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Samples consisting of a 36–38-nm-wide ZnTe quantum well with barriers made up of short-period ZnTe-
MgTe superlattices were studied by low-temperature optical spectroscopy. The samples were grown by
molecular-beam epitaxy on nominal~001! ZnTe surfaces. This structure allows the simultaneous observation
of the quantization of the center-of-mass motion of both light-hole and heavy-hole excitons. The light- or
heavy-hole characters are assigned by piezomodulated reflectivity experiments. The observed quantized ener-
gies are in reasonable agreement with the results of a simple model of an infinite quantum well, including
‘‘transition layers’’ near the well-barrier interfaces. This model cannot, however, account quantitatively for the
observation of the fundamental resonances slightly below the transverse-exciton energy of bulk ZnTe. This
effect is tentatively attributed to the strongly nonparabolic dispersion, in addition to more complex additional
boundary conditions, for exciton polaritons with small wave vectors~approximately equal to twice the wave
vector of light in the material!. @S0163-1829~97!51140-4#

The recent interest in wide-gap semiconductors and in the
development of high-quality nanostructures made from these
materials, has opened up new possibilities for research on
Wannier excitons and excitonic polaritons. In theII-VI ma-
terials, large excitonic binding energies and small Bohr radii
allow observation of a variety of specific effects. For in-
stance, one important consequence of these characteristics is
the prominent role played by biexcitons in lasers based on
wide-gap II-VI semiconductors.1 Another consequence of
small Bohr radii has been observed2–5 for wide II-VI semi-
conductor quantum wells, which are wider than;2 Bohr
diameters: the so-called center-of-mass quantization~CMQ!,
i.e., the quantum confinement of the excitonic polariton.

This particular confinement regime manifests itself by
multiple resonances in optical spectra at energies which can
be roughly described as the quantized levels of a particle in a
one-dimensional quantum well, the relevant mass being the
total excitonic effective mass. Comparable resonances of
confined modes of the exciton polariton have been observed
in submicronic high-purity ultrathin crystals of wurtzite CdS
and CdSe~Ref. 6! and epilayers of zinc-blende GaAs.7–10 In
wurtzite crystals, the upper valence bands are split apart by
the crystal field so that the above-mentioned confined modes
involve one single type of hole. For thin slabs of pure GaAs,
evidence of this type of confinement was obtained only for
heavy-hole excitons in Ref. 9, which the authors attributed to
their larger oscillator strengths and density of states. Indirect
indication of such an effect for light-hole excitons was ob-
tained by comparison of optical spectra with theoretical
calculations.8,10 In the extensive studies of Refs. 2–5, CdTe-
~Cd,Zn!Te quantum wells with thicknesses between;18 nm

and;100 nm were investigated: due to the interplay of the
valence-band offset and of lattice-mismatch strains, only
electrons and heavy holes are confined in these CdTe layers.
Consequently, the CMQ was only observed for heavy-hole
excitons.

From the theoretical viewpoint, modeling the CMQ is
made difficult by the combination of boundary conditions on
electron and hole wave functions in quantum wells having
different, finite depths, with the so-called additional bound-
ary conditions~ABC!,11 which are necessary for treating ex-
citonic polaritons. Models describing energies and ampli-
tudes of the CMQ resonances have been developed, with
various degrees of refinement, mainly depending on the par-
ticular system under consideration,7–14 but mostly in cases
involving a single type of hole.

In this paper, we present results of low-temperature pho-
toluminescence~PL! and reflectance spectroscopy, per-
formed on two samples containing wide ZnTe quantum wells
clad in barriers made of ZnTe/MgTe short-period superlat-
tices. The samples were grown by molecular-beam epitaxy
on ~001!-oriented ZnTe substrates. The nominal width of the
quantum wells is 120 monolayers~36 nm!, i.e., at least 6
times the exciton Bohr radius in bulk ZnTe. Sample 1 is the
bare ZnTe quantum well, while Sample 2 contains five
equally spaced monomolecular inserts made of half mono-
layers of CdTe. These introduce trapped exciton levels at a
few tens of meV below the excitonic gap of ZnTe. A detailed
study, published elsewhere,15 demonstrates that these inserts
tend to constitute a vertically ordered structure made of wide
flat islands of CdTe, separated by wide clear spaces of ZnTe.
The CMQ of both light-hole ~lh! and heavy-hole
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~hh! excitons can then take place across the whole ZnTe
quantum well width through these clear spaces. For the pur-
pose of the present work, the presence of CdTe islands will
thus play no decisive role.

Continuous reflectivity and PL experiments were con-
ducted with conventional setups: the samples were immersed
in pumped liquid helium (T;2 K! and illuminated either by
an Ar11 laser ~PL experiments! or by a 100 W tungsten
lamp ~reflectivity!. The emitted or reflected light was dis-
persed by a HRS Jobin-Yvon spectrometer and detected by a
photomultiplier in the standard way with lock-in detection.
For piezomodulation experiments, a cold-finger cryostat with
liquid He circulation, giving a sample temperature of;10 K,
was used; the samples were glued onto a piezoelectric trans-
ducer driven by an alternating voltage so as to undergo a
small, alternating, in-plane biaxial strain. Differential spectra
were obtained by detecting the signal variations synchro-
nously with the driving voltage. This is known to provide a
signal proportional to the first-order derivative of the direct
optical spectrum, but with coefficients depending on the
symmetry of the valence-band states~lh or hh! involved in
the optical transition.16–18 Due to the particular values of
deformation potentials and elastic constants in the present
ZnTe-based structures, reflectance features involving light
holes are modulated;2.3 times more than those involving
heavy holes. This supermodulation coefficient is less dra-
matic than the value of216 reached by CdTe-based
structures,17,18 but it surely yields the direct assignment of
the observed transitions.

Figure 1 displays the cw PL and reflectance spectra of
Samples 1 and 2, obtained atT52 K. The PL spectra are
plotted on a logarithmic scale, in order to emphasize the
weaker contributions. A system of reflectance oscillations

appears for both samples. Interference is likely to occur be-
tween the lowest resonances and the reflectance feature due
to free excitons in the substrates of bulk ZnTe, which should
be centered around;2.381 eV. Luminescence from these
bulk free excitons should be very weak. A very small bump
in the PL spectra at 2.383 eV is attributed to Raman scatter-
ing of photons from the 514.5 nm laser line by ZnTe LO
phonons ~26.1 meV!. At slightly lower energy~;2.373,
2.374, and 2.377 eV!, lie PL lines labeled BE assigned to
bound excitons in the substrates, which are associated with
no reflectivity feature. These assignments have been cross
checked by direct PL measurements of the substrates, taken
on the back of the samples, and are in agreement with pre-
vious studies of bulk ZnTe.19 Reflectance structures charac-
teristic of hh and lh excitons in the barrier superlattices of
Sample 1~Sample 2! lie, respectively, at 2.43 and 2.445 eV
~2.465 and 2.49 eV!. Thus the ‘‘potential wells’’ which con-
fine hh and lh excitons in Sample 1~Sample 2! have depths
of ;50 and 60 meV~80 and 110 meV!, respectively. The
difference between the two samples mainly arises from dif-
ferent compositions of the barrier superlattices.

Starting slightly below and extending well above the ex-
citonic gap of bulk ZnTe, several reflectance and PL features
appear for both samples. The reflectivity features are more
visible in Sample 2 than in Sample 1, which we tentatively
relate to the higher confinement potential. We assign these
features to the first observation of CMQ resonances in ZnTe
quantum wells. In first support of this assignment comes the
observation of numerous excited states by PL, incompatible
with a simple thermal population. The same effect had been
observed in previous work on CdTe wide quantum wells2

and explained by the difficult thermalization between the
various CMQ states.

It is possible to distinguish between hh and lh excitons
among these states by their strain sensitivities. Figure 2 pre-
sents a comparison of the piezomodulated reflectivity with
the numerical derivative of the ordinary reflectivity spec-
trum. The temperature is close to;10 K here and is not fully
controlled so that the spectral features are slightly shifted to
lower energies from their 2 K positions in Fig. 1. The am-
plitudes of both types of spectra have been matched onto
each other for the fundamental heavy-hole transition of the
barrier~not shown!. Then, all cases of superpiezomodulation
can be directly assigned to lh excitons and all cases of iso-
modulation to hh excitons. These assignments are explicitly
shown in Fig. 2 byl i and hj labels. Labelsh1l simply
denote the accidental superimposition of hh and lh reso-
nances; the assignment of h4 andl 3 resonances in Sample 2
was confirmed by reflectivity spectra taken atT52 K, where
these transitions are more clearly resolved than forT;10 K
~see Fig. 1!. For both samples, distinct PL peaks, shown by
markers in Fig. 1, are only observed for transitions involving
heavy holes, although a deconvolution procedure would
probably reveal lh excitons as well. This allowed us to mea-
sure the energy of h4 in Sample 1 and h3 in Sample 2. The
attribution of quantum numbers to the resonances was done
by the fitting detailed in the next section.

We have tried to validate a simple model involving an
effective quantum well with infinite potential barriers, which
would mirror the actual system. To this extent, it is necessary
to compare the measured resonance energies with the quan-

FIG. 1. Low-temperature reflectivity~linear scale! and photolu-
minescence~logarithmic scale! spectra of Samples 1 and 2. BE
denotes impurity-bound excitons in the ZnTe substrates.
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tized polariton modes of a one-dimensional ideal well of
effective thicknessLeff . For much larger layer thicknesses
than in our samples, these modes would be selected from the
spatial dispersion relation of the exciton polariton in
ZnTe by the following simple rule:k5Np/(Leff22LD)
(N51,2, . . .!, whereLeff is an equivalent length andLD the
width of a dead layer or transition layer,11–14,20accounting
for the distortion of the center-of-mass motion near the layer
surface. The value ofLD is comparable to the Bohr radius.

Here, the situation is complicated by several factors: first,
the correct resonance wave vectors must be obtained by solv-
ing Eqs.~5! and ~6! of Ref. 12, instead of the above simple
rule because the layer width is not extremely large compared
to the Bohr radius. These equations are

kNtan~kNLeff/2!1LD
21tanh~Leff/2LD!50 ~1!

for N51,3,5, . . . and

kN
21tan~kNLeff/2!2LDtanh~Leff/2LD!50 ~2!

for N52,4,6, . . . .
Second, we need to include the two excitonlike polariton

branches~lh and hh excitons! in zinc-blende materials.21–23

The numerical parameters needed for this description~effec-

tive masses, transverse-exciton energy, longitudinal-
transverse splitting,k-linear term, . . .! need to be known
with accuracy. Third, due to different reduced masses along
the growth axis, the transition layers may not have the same
thickness for lh and hh excitons. Indeed, due to the lifting of
the valence-band degeneracy, lh excitons have a reduced
mass along the~001! axis smaller than that of hh excitons,
while the opposite is true for the in-plane reduced masses.
The exciton envelope functions are then strongly anisotropic,
with different pseudo-Bohr radii parallel and perpendicular
to the quantization axis of the system.

Also, we should mention that, from the experimental
viewpoint, it is never simple to extract the central resonance
energy from reflectance spectra, especially in the present
case where the resonances overlap with each other and with
the substrate free exciton resonance. The last difficulty is that
we are not totally sure that the MgTe and/or CdTe layers do
not induce internal strains which may displace and change
the anticrossing of lh and hh exciton polaritons.

Nevertheless, comparing our experimental results with the
ideal slab model of Ref. 12, including typical dead layers
LD55 nm, gives excellent fits, as displayed in Fig. 3. The
material parameters used for the spatial dispersion calcula-
tions were taken or deduced from Ref. 24: electron mass,
me50.166m0 ; Luttinger parameters,g154.07, g250.78;
relative static dielectric constant,« r58.7. The transverse-
exciton-energy,\vT52380.6 meV is an average value de-
duced from Refs. 19 and 24. A typical value of the
longitudinal-transverse splitting,\vLT50.7 meV has also
been assumed. A satisfactory fit to experimental data for hh
and lh polaritons has been obtained by using, respectively,
the following effective widths:Leff547 nm for Sample 1 and
Leff544 nm for Sample 2. These values have the correct
order of magnitude since (Leff22LD) is approximately the
physical thickness of the ZnTe layer. As expected, the effec-
tive well widths are larger for Sample 1 than for Sample 2,
which we attribute to the smaller potential discontinuity be-
tween the ZnTe well and the ZnTe/MgTe barrier superlattice,
allowing for a deeper penetration of wave functions into the

FIG. 2. Piezoreflectance~solid line! and numerical first deriva-
tive of the reflectivity spectra~open dots! of Samples 1 and 2, taken
at ;10 K. These spectra have been scaled so as to be matched in
amplitude for the heavy-hole exciton transition in the barrier super-
lattice ~not shown!. All lines where both spectra are closely
matched are thus assigned to heavy holes~h!; all resonances where
the piezomodulation yields stronger features are assigned to light
holes~l !.

FIG. 3. Solid lines: the threefold spatial dispersion of exciton
polaritons in bulk ZnTe~UPB, IPB, and LPB represent the upper,
intermediate, and lower polariton branches, respectively!. Dots: our
best attempt for matching the present experimental hh- and lh-
exciton resonances with the dispersion curves. The corresponding
quantizedk vectors have been obtained by solving Eqs.~1! and~2!;
the relevant quantization numbers are indicated near each experi-
mental point.
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barriers. A better fitting would probably be reached by in-
cluding different dead layers for lh and hh excitons, which is
not done here to avoid handling too many fitting parameters.

Concerning the amplitudes of CMQ resonances, it is
known from previous studies on CdTe quantum wells2–5 that
the resonances with different quantum numbersN obey par-
ticular selection rules, depending on the relative values of the
well thickness and of the effective wavelength of light in the
material. In ZnTe, the wavelength of photons is given by
lph5lvacuum/n;175 nm, i.e.,;1.4 times smaller than in
CdTe. In Ref. 2, a few rules derived from a simple model,
involving ideal layers with thicknessL and infinite potential
barriers, were introduced. In later work, more sophisticated
models for realistic systems have confirmed the predicted
tendencies, which can be summarized as follows. ForL
,lph/4, resonances with oddN have larger amplitudes than
those with evenN; all resonances are of equivalent ampli-
tude forL5(2p21)lph/4, wherep51,2, . . . ;confined po-
lariton modes with oddN disappear forL5(2p21)lph/2;
modes with evenN disappear forL5plph. For real struc-
tures with small discontinuities of the excitonic gap, these
rules might not be strictly followed. In particular, the overall
oscillator strengths are damped when going up to high quan-
tum numbers.

Our samples, having 36-nm-thick wells, should both lie in
the first category, sincelph/4;44 nm. Experimentally, the
corresponding domination of resonances with oddN is in-
deed observed for both samples. However, this behavior is
clearer for Sample 2 than for Sample 1. This is easily ex-
plained by the larger value of (Leff22LD) for Sample 1,
closer tolph/4 than for Sample 2.

Next, it is important to notice that, although an overall
good fit is obtained for the set of resonances, the fundamen-
tal resonancesl 1 and h1, for both samples, happen to lie at

a slightly lower energy than the value of\vT assumed for
ZnTe. Moreover, their ordering is different in the two
samples. This second effect can be connected to the possi-
bility of very small residual in-plane biaxial tension of the
ZnTe layer provoked, in Sample 2, by the presence of MgTe
and of CdTe inserts, which may put thel 1 exciton at lower
energy than h1. Now, concerning the absolute energies of
these resonances in both samples, we remark that the reso-
nance conditions taken from Ref. 12 may not be suitable in
the present case of very small wave vectors, comparable to
the wave vector of light in the material. We thus assign the
present effect to the strong exciton-photon coupling~the po-
lariton effect!. Indeed, the latter should not only manifest
itself in the spatial dispersion relation, but also through
specific—more complex—boundary conditions. We thus be-
lieve that a more sophisticated theoretical description of the
mixed system of lh and hh exciton-polariton resonances is
necessary to account accurately for our data. Nevertheless,
the assignment in terms of CMQ of lh and hh excitons is
obviously correct.

We have presented the clear-cut observation of distinct
quantization of the center-of-mass motion of light-hole and
heavy-hole excitons in ZnTe/~Zn,Mg!Te quantum wells. In
the domain of weak exciton-photon coupling, the corre-
sponding resonance energies are in reasonable agreement
with those of model ideal semiconductor slabs with adjust-
able effective widths and surface transition layers. In the
region of strong polariton effect, this simple approach fails:
the fundamental resonances lying slightly below the
transverse-exciton energy of bulk ZnTe would be better ac-
counted for by a refined model including specific boundary
conditions. The latter would probably also yield a quantita-
tively correct modeling of the observed resonance ampli-
tudes.
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