of high-quality elemental sources seems to produce much
better purity, which is to be expected as the high-
temperature synthesis of the ZnTe source material likely
results in the incorporation of additional impurities from
the ambient. This observation is in accord with the data
of Refs. 4—6.
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FIG. 2. Excitonic PL spectra of the undoped ZnTe/GaAs
sample of Fig. 1 as a function of temperature.

Variable temperature PL spectra of the excitonic re-
gion of the undoped sample are shown in Fig. 2. The A;
and A &""""peaks quench faster than the free exciton
peaks. At high temperature the free excitons become the
dominant features. These results further confirm that A;
and A &""""are bound excitons and that Xhh and X» are
free excitons. The small peak at 2.3846 eV in Fig. 1 is as-
signed to the 2s state of the light-hole exciton, which is
confirmed below using magnetospectroscopy. The unex-
pectedly large strength of the X&h peak relative to the X~h

peak in Fig. 1 is presumably due to the larger oscillator
strength of the former and incomplete spin thermaliza-
tion of the holes. The incomplete thermalization may be
due in part to the strain splitting of the valence band.
Also, the unexpectedly large strength of the 2s light-hole
exciton is attributed to laser-induced carrier heating and
incomplete thermalization. Observation of excited states
such as these is not uncommon in other semiconductors
under similar conditions.

The energy of the 2s state can be used to calculate the
band gap of the material. Using the Luttinger parame-
ters given in Ref. 28, we obtain p=(6y3+4y2)/
5y& =0.58, which is the spherical effective mass parame-
ter for the valence band in the theory of Baldereschi and
Lipari. Reference 27 gives the acceptor energy spec-
trum as a function of the parameter p. The calculation
also applies to the exciton case if p is scaled by a factor
&=@~/(y~+mo/m, *)=0.34, where we take

m,*=0.116mo. Therefore p'=pa=0. 20 for the free
exciton and we obtain an effective Rydberg energy

Ro = 12.8 meV from the 9.9-meV separation of the 1s and

2s X~h peaks, using the results in Table III of Ref. 27.
The free exciton binding energy is then given by

E„=R I1o+ —o(po/IM, ) + —,', (po/p2) I =13.3 meV,

where 1/JMO= 1/m,*+y &
/m 0, 1/p& =y 2/m o, 1/LM&

=2&3/mo. This value agrees well with E, =13.2+0. 3

meV obtained in Ref. 19 for bulk material.
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The light-hole band gap in the undoped sample is re-
duced to about 2.3881 eV at 1.7 K by strain. All of the
peaks in Fig. 2 are observed to shift to lower energy as T
increases, due to the reduction in the band gap. Over the
range 0—47 K, this dependence can be accurately
modeled by the expression

Es(T)=2.3882 —1.8318X10 6 T~

where F. is in eV and T is in K.

2. Free and shallow bound exeitons in ZnTe/GaSb

Figure 3 shows both reflectance and PL spectra of a
ZnTe/GaSb sample grown under Zn-rich conditions. A
PL spectrum of a ZnTe/GaAs sample grown under the
same conditions is also shown for comparison. Since the
strain is relatively small in ZnTe/GaSb, due to the rela-
tively small difference in thermal expansion coefficients

1+z T +o sb 5.5X10 versus az T &o,~,=1.4
X 10 ), the splitting of the free exciton structure is not
clearly resolved in the reflectance spectrum. However,
the PL spectrum of Zn Te/GaSb shows X„„andX,„peaks
which are split and shifted to lower energy compared to
bulk material. Variable temperature PL measurements
similar to those in Fig. 2 have been done to prove that the
peaks at 2.3807 and 2.3785 eV are the Xhh and X~h free
excitons, respectively, and that the peak at 2.3722 eV is a
bound exciton. Comparing the PL spectrum of
Zn Te/GaAs in Fig. 4 with that of ZnTe/GaAs grown un-

der Te-rich conditions in Fig. 1, we conclude that the
peak at 2.3685 eV is the neutral shallow acceptor-bound
exciton. Unlike the PL spectrum of Fig. 1, which shows
a dominant double acceptor-bound exciton, the spectrum
of the sample grown under Zn-rich conditions exhibits a
strong peak at 2.3685 eV and an "undulation structure"
extending to 2.345 eV. A similar undulation structure
has been studied in bulk material, and is assigned to
excitons bound to closely spaced pairs of neutral accep-

tors. However, there is a dip between the A',""""peak
and the undulation structure wing in our sample, which
is not typically observed in bulk material. This re-
sult suggests that the pairs in our material may be prefer-
ential in nature, but the details of the preferential pairing
mechanism will be discussed elsewhere. Comparing the
two PL spectra in Fig. 3, we And that they are very simi-
lar except for differences in the amount of shift to lower
energy. Therefore we assign the peak at 2.3722 eV as the
neutral shallow acceptor-bound exciton, and the struc-
tures in the range 2.3682-2.35 eV as preferential accep-
tor pair bound excitons in the PL spectrum of
Zn Te/GaSb.

3. 0-bound exciton in ZnTe/GaAs and ZnTe/GaSb

Figure 4 shows the low-energy portion of the PL data
for the sample of Fig. 2 as a function of temperature. We
observe two highly structured peaks X, at 2.1844 eV and

Xz at 2.1488 eV, which are not fully understood so far.
The peaks below 2 eV are the oxygen isoelectronic center
bound exciton peak and its phonon replicas. In bulk ma-
terial, the J =

—,
' electron, which is tightly bound to the 0

isoelectronic center by a short-range potential, couples
via an exchange interaction to the J =

—,
' hole captured by

the Coulomb attraction of the electron to generate J=1
and 2 states. The exchange interaction splits these states,
which produce peaks at 1.986 and 1.9843 eV in the PL
spectrum of bulk material, respectively. ' At tempera-
tures below 4.2 K, the higher-energy J= 1 state is
thermally depopulated and only the forbidden emission
from the J=2 state is observed in bulk material. At
higher temperature, J=1 state is thermally populated
and the allowed transitions from this level produce the
dominant structure in the PL spectrum, due to the much
shorter lifetime resulting from the stronger oscillator
strength of this state. However, in our material strain
has mixed and shifted the two states. New peaks are ob-
served at 1.9816 and 1.9856 eV. The oscillator strengths
are also redistributed. At around 27.6 K we observe
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FIG. 3. Low-temperature PL (middle) and reflectance (top)
spectra for a 1.3-pm-thick ZnTe layer on a GaSb substrate and
a PL spectrum of a 1.6-pm-thick ZnTe layer on a GaAs sub-
strate (bottom), all grown by MBE under Zn-rich conditions.
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FIG. 4. Temperature dependence of the oxygen isoelectronic
center bound exciton PL spectra for the sample of Fig. 2.
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comparable strengths for the peaks involving transitions
from the two new mixed states to the J=0 ground state,
which is markedly different from the unstrained case.
These results strongly confirm that biaxial tensile strain
exists in MBE ZnTe on GaAs. Similar measurements of
the 0 isoelectronic center bound exciton in ZnTe on
GaSb have also been performed. Since the strain in
ZnTe/GaSb is relatively small, the mixing and shifts of
the J = 1 and 2 states are smaller than those in
ZnTe/GaAs. We observe the 0, and 02 peaks at 1.9828
and 1.9855 eV in the ZnTe/GaSb sample.

4. Comparison with literature assignments

A chart of the observed peaks and corresponding as-
signments for bulk material, Zn Te/GaSb, and
ZnTe/GaAs reported by various authors is shown in
Figs. 5(a) and 5(b). It is immediately apparent from this
figure that with only a few exceptions, the same basic
peaks are nearly universally observed in ZnTe grown on
GaAs or GaSb, even though previous assignments have
varied considerably. Superficially, several of the peaks
appear to line up with certain peaks in bulk material, but
this effect is merely coincidental as discussed above. The
assignments given by other workers for MBE materia1 in
Refs. 2, 3, 5, and 6 have been discussed above; in the fol-
lowing we briefly discuss other conflicting assignments,
particularly for grown by metal-organic chemical-vapor
deposition (MOCVD).
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FIG. 5. (a) Observed peak positions and corresponding as-

signments in the PL spectra of ZnTe/GaAs by various authors.
(The peak positions of Dang et al. have been uniformly shifted
to higher energy by 1 meV in order to achieve a better align-
ment of their spectra with others and to correct for possible
differences in calibration. ) (b) As for part (a), but for
Zn Te/GaSb. In both parts of the figure, a =X», b =X,
c=(D Xi d=A', "'""",e=A;, f=Af, g=OJ=, , h=OJ=2,
I —Xlh& J Xhh~ k (DGa&X)I(DGayh)~ I XLO~ ~ +2~
n =01,p = UPB, q =LPB, and x is unidentified.

Based on the (O,X) peak positions and X„„and X,„
reflectance structures, Ekawa et al. ' reached similar
conclusions concerning the strain and strain-induced
shifts to those given here for ZnTe/GaAs grown by
MOCVD. However, Wagner et al. have given notably
different assignments for the PL spectra of ZnTe/GaAs
and ZnTe/GaSb grown by MOCVD. For the PL spec-
tra of ZnTe/GaAs, the peaks at 2.3806 and 2.3795 eV are
identified as X~h and Xhh, respectively, which indicates
that the material is under biaxial compressive stress.
However, the peaks at 2.3693 and 2.3580 eV are assigned
to the shallow As acceptor-bound exciton and double
acceptor-bound exciton, respectively. Compared with
the positions of the same peaks in bulk material at 2.3750
and 2.3613 eV, we find that the two peaks are shifted to
lower energy, which indicates that the material is under
biaxial tensile strain. This inconsistency indicates that
the assignments are incorrect. The peak at 2.3742 eV
was assigned to a Ga donor to valence-band transition
(Do„h), partly due to its increased intensity in Ga-
doped ZnTe/GaAs. The variable temperature PL spec-
tra of Ref. 32 show that the structures at 2.38 eV and the
(DG„h) peak become the dominant features at high tem-
perature. Such behavior might be consistent with either
assignment [Xn /Xhh o XI h/ D, h)]. However, in view
of our very clear reflectance spectra and the clear evi-
dence of biaxial tensile strain in the (O,X) peaks, we as-
sign these two peaks as Xih and Xhh in agreement with
Ekawa et al. ' The splitting of the Xhh peak in the PL
spectra of Wagner, Kuhn, and Gebhardt might be due
to polariton effects. The peak at 2.3894 eV was assigned
to be a 2s state of Xhh in Ref. 32. The separation of the
2s state and X„h ground state is 9.9 meV, which agrees
with the separation of the 1s and 2s states of X~& in the
PL spectra of Dang et al. and in the present work.
Since the free exciton binding energy is mainly deter-
mined by the electron mass, which implies that the X»
and X~h excitons have negligibly different binding ener-

gies, we concur with the assignment of the peak at 2.3894
eV to the X&h 2s exciton.

Hishida et al. gave a very different assignment to the
PL spectra of ZnTe/GaAs, in which the peaks at 2.3787
and 2.3747 eV were associated with the upper and lower
polariton branches associated with an unsplit free exci-
ton. However, the peak positions given by various
workers are all more or less aligned with those in the
present work, which indicates that all MOCVD and
MBE heteroepitaxial samples are essentially similar and
the strain effect has to be accounted for in deducing the
correct assignments.

The same comments also apply to the PL spectra of
Zn Te/GaSb. Since the strain in Zn Te/GaSb is smaller
than that in ZnTe/GaAs, the PL spectra show a sma11er

splitting and shift to lower energy. However, the rela-
tively small strain was not recognized in Ref. 32 in
ZnTe/GaSb, and the peak at 2.3712 eV in ZnTe/GaSb
that we believe is the same A &""" peak as in

ZnTe/GaAs was assigned to a new (Asb, X) peak. PL
spectra of ZnTe on GaAs with GaSb buffer layers have
been shown in Rajakarunanayake et al. and Phillips
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et al. Unlike the spectra of ZnTe/GaSb, the spectra of
ZnTe/GaSb/GaAs are similar to that of ZnTe/GaAs,
since the ZnTe layer still suffers the strain generated from
the different contraction between ZnTe and the GaAs
substrate. A quantitative analysis of the PL spectra in

the strained material and further confirmations of our as-

signments are given in the following section.

B. Quantitative analysis of the PL spectra of strained Zn Te

1. Free exciton
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The free exciton in bulk ZnTe occurs at 2.3810 eV. '

The shift and splitting of this peak in Figs. 1 and 3 indi-
cate that a biaxial tensile strain exists in both
ZnTe/GaAs and ZnTe/GaSb. In order to quantify this
strain, we calculate the splitting and shift of the free exci-
ton. Neglecting the weak exchange interaction and any
effects due to the longitudinal/transverse splitting, the
shifts of X~b and Xzz for a biaxial tensile stress p in the
(001) plane are given by

and

~Ess =0+e
where $=2a(S»+2S,z)p, E= b(S„——S,z)p, a and b
are the hydrostatic and shear deformation potentials of
the exciton, respectively, S» and S,2 are the compliance
coefficients, and p is taken to be positive for a tensile
stress. Using a = —5.48 eV and b = —1.30 eV, and the
compliance coefficients given in Ref. 36, we calculate the
strain and stress to be -0.92X10 and -0.61 kbar in
the undoped ZnTe on GaAs sample and -0.45X10
and -0.30 kbar in the ZnTe/GaSb sample. These values
are based on the experimentally measured 5.1- and 2.5-
meV splittings between the X&z and X&z peaks in
Zn Te/GaAs and Zn Te/GaSb, respectively. The
temperature-dependent thermal expansion coefficients of
ZnTe, GaAs, and GaSb given in Ref. 37 have been used
to calculate the expected thermal strains in our hetero-
structures. By integrating those coefficients with respect
to temperature from 1.7 K to the growth temperature, we
obtain expected thermal strains of —1. 1 X 10 and
-0.5X10 for ZnTe/GaAs and ZnTe/GaSb, respec-
tively. These results agree well with the values of
-0.92X10 and -0.45 X 10 calculated above from
the experimental data, and indicate that the source of the
biaxial tensile strain in the epilayers is due to differential
contraction. A series of samples of ZnTe on GaAs grown
with different growth temperatures and layer thicknesses
has been measured to confirm this conclusion.

The positions of the X„b and X&z peaks as a function of
growth temperature are shown in Fig. 6. From these
data, we observe that the X&z and X&& peaks shift to lower
energy and that the separation of the X&& and X&z peaks
increases with growth temperature. These data show
that the strain increases with growth temperature and
agree well with the theoretical calculation described
below (represented by the solid lines in the figure), which
supports our assertion that the strain in the epilayer is

Growth Temperature ( C)

FIG. 6. Peak positions of X» (squares) and X» (diamonds)
for ZnTe on GaAs as function of growth temperature with layer
thickness in the range from 1.6 to 2.2 pm. The points are the
experimental data and the solid lines are the theoretical calcula-
tion described in the text.
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FIG. 7. Peak positions of X» and X» and FWHM of the X»
peak (circles) for ZnTe on GaAs as a function of layer thickness
with growth temperature in the range 320—330'C. The squares
and diamonds correspond to the X» and X» peaks, respective-
ly. The lines are merely to guide the eye.

generated by the different thermal contraction of the two
materials. The theoretically expected thermal strain in
the epilayers as a function of growth temperature is cal-
culated by integrating the thermal expansion coefficients
of ZnTe and GaAs in Ref. 37. This calculation is based
on the splitting and positions of the X&z and X&z peaks of
the sample grown at 300'C, which we assume to be due
entirely to thermal strain.

In Fig. 7, we see that the Xz& and X&& peaks shift to
lower energy, and the separation of the Xbz and X»
peaks increases with layer thickness for samples grown in
a narrow range of temperature. This observation clearly
indicates that the tensile strain in the ZnTe layer in-
creases with layer thickness. Since the outer regions of
the thicker layers are further from the interface and the
biaxial compressive strain associated with the lattice
mismatch is more fully relaxed, they will suffer larger net
thermal strain. Furthermore, the linewidth of the X&&

peak becomes narrower in thicker layers, due to the
smaller inhomogeneous strain resulting from defects near
the interface. Similar results have been obtained for
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ZnSe/GaAs. These observations suggest that some re-
sidual lattice mismatch strain probably exists in the sam-
ples of Fig. 6, but should be roughly constant since the
layer thickness is about constant. However, it cannot be
completely ruled out that more efficient relaxation of the
compressive lattice mismatch stress at higher growth
temperature may account for part of the trend observed
in Fig. 6.

2. Neutral double acceptor-bound exciton A &

In order to verify our assignment of the A l peak, we
compare the experimental peak position to the shift ex-
pected for the strain value determined above. In bulk
material, the A; peak occurs at 2.3613 eV with two
broad structures 2 and 5 meV to lower energy, as report-
ed by Magnea et al. Dean et al. modeled the A l

peak and its related structures, and studied the splitting
patterns of this peak in magnetic and uniaxial stress
fields. Using the model of Dean et al. , we calculate the
behavior of the A, peak in a biaxial tensile strain field.
Since A, shows a strong diamagnetic shift rate of
6.7X10 meVT in our sample, which is characteris-
tic of a hydrogenic state having an effective mass of
m,' =0.108mo comparable to the free electron mass of
0.116m o in ZnTe, we conclude that the electron in the
A, complex is loosely bound and the exchange interac-
tion between the electron and the more tightly bound
holes can be ignored. (The diamagnetic shift rate is simi-
lar to that observed for this peak in bulk material,
8.7 X 10 meV T . ) The three J =—', holes in the

bound exciton complex couple to produce states with

Jtpt —,', —,', —,', —,", and —,', but the Pauli exclusion principle
allows only the Jt t 2

state since the holes are
equivalent. This (spherical) state is unsplit by the cubic
crystal field and transforms like the I 8 representation of
the Td point group. The splitting of this fourfold degen-
erate state under a biaxial strain is found (in the self-
consistent-field approximation) by adding the strain
dependencies of each of the three holes in the complex to
that of the electron. The energies of the split initial states
are thus given by

E yDAx + sDAx+ 1/2 initial

and

E ~DAX ~DAX+3/2 initial

where P;„;"„,1=2(3t21, +a, )(S11+2S,2)p and
= —b " (S11—S12)p, ah and a, are the hydrostatic shift
coefficients of the holes and electron, respectively, b
is the shear deformation potential of holes in the double
acceptor-bound exciton, and the subscripts on the ener-
gies indicate the corresponding tota/ values of m &. Since
loosely bound complexes are derived from states near the
I point, the hydrostatic shift coefficients of both holes
and electrons should have the same values for double
acceptor-bound excitons as for free and neutral
acceptor-bound excitons.

The final state (after recombination of the electron with
one of the three holes) has two remaining equivalent

holes which couple to generate J=O, 1, 2, and 3 states,
but only the J =0 and 2 states are allowed by the Pauli
exclusion principle. The J =2 state is further split by
the cubic crystal field into two states in unstrained ma-
terial, which transform according to the I 3 and I 5 irre-
ducible representations of Td. The strain reduces the
point symmetry group to D2d, so that the state trans-
forming as I 3 in Td splits into two new states transform-
ing as the I, and I 3 representations of D2d, as deter-
mined from the compatibility tables of Ref. 40. The
I ~(Td ) state becomes I 4+ I ~ in D2d, but these states
remain degenerate in the self-consistent-field approxima-
tion for a [100] strain. The ground state of the neutral
double acceptor is assigned as having Td (I 3) symmetry
by Dean et al. , based on its observed splitting under a
[100] stress. The Hamiltonian H

& representing the
shear-strain matrix, which includes the hole-hole ex-
change interaction and the crystal-field splitting of the
two-hole J =2 state, has been given and diagonalized for
the case of uniaxial strain, e.g. , by Mathieu, Camassel,
and Ben Chekroun. ' The result is the same for biaxial
stress if the hydrostatic term is appropriately modified.
By setting the strain term in Hz & equal to zero, we ob-
tain the energy levels of the I „I 3, and I 5 states, which
are generated from the two-hole exchange interaction
and the crystal-field splitting (see below for p =0). From
the PL data for unstrained bulk material and the ex-
pressions for these three levels, Dean et al. obtained the
two-hole interaction coefficient y and the cubic field split-
ting coefficient P as —0.9 and —4.8 meV, respectively
(apparently our definition requires the opposite sign for P
to that in the convention used by Dean et al. ).

The energies of the final two-hole states in a biaxial
tensile stress p in the (001) plane are given by

E =E + yD Ax+ gE.

where b,E, (i = 1 —4) are the eigenvalues of the H p per-
turbation Hamiltonian, Ps„",~ =4ai, (S»+2S,2)P, and Eo
is the energy of the neutral acceptor level at zero stress.
Diagonalizing Hz &

then yields

Eo+(tfi„",) + ,'y ', P, Td(1 5—)
—D—2d(l 4 g)

E2 =E 0P+P„",) + —,'y+ —,
' P

+ [
1 (y 3 p)2+4( DAX)2]1/2 T

E =E +P„„"„,+ —,'y+ —',P, Td(I 3) D2d(I 3),

and

E4 =Eo +Pr,„",
&
+—,

'
3 + —,', P

[ (y 3p)2+4(EDAX)2]1/2 T (I )

where the corresponding representations for each state in

both Td and D2d are indicated. We assume for lack of
better information that b is the same for both initial
and final states.

Transitions involving all four final states above are a1-

lowed in our configuration (Faraday, cr-polarized light),
which can be seen as follows. In the initial state, we have
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three coupled equivalent holes which together transform
as I ~ in Td. In Dzd symmetry, I 3 becomes r,+r„
which are each twofold degenerate. Two of the holes
must transform according to one of these representations
in an antisymmetric manner to satisfy the Pauli principle,
while the third must transform as the other representa-
tion. We therefore have (in D2d ) either

[r,xr, j xr, =r, xr, =r, (+-,'), or [r,xr, ) xr,
=I i X I 6= I 6(+—', ), where t J denotes the antisymmetric

direct product. The electron transforms as I 6 in both Td
and D2d, so we have I 7XI 6 I 3+r4+r, or
I 6XI 6=I &+I 2+I 5 as the total representations of the
initial state in D2d. Each triplet of representations
remains degenerate in the limit of zero electron-hole ex-
change interaction. The electric dipole operator trans-
forms as I, (D2d ) for o polarization, so that transitions
from I,. I

&
are allowed only if I 5XI &

contains I;.
We have I 5XI &=I 5, I 5XI 3=I 5, I SXI 4=I 5, and

r, Xr,=r, +r,+r,+I 4. All transitions from each de-

generate triplet to each of the four final states I &, I 3, I &,

and I 4 5 in D2d are therefore o allowed. However, the
higher-energy level in the initial state is thermally depo-
pulated, so only transitions from the lower (I &XI'6) or

~ mjh ~

=
—,
' energy level are observed in the low-

temperature PL data. The relative oscillator strengths
were calculated in Ref. 25 using the coupling coefFicients
as 3:1:3for (I 6 X I 6) to the I i, I &, and I 4 5 final states in

D2d. Transitions involving the higher-energy final states
are apparently lifetime broadened.

Using the deformation potentials a, +a&= —5.4 eV
and b " = —0.27 eV measured for the A

&
peak in bulk

material, we calculate the peak positions involving the

~mji, ~

=
—,
' initial state and final states from E, to E~ for

the strain in the undoped ZnTe/GaAs sample to be
2.3514, 2.3538, 2.3562, and 2.3567 eV. In Fig. 1 we ob-
serve three peaks at 2.3442, 2.3518, and 2.357 eV. The
theoretically expected peaks at 2.3567 and 2.3562 eV are
close to the experimental peak at 2.357 eV, but only the
2.3567-eV peak is observed since the oscillator strength
of that peak is three times that of the peak at 2.3562 eV.
The position of the satellite at 2.3518 eV agrees well with
the theoretical value (2.3514 eV). The 2.3538-eV peak is
unresolved in our spectra, presumably due to inhomo-
geneous strain broadening. The excellent overall agree-
ment with the theoretical calculations strongly supports
our assignment. However, this model cannot explain the
lower-energy satellite at 2.3442 eV. A corresponding
peak has also been observed at 2.348 eV in bulk materia1
(see Fig. 1 in Ref. 23), but was not explained there either.

3. Shallow neutral acceptor-bound exciton

Since the strain in our sample shifts the position of the
peak, we conclude that the g',""" peak is the

regular shallow neutral acceptor-bound exciton. This
peak occurs at 2.375 eV in bulk material. ' A calculation
for this peak in a biaxial strain field must be performed to
compare with the experimental results. The initial state
of a neutral single acceptor-bound exciton has two holes
and an electron. Neglecting the small interaction be-

tween the electron and the holes, the energy levels of
two-hole states in biaxial strain for the initial state of this
complex are similar to that of the final state for the dou-
ble acceptor-bound exciton, except for the hydrostatic
and shear deformation terms which are now

P;„,t,,&=2(2ai, +a, )(S»+2Siz)p and E
" = —b " (S»

—S,2)p, respectively. The values of the parameters y
and P characterizing the hole-hole and crystal-field in-
teractions may be different from the double acceptor
case, due to the different charge on the acceptor core.
Using perturbation theory for the shear deformation po-
tentials of hydro genically bound holes yields
b " /b =1—4p /5 —12p5/25, where p=(6ys
+4yz)/5y, and 5=(y3 —y2)/y, and the parameters are
taken from Ref. 28. Thus we obtain b " = —0.91 eV,
and keep a, +a& the same as that of the double acceptor
exciton in the calculation for the reason mentioned in the
preceding section. Strictly speaking this value of b

only applies to the final state (the neutral acceptor), but
we assume that is also a reasonable approximation for the
holes in the bound exciton.

The PL spectra recorded at higher temperature (10 K)
of both the As-doped sample of Fig. 1 and a separate
4.25-pm-thick ZnTe/GaAs sample (not shown) grown
under Zn-rich conditions show a high-energy component
at 2.3717 eV, which must involve a transition from a
higher-energy level in the initial state. Unfortunately,
very little information is available concerning the split-
ting of the unperturbed As acceptor-bound exciton in
bulk ZnTe. The summary chart given by Venghaus and
Dean' suggests that this exciton has two components
separated by about 0.2 meV. If we assume that this result
for bulk material is true, then we have two possible mod-
els. The first model considers that the cubic field splitting
in the shallow neutral acceptor-bound exciton is negligi-
ble compared with the hole-hole interaction. Therefore
the hole-hole interaction gives J=0 and 2 levels which
form the initial states in zero-strained material, and the
magnitude of y is the separation of the two levels and
equal to 0.2 meV from the results for bulk material. The
J=2 level shifts and splits into two levels in a biaxial
strain field, and the initial states for the neutral single ac-
ceptor become three levels. The final state is a neutral ac-
ceptor, which shifts and splits into light- and heavy-hole
states in the biaxial strain field. The transitions from the
initial states to the lower-energy level in the final state are
assumed to be the ones that are resolved in the experi-
ment, since transitions to the higher-energy level in the
final state will suffer lifetime broadening. Using this
model we obtain a much larger energy separation for the
resolved peaks in the strained material than what is ex-
perimentally observed. This result suggests that cubic
field splitting must be present for the A',""""peak in
bulk material.

The second model follows the latter assumption. Since
the cubic field splits the J=2 state but not the J=O
state, there are three levels in the initial state for bulk
material, of which only two levels (separated by 0.2 meV)
are apparently observed due to thermalization. The ener-

gy levels in the initial state of the shallow acceptor-bound
exciton in a biaxial strain field are similar to the energy
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levels (E&, E2, E3, and E4) in the final state of the double
acceptor-bound exciton discussed in the preceding sec-
tion. The levels E3 and E4 are degenerate for
y —3P/5 )0 and the levels E2 and E3 are degenerate for
y

—3P/5(0 in unstrained material, respectively. There
are seven possible orderings for the energy levels of the
initial state in bulk material. Three of these involve y & 0
and four involve y &0. Using the data reported for bulk
material and the data we have for ZnTe/GaAs, we can

findobtain consistent fits in four of the seven cases. We fin
that y is 1.61 or 2.24 meV and P is —0.2 or 0.2 meV, re-
spectively, for the cases with y &0, and y is —1.16 or—0.48 meV and P is 1.69 or 2.4 meV, respectively, for the
cases with y &0. From the existing, limited results for
bulk material and the data for strained material we can-
not clearly distinguish among the various possible mod-
els, but we are able to achieve satisfactory fits to our data
with plausible values of y and P.

The variable temperature PL spectra of the
ZnTe/GaSb sample of Fig. 3 also show a barely resolved
hi h-energy component at 2.3733 meV, which is separat-
ed from the low-energy component by 1.3 meV. Tog

1g
To eth-

er with the strain ( -0.45 X 10 ) for ZnTe/GaSb we ob-
tained in Sec. IIIB 1 and the values of y and P deter-
mined above for the various models, we calculate the
components in strained ZnTe/GaSb, and obtain reason-
ably good agreement with the experimental observation
for all of the possible models we proposed above. More
uniaxial and zero-stress studies on bulk material are re-
quired to identify the energy levels in the initial states
and to understand better the behavior of the neutral shal-
low acceptor-bound exciton in a biaxial strain field.

4. The oxygen isoelectronic center bound exciton

The 0 isoelectronic center bound exciton and its pho-
non replicas in bulk ZnTe have been studied extensive-
ly ' ' Since a biaxial tensile exists in our samples,
the J=1 and 2 states resulting from the exchange in-

=—' holeteraction between the J=
—,
' electron and the J=

—, hole
will mix and shift. Therefore the oscillator strengths of
the transitions involving these mixed states will be redis-
tributed. The effective perturbation Hamiltonian for a bi-
axial stress p in the (001) plane for this exciton is

+pox+
I ( sox)2 2g Qx+ 4g2

)
1/2

7 2

Transitions from levels 1 and 2 to the J =0 (I, ) ground
state are forbidden, transitions from levels 3 and 4 are ~
and o. allowed, respectively, and transitions from level 5
become o. allowed only at finite stress. Since the electron
is tightly bound in the short-range potential of the 0
isoelectronic center, the hydrostatic deformation poten-
t' 1 of the electron is related to that of the entire conduc-ia o

1tion band, rather than just the I point as in the loose y
bound case. The hydrostatic deformation potential of the
weakly bound hole should be just that of the top of the
valence band. We obtain the values of the net (electron
p uslus hole) hydrostatic parameter a and the hole shear
potential b by fitting to the experimental points. From
the peak separation between the J = 1 and 2 states in un-
strained bulk Zn Te, ' 6, is calculated to be —0.425
me V. By fitting the experimental points in the
ZnTe/GaAs sample of Fig. 4 to the above expressions for
E„and E5, using the stress values deduced from the free
exciton splitting, we obtain a ——1.92= —1 92 eV and
b = —0.73 eV. The b value is close to —0.91 eV,
which was calculated for a hydrogenically bound hole in
Sec. III B3. This result agrees with the model for (O,X)
in which a hole is loosely bound by the Coulomb force
from the electron, which in turn is trapped by its short-
range interaction with O.

Figure 8 shows the experimental points and the calcu-
lated energy levels for the (O,X) peaks. We find that the
data points for ZnTe/GaSb agree reasonably well with
the fit based on the ZnTe/GaAs sample. The data points
in the PL spectra are obtained only with o-polarized
light, since we employ backscattering from a (001) sur-
face.

The ratio of the oscillator strength of the J =2 state
over that of the J =1 state in unstrained material is ap-
proximately 0.02, due to unknown mixing mechanisms
which make the transition from J =2 slightly allowed.
When strain exists in the material, these two states mix

d nerate two new states whose associated oscillator
thsstrengths change with the strain. The oscillator strengt s

of the low- and high-energy states for a free exciton have
been given by Bir et al. ' Since (O,X) involves a single

J2
H=b, Jh 0+/ +s Jh, —

where P =2a (S„+2S,2 )p and E = b(S, ,
—

S&2 )p, 6
&

is the coe%cient for the spherical portion of
the electron-hole exchange interaction, and Jh and cr are
the hole and electron spinors. The cubic component of
the exchange interaction is neglected. Diagonalizing the
Hamiltonian, we get
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E — sg +pox Eox FIG. 8. Calculated energy levels of the oxygen isoelectronic
center bound exciton as a function of stress (solid lines) and ex-
perimental points for Zn Te on GaSb and GaAs.
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electron and hole, the situation for (O,X) is similar to
that of the free exciton except for the values of the defor-
mation potentials. In Fig. 9 we plot the distribution of
the oscillator strengths as a function of stress for (OQ).
The calculated value of the 0& to 02 peak strength ratio
for the stress around 0.61 kbar in our ZnTe/GaAs sam-

ple is equal to 0.25 in the absence of thermalization. If
the components are assumed to be fully thermalized, the
oscillator strength ratio deduced from the observed in-
tegrated peak intensities using a Boltzmann factor would
be lower than the theoretical value. In the experimental
data, the peak intensity ratio at 21.8 K is 1.64. The peak
intensity ratio for the 0.30-kbar stress in ZnTe/GaSb is
around 0.66 at 20 K. Both values are higher than the ex-
pected values if thermalization is neglected. These results
suggest that the spin components are partially but not
fully thermalized at these temperatures. Additional ex-
periments such as excitation spectroscopy or optical ab-
sorption are needed to measure the oscillator strengths
accurately. However, the large increase in the ratio com-
pared to bulk material is qualitatively in agreement with
the model.

C. Magnetoluminescence

1. Diamagnefism

In addition to calculating the strain effects, we employ
magnetospectroscopy to study the splitting patterns of
the excitons in high magnetic Gelds and to check our as-
signments further. All magnetic field measurements were
done in Faraday configuration. The diamagnetic shifts of
the excitons as a function of field are shown in Fig. 10.
For the 2s state of X&h and the Xz„and X&h peaks, two
Zeeman split components are resolved for each peak at
high fields ( ~6 T). The average of the peak positions is
therefore used when determining the diamagnetic shifts.
The splitting pattens of the neutral shallow acceptor-

2.3573
2.3572
2.3571
2.3570
2.3569

Ax
1

I

6
I

10 12

FIG. 10. Experimental data (symbols) and 6tting curves
(solid lines) of the diamagnetic shifts of the excitonic emissions
in undoped ZnTe/GaAs. Note that each portion of the vertical
axis has a difkrent scale.

2. Free exeiton

The PL spectra of the excitons in the ZnTe/GaAs sam-
ple of Fig. 2 in both zero and high magnetic field are
shown in Fig. 11. In high magnetic field, we find by com-
paring the o+- and o. -polarized PI. spectra that the Jhh

bound exciton and the neutral double acceptor-bound ex-
citon peaks are not well resolved. Therefore we include a
linear splitting term when fitting the experimental data to
determine the quadratic diamagnetic shifts. The fit
curves are shown as the solid lines in Fig. 10. The di-
amagnetic shift of the 2s state of X~h (4.2X10 eVT )

is much larger than those of the X» and Xht, excitons
(1.3 X 10 and 9.4X 10 eV T, respectively). This is
to be expected, since the 2s exciton has a more extended
electron wave function than the 1s exciton. This observa-
tion confirms that the peak at 2.3846 eV is the 2s state of
J». The neutral shallow acceptor- and double acceptor-
bound excitons have diamagnetic shifts of 1.4X 10 and
6.7X 10 eV T, respectively. These results indicate
that both the shallow and double acceptor-bound exci-
tons contain loosely bound electrons, and confirm that we
are justified in neglecting the interaction between the
electron and the holes in these complexes.
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FIG. 11. Low-temperature excitonic PL spectra at B =0 and
12 T for the undoped ZnTe/GaAs sample of Fig. 2.

peak splits into two components while the splitting of the
X&h peak cannot be resolved. For a biaxial strain p along
[100] and [010] and a magnetic field B the Hamiltonian
for the free exciton is

Hpikus ++8
J2

=P+e Jz, — + ,'g, ps—Bcr —2i~p&B Jh

2qpa(Jh„B—„+J~ B +Jh, B, )

2

+ Ro c, + (Jh B)
2 B2

E 3/2 4p&B, (4R+9q)+ 2g, p&B,

+—,'y Ro (4c, +9c~)+P+e .

where 1/pa= 1/m, '+y, /mo, y=efiB/2pocRO,
Ro =poe /2i)1 e, P and e are defined in Sec. III B 1, and

g, is the electron g factor, which is related to g, =
—,'g,

defined by Cho et al. The symbols k and q are the iso-
tropic and cubic magnetic field splitting coefficients of the
hole, respectively, p~ is the Bohr magneton, e is the mag-
nitude of the electron charge, c is the speed of light, mo is
the free electron mass, and c

&
and c2 are the diamagnetic

shift coefficients. We neglect the small exchange terms,
the longitudinal-transverse splitting, the anisotropic di-
amagnetic terms, and any second-order term involving
both magnetic and strain fields. Polaron eft'ects are also
neglected, except for the use of renormalized masses.
This Hamiltonian gives eight energy levels for 8 in the
[001] direction. We list only those four from which o.—

polarized transitions to the J =0 ground state are possi-
ble. For Xhh, we obtain

Eiq~ = ,'p~B, (4ir+9q )
—,'g—,p~B, ——

+ —,'y Ro (4c, +9c2)+P+e
and

E in = .'p-aB (4—~+q) ,'—g.—paB.

+—,
'
y R 0 (4c, +ci)+P—E .

From the peak separations of 1.19 meV between the
0+- and o. -polarized components of Xhh and approxi-
mately —0.21 meV for those of X&h in Fig. 11, we obtain
g, = —0.66 and i~= —0. 18 (assuming q=0), which are
consistent with g, = —0.57+0.25, R= —0.06+0. 10, and

q =0 from previous magnetoreQectance measurements of
the free exciton in bulk material. This agreement fur-
ther confirms our assignment of the light- and heavy-hole
free exciton peaks. It should, however, be noted that
y =0.7 at B =12 T, so we are no longer in the low-field
(y (0.4) regime where the above perturbation theory is
expected to apply. For this reason, and due to the
neglect of polaron effects, we do not attempt to evaluate
the actual values of c& and c2.

3. Double and neutral shallow acceptor-bound excitons

Variable temperature PL measurements at 12.0 T (not
shown) allow us to distinguish two components at 2.3572
and 2.3587 eV in 0.+-polarized spectra and one com-
ponent at 2.3572 eV in cr -polarized spectra for the neu-
tral double acceptor-bound exciton A, . The high-energy
(2.3587 eV) component of the A", peak appears and dom-
inates as the temperature increases in the 0. -polarized
spectra. A broad low-energy structure associated with
the A

&
peak occurs at 2.3460 eV. The splitting of the

final coupled two-hole states is believed to be unmeasur-
ably small for 8 & 10 T. ' We still neglect this splitting
for B =12 T. Thus the final state is the same as in zero
magnetic field, which was discussed in Sec. III 8 2. Using
the g factors and diamagnetic shift coefficient obtained in
bulk material for the double acceptor-bound exciton,
and keeping the other parameters the same as those in
the B =0 case, we calculate the peak positions using the
model of Dean et al. and obtain two groups of peaks
2.3568 and 2.3571 eV (the first group), and 2.3586,
2.3588, 2.3589, 2.3591, 2.3592, and 2.3594 eV (the second
group), which correspond to transitions from the lowest
and second groups of energy levels in the initial states to
the lowest-energy level in the final states. Given that the
widths of the peaks in our PL data are limited by inho-
mogeneous strain broadening, we cannot distinguish
these individual transitions. Transitions to excited final
states wi11 have lifetime broadening as mentioned by
Dean et al. , and we assume they are not observed ex-
perimentally. The calculated peak positions involving
the ground final state agree well with the experimental re-
sults, given our limited resolution, and further verify that
A, is the double acceptor-bound exciton.

For the A',""" peak, two components at 2.3713 and
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2.3734 eV in the o. -polarized PL spectra and one com-
ponent at 2.3713 eV in the o. -polarized PL spectra are
observed. The two o. -polarized components have the
same relative intensity up to about 28.4 K and thus ex-
hibit no detectable thermalization. When the tempera-
ture increases beyond 28.4 K, the peaks quench and we

cannot resolve them clearly. Since we do not have a
definite model for the neutral acceptor-bound exciton in
zero magnetic field, we do not attempt any detailed
analysis of the splitting of the A

&

'" peak in the mag-
netic field.

4. Oxygen isoelectronic center bound exciton

Finally, we examine the splitting patterns of the 0
isoelectronic center bound exciton in a high magnetic
field. Figure 12 shows the 16-K PL data of the 0
isoelectronic center bound exciton in a 12-T magnetic
field. The o+- and cr -polarized PL spectra show four
components, denoted 0„0b,O„and Od. Correcting for
the 0.22-meV shift in the band gap from 1.7 to 16 K, we
find that the corresponding peak positions at T=1.7 K
would be 1.9807, 1.9825, 1.9857, and 1.9859 eV, respec-
tively. In order to explain this splitting pattern, we have
to consider the Hamiltonian of the oxygen isoelectronic
center bound exciton in a magnetic field

H =H~+Hp;k„, +H~

+pox+ eox g2
hz

+ 2g, p~B o —2kp~B. Jh

where we neglect the diamagnetic shift. The expressions
for P and e were given in Sec. IIIB4. The aniso-
tropic term in Ref. 50 is zero which means OT, is isotro-
pic. Diagonalizing the Hamiltonian for Bll [001],we get

E„=pox+ "x+ ', ~,+I,B,( -3-.+ ,', )l, —-

E3 4
=

—,'( U, + V, )+—,
'

I ( U, + V, ) —4[ U, V, —3h, ]]'~

—yOX EOX l g +[4g2+ 2B2(K+ lg )2] l/2

and

E7,8 2( 2+ V2)+I[( 2+ V2) [ U2 V2 ~l]]

where

U, =P +e ', 6—,—3K—p2lBZ 2gepaBZ

V, =y' —e' +-,'a, —-Kp,, Bz+-,' g,q, Bz,

U2 p e +
2

A 1+Ki BBZ 2gel BBZ

and

V2=((l +e ——', b l+3KpaBZ+ 2geI2aBZ

Figure 13 shows the calculated curves and the experimen-
tal data points. The zero-field peak positions in the mag-
netoluminescence data of Fig. 13 are slightly different
from those obtained in the zero-field data of Fig. 4, which
were recorded at a different time. Therefore we adjust a,
b, g„and k to fit the present data. We get a good fit for
a = —1.92 eV, b = —0.78, g, =1.8, and R= —0.37, as
shown in Fig. 13. The small change in b is ascribed to ex-
perimental error. These g factors agree excellently with
the values g, =1.9 and Fc= —0.34 obtained in unstrained
bulk material. The energy levels corresponding to the
plotted curves have been indicated in Fig. 13. In the
low-field limit (prior to any anticrossings), it is easily
found that transitions from levels E, and E2 are forbid-
den, those from E3 and E4 are o+ polarized, those from
E5 are depolarized

. and undetectable in our (backscatter-
ing) configuration, those from E6 are forbidden, and
those from E7 and E8 are cr polarized. In these deter-
minations we use the fact that B is parallel to the stress
axis and does not mix the states appreciably until an-
ticrossings occur. At each anticrossing, the states ex-
change their oscillator strengths, as we have verified by
extrapolating clear to the high-field limit. Thus transi-
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FIG. 12. Unpolarized and polarized PL spectra of the oxy-
gen isoelectronic center bound exciton in the undoped
Zn Te/GaAs sample of Fig. 2 at T = 16 K and B = 12 T.

FIG. 13. Calculated energy level splitting patterns of the oxy-
gen isoelectronic center bound exciton in a 12-T magnetic field

t,'lines), and experimental data points for the undo ped
ZnTe/GaAs sample of Fig. 2.
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tions from E6 become o. allowed and those from E8 be-
come forbidden above 4.2 T, which is borne out in our fit.
All data points with cr+ and o. polarizations have been
indicated in Fig. 13, and agree with what we expect.
Similar data fits were also obtained (using the same pa-
rameters) for B~~ [110]and B~~ [111](data not shown). All
these good agreements verify our assignments and
confirm our identification of the 0-bound exciton.

IV. SUMMARY

Reflectance and variable temperature PL measure-
ments have been performed to identify the free and
bound exciton peaks in MBE ZnTe on GaAs and ZnTe
on GaSb. We find that the free exciton peak splits into
Xh„and X&h components, which shift to lower energy
compared to bulk material. This result shows that biaxial
tensile strain resulting from the difference of the thermal
expansion coelcients between ZnTe and GaAs does exist
in both the ZnTe/GaAs and ZnTe/GaSb material sys-
tems. A similar shift and splitting of the two components
of the oxygen isoelectronic bound exciton peak, and the
redistribution of oscillator strengths of these two com-
ponents from the mixing of the allowed (J =1) and for-
bidden (J =2) components of that peak have been ob-
served in variable temperature PL spectra. This observa-
tion strongly supports the conclusion. From the separa-
tion of the X&h and Xhh peaks, we calculate that the
thermal strains in ZnTe/GaAs and ZnTe/GaSb samples

are 0.92 X 10 and 0.45 X 10, respectively. The strain
effects as function of layer thickness and growth tempera-
ture have been studied, and show that the strain in the
layer results from the differential thermal contraction of
the epilayer and substrate. Failure to recognize the
effects of the strain on the PL spectrum of the material
will lead to incorrect conclusions about the material.

Theoretical calculations of the strain splittings and
magnetospectroscopy measurements are used to further
confirm our assignment of the PL spectra. In the
Zn Te/GaAs sample, we calculate the strain-induced
shifts and splittings of the neutral single and double
acceptor-bound exciton and 0-bound exciton peaks, and
find that the calculated results are consistent with the ex-
perimental results. The magnitude of the diamagnetic
shift is employed to confirm the identification of the 2s
state of X~h. The magnetic field splitting patterns of the
free exciton, 0-bound exciton, and double acceptor-
bound exciton are all found to be in good agreement with
theoretical calculations for strained ZnTe/GaAs. These
results demonstrate that the models are reasonably valid
and also verify our assignment of the excitonic emissions.
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