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Absorption and photoluminescence studies of Zn12xCdxSe/ZnSe quantum wells, with well thicknesses at
the crossover between two- and three-dimensional exciton behaviors, show clear evidence of quantization of
the exciton-polariton center-of-mass motion. A thin-slab variational wave function model is used to reproduce
the energy and the dispersion of the center-of-mass states.@S0163-1829~96!06131-0#

I. INTRODUCTION

An increasing number of spectroscopic studies is focusing
on the optical properties of excitons in Zn12xCdxSe/ZnSe
quantum wells~QW’s!, since the first demonstration of blue-
green lasers based on such structures.1,2 Excitons in these
materials are found to play an important role in determining
the properties relevant to optoelectronic devices, such as las-
ing and nonlinear absorption, because of the large exciton
screening threshold and strong thermal stability even at room
temperature.3–5

In this paper, we report evidence of quantization of
the exciton-polariton center-of-mass~CM! motion in
Zn12xCdxSe/ZnSe QW’s. This study has a twofold interest.
First, evidence of quantization of CM motion has been pre-
viously reported in binaryIII -V ~Refs. 6,7! and II -VI
QW’s,8–11but, to our knowledge, has never been observed in
ternary alloy QW’s. Indeed, center-of-mass quantization is
widely considered as an indication of high crystalline perfec-
tion and homogeneity within the QW’s, with a substantial
polariton character of the free exciton. Second,the investi-
gated Zn12xCdxSe/ZnSe heterostructures have a well thick-
ness covering the intermediate region between two- and
three-dimensional exciton behaviors, allowing a precise
study of the excitonic properties as a function of the quanti-
zation potential.

We measured the photoluminescence~PL! and absorption
spectra in quantum wells with well width values ranging
from 2.5 to 5 times the exciton Bohr radiusaB . The quantum
wells excitons are described within the effective-mass ap-
proximation using a variational envelope function.8,9 This
model is able to reproduce the energy positions of the exci-
ton resonances in the absorption spectra, providing the well
width dependence of the CM states up ton53. The varia-
tional treatment employed in this work provides the quan-
tized values of the exciton-polariton wave vector within the
Zn12xCdxSe/ZnSe QW’s. This allows an independent con-
firmation of our explanation, by comparing theE(k) disper-

sion of the quantized states with the theoretical polariton
curve.

II. EXPERIMENT

The samples examined were grown by solid source mo-
lecular beam epitaxy on GaAs~001! substrates, in the form
of ten QW periods consisting of Zn0.89Cd0.11Se/ZnSe. After
thermal removal of the native GaAs oxide, a 0.5-mm
n-GaAs buffer layer was grown at 580 °C. The sample was
then cooled under As flux and prepared for the deposition at
290 °C of 1.5-mm ZnSe buffer layer to relax the lattice mis-
match with the GaAs. The multiple quantum well~MQW!
was then fabricated at 250 °C with a growth interruption of
30 sec at each interface. Details on the metodology em-
ployed can be found elsewhere.13,14

In this work, we concentrate on three samples having well
width values of 7 nm (Lw52.5aB), 11 nm (Lw53.4aB), and
20 nm (Lw55aB), and a constant ZnSe barrier width of 20
nm. The large barrier thickness results in decoupled quantum
wells in the whole structure. With such structural parameters,
the MQW’s are grown pseudomorfically on the ZnSe buffer
layer, with a substantial compressive strain within the quan-
tum wells that reflects the large in-plane lattice mismatch
~0.7%! of the Zn0.89Cd0.11Se alloy relative to the binary
buffer.

For transmission measurements, the heterostructures were
processed as described in Ref. 4 to selectively remove the
GaAs substrate. Absorption spectra from the remaining self-
supporting films, comprised of the Zn0.89Cd0.11Se MQW and
the ZnSe buffer, were obtained by focusing light through the
windows opened within theIII -V substrate. Optical absorp-
tion and photoluminescence~PL! measurements were per-
formed by mounting the samples on the cold finger of a
closed-cycle He cryostat, operating in the range 10 K – 300
K. The PL measurements were performed through resonant
excitation in the QW region, using the 4579.36 Å line of an
Ar 1 laser in backscattering configuration and 5 mW of
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maximum power on the sample. The emission spectra were
detected with a 0.85-m double monochromator and a cooled
GaAs photon counter. Optical absorption spectra were ob-
tained using the mechanically chopped light of a tungsten
halogen lamp, the same monochromator and detector used in
the PL measurements. The overall spectral resolution of the
measurements was always better than 0.2-meV.

III. RESULTS AND DISCUSSION

In Fig. 1, we show the PL spectra~solid line! from the
11-nm-wide quantum wells recorded at a temperature of 10
K and for increasing excitation intensity. For comparison, we
also show the absorption spectrum from the same sample
~dashed line!. The intensity dependence of the PL spectra
exhibits a saturation of the two low-energy features at 2.653
and 2.659 eV, indicating the extrinsic nature of these transi-
tions. This is confirmed by the absence of corresponding
features in the absorption spectrum, which is expected to
reflect more closely the intrinsic joint density of states of the
QW’s. The quantized states of CM motion of the exciton, are
marked by vertical arrows and labeled by 1 and 2 in the PL
spectra of Fig. 1. These features have a direct counterpart in
the optical absorption spectrum, spanning over about 10
meV, which is less than the LO-phonon energy~31 meV! in
the ternary alloy constituting the well. Under this condition,
the fast LO-phonon-assisted relaxation into the lowest level
is forbidden. The main remaining relaxation mechanisms are
radiative electron-hole recombination and nonradiative re-
combination via longitudinal acoustical~LA ! phonons. Due
to the typical lifetime of these channels, on the order of 100
ps for e-h recombination and 1msec for LA-phonon relax-
ation, the radiative recombination is the most favorable and

allows the observation of all excited levels. We should men-
tion that the discrete spectral features 1 and 2 in Fig. 1 can-
not be ascribed to well width fluctuations, as the expected
monolayer splitting is about 1 meV at this well width. In the
same way, they cannot be attributed to 2s, 2p, . . . exciton
states or to the light hole exciton, because of the much larger
energy splitting expected. Figures 2~a! and 2~b! show the
existence of these high-energy resonances at various well
widths, both in absorption and luminescence. The spectra
have been rigidly shifted in order to align the heavy hole
~HH! n51 feature, diagonal dashed lines through the data
and arrows indicate the experimental position of the states
varying the well thickness. There is a good overall consis-
tency between the energy positions of the center-of-mass
states observed in the absorption and luminescence spectra.
The energy splitting between CM states is found to de-
crease with the well width. Similar experiments on
Zn12xCdxSe/ZnSe QW’s with 23% of cadmium content did
not show any CM state, due to the strong spectral broadening
caused by compositional fluctuations.

In what follows, we present a quantitative analysis of our
experiments. The theory of excitons in thin layers distin-
guishes two regimes for the exciton behaviors, according to
the relative values of the well widthLw and the exciton Bohr
radiusaB . WhenLw is smaller than the transverse extent of
the exciton wave function (Lw<2aB), quantum confinement
primarily affects the individual electron and hole wave func-
tions. This is the so-calledstrong confinement regime~two-
dimensional regime! in which the confinement energy of car-
riers\2/mLw

2 is larger than the exciton binding energy.
In thicker wells ~so-called thin-film regime with

Lw.2 aB) quantum confinement affects the exciton enve-
lope function, whereas negligible effects are expected on in-
dividual carriers. In this case, the center-of-mass motion of
the exciton becomes quantized,8–10 resulting in a quantized
exciton momentum (\k) along the growth direction. This is
the regime that we expect to recover in the MQW’s investi-

FIG. 1. Comparison between photoluminescence spectra~solid
line! and optical absorption~dotted line! from ten periods
Zn12xCdxSe/ZnSe multiple quantum wells~MQW’s! with
Lw511 nm. PL spectra displaced upward correspond to increasing
excitation intensities (I 055 mW on the sample!. Luminescence sig-
nals in the low-energy tail of the free-exciton absorption resonance
are extrinsic in nature, as demonstrated by the saturation under high
excitation intensity. The Raman line (R) of the laser is also present.
Numbers label the quantized center-of-mass states of the heavy hole
exciton polariton.

FIG. 2. Absorption~a! and luminescence~b! spectra from dif-
ferent Zn12xCdxSe/ZnSe MQW’s rigidly shifted to align the free-
exciton spectral features. The vertical dotted line denotes the HH
n51 center-of-mass eigenstate, while vertical arrows indicate the
n52 andn53 states. The calculated normal-incidence absorption
spectrum of the 7-nm-wide well sample is also shown for compari-
son @dashed line in~a!#. The spectrum was computed using the
variational wave functions of Eq.~4!. Inhomogeneous broadening
was taken on the order of 1 meV, while the absorption continuum
was neglected in the calculations.
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gated~2.5aB,Lw,5aB). To get a quantitative explanation
of our experimental spectra, we have to consider the cou-
pling between the exciton and the radiation field giving rise
to the exciton polariton15 in the well. The fundamental equa-
tion of the exciton-photon interaction, which gives rise to the
polariton dispersion curvesE(k), is obtained by the semi-
classical theory of nonlocal response by equating the photon
dispersion law to the dielectric function with spatial
dispersion:16

«`1
4pa0E0

2

E0
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\2c2

E2 k2, ~1!

where «` is the dielectric constant, 4pa0 is the oscillator
strength,E0 is the free exciton energy,b5\2E0 /Mexc with
Mexc the total effective exciton mass,g is the exciton broad-
ening,k is the polariton wave vector. When the polariton is
excitonlike with wavelengthl pol and the potential well is
infinite, the interference condition which originates standing
waves corresponds to the quantization condition,

kn5n
p

Leff
, n51,2,3, . . . ~2!

for the center-of-mass wave vector, whereLeff represents the
quantization length of the exciton motion and corresponds to
the extension over which the exciton wave function is appre-
ciably different from zero.12 The continuous polariton curve
E(k) transforms into a series of discrete points. In the exci-
tonlike branch, the polariton curve can be approximately ex-
pressed by the exciton dispersion,
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This simple model strictly holds for large well widths and in
the adiabatic approximation (Lw.10aB), when the center-
of-mass and thee-h relative motions are decoupled. In our
case~2.5aB,Lw,5aB), this model can only give a qualita-
tive description of the behaviors of the quantized states in the
optical spectra~namely, the well width dependence of the
energy splitting between peaks!, because the quantization
lengthLeff is comparable to the depth over which an effec-
tive coupling of the CM ande-h relative motions takes
place, namely, the ‘‘transition layer.’’ In order to reproduce
the experimental quantization effects, we have to resort to a
more refined ‘‘thin-slab’’ model, in which the quantum wells
excitons can be described within the effective mass approxi-
mation by the variational envelope functions,9 including
nonadiabatic terms,

CK
e ~r ,Z!5Ne@cos~KZ!2Fee~z!cosh~PZ!

1Feo~z!sinh~PZ!#exp~2r /aB!,

CK
o ~r ,Z!5No@sin~KZ!1Foe~z!sinh~PZ!

2Foo~z!cosh~PZ!#exp~2r /aB!, ~4!

for even ~e! and odd~o! parity, respectively. It has been
shown8,9 that this description is valid for quantum wells
wider than 2.5aB . In Eq. ~4!, we assume that the exciton is
perfectly confined in a one-dimensional well,Ne andN° are

normalization coefficients,K represents the CM wave vector
of the excitons,Z5zeme /Mexc1zhmh /Mexc is the exciton
center-of-mass position along thez axis, 1/P is the varia-
tional parameter which corresponds to the depth of the tran-
sition layer ~of the order of aB for our me/mh ratio,17!
z5ze2zh is the relativee-h position in z direction, and
r5ur e2r hu is the relative electron-hole coordinate.Fee,
Foo, Feo, andFoe are general even and odd functions ofz,
related to the excited states of the exciton. Their analytical
expression is obtained from the fulfillment of the boundary
conditions and is reported in Ref. 9, while the other symbols
involved in Eq.~4! have the usual meaning.

The effect of the image charge on carriers due to dielec-
tric discontinuity at the interface is negligible in our samples,
because of the reduced cadmium content in the well. For a
given Lw , the effective well widthLeff increases with the
quantum numbern of the eigenstate, because excited states
experience a smaller potential depth~a greater exciton pen-
etration in barrier is expected with increasingn).

From the no-escape boundary conditions, we obtain the
quantization of the center-of-mass wave vectorK,

Kn
etan~Kn

eLs/2!1Ptanh~PLs/2!50,

tan~Kn
oLs/2!

Kn
o 2

tanh~PLs/2!

P
50, ~5!

for even and odd wave functions, respectively. The continu-
ous polariton curve takes discrete values in correspondence
of theKn’s given by Eqs.~5!.

Starting from the variational wave functions, we compute
the normal-incidence optical response of the system9 includ-
ing polariton effects~dotted curve in Fig. 2!.

In the simulation of the absorption spectra, we took«` 5
8.85,Mexc 5 0.7402m0,

4 thea0 bulk value is obtained from
the expression of the longitudinal-transverse splittingELT
52pa0 E0/«` ~takingELT from Ref. 18!, while for narrow
wells thea0 value accounts for the increasing of the oscilla-
tor strength with reducing well width. Furthermore, we as-
sume that the light hole subbands do not mix with the heavy
hole, due to the large strain-induced splitting of about 40
meV.4

The theoretical calculations reproduce nicely the energy
positions of the first center-of-mass states@Fig. 2~a!#. A
small inhomogeneus broadening~1 meV! has been assumed
in the calculations, whereas the absorption continuum due to
the motion of the exciton in the plane of the well has been
neglected.

From Fig. 2~a!, we see that then53 state of the 7-nm
sample is not well resolved experimentally, due to the con-
volution with the inhomogeneusly broadened continuum of
the QW.

From the calculations we obtainLeff.Lw for thick wells
~11 nm and 20 nm!. This means that the exciton motion is
substantially confined in the quantum well, as expected from
the small barrier penetration~less than 1 nm in our samples!
and the reduced coupling between center-of-mass ande-h
relative motions. In the 20 nm sample we expect to recover
the three-dimensional limit (Leff@1/P), which allows the use
of the adiabatic approximation for the exciton-polariton dis-
persion curve@Eq. ~3!#. In this case, indeed, we obtain
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Leff5209 Å ~almost equal toLw) and 1/P539 Å for the
n51 CM eigenstate. We also note that then52 structure
merges into the free-exciton peak, due to the small energy
splitting between levels at this well width, thus falling into
the n51 free-exciton broadening. Conversely, in the 7-nm-
wide well we obtainLeff. 1.3Lw , evidencing relevant nona-
diabatic effects of interaction between the two transition lay-
ers. Figure 3~a! displays the calculated CM eigenenergies
versus the effective well width~solid lines! and the experi-
mental positions of then51, 2, and 3 spectral features~sym-
bols!. The good agreement between theory and experiment

for the eigenstates up ton53 is a confirmation of the accu-
racy of our variational description to the exciton motion in
this range of well width values. The intermediate region be-
tween the two- and three-dimensional exciton behaviors
shows a clear effect of quantization of the exciton CM mo-
tion, with a smooth transition from the thin-film regime to
the strong confinement regime. Indeed, the increasing devia-
tion of Leff from theLw value with reduced well width dem-
onstrates the increasing importance of the transition layer
and therefore the presence of nonadiabatic effects. An addi-
tional proof that the quantization mechanism in these
samples involves mainly the exciton-polariton CM motion,
comes from the energy-momentum dispersionE(k). In Fig.
3~b!, the theoreticalE(k) curve obtained from Eq.~1! is
plotted together with the experimental CM states~symbols!,
as derived from the simulations of the absorption spectra
@Eqs.~5!#. The increasing separation between center-of-mass
Kn values, occurring in QW’s of decreasing width, repro-
duces the behaviour qualitatively expected from Eq.~2!.

Finally, we would like to comment on the selection rules
of the optical transistions involving center-of-mass states. In
our intermediate range of thickness, the splitting between the
quantized carrier subbands is lower than the exciton binding
energy in the well, giving an exciton description via a varia-
tional envelope function which accounts for the mixing of
the various center-of-mass states. This mixing results in a
modification of the radiative selection rules, allowing the ob-
servation of the otherwise forbiddenn52 states.10

IV. CONCLUSIONS

We demonstrated that the quantization of the center-of-
mass motion of the exciton polariton governs the intrinsic
excitonic absorption in Zn12xCdxSe/ZnSe quantum wells at
the crossover between the two- and three-dimensional exci-
ton behaviors. We used an accurate ‘‘thin-slab’’ exciton en-
velope function within a variational approach to reproduce
the polariton dispersionE(k) and the well width dependence
of the quantized center-of-mass states. The clear observation
of quantization of the center-of-mass motion of exciton-
polariton in shallow Zn12xCdxSe/ZnSe quantum wells un-
doubtedly indicates an important role of free excitons in de-
termining optical absorption even in ternary alloy quantum
wells. This is rather surprising due to competing localization
of excitons, which tends to suppress polariton effects, but it
is confirmed by the reduced Stokes shift between absorption
and luminescence spectra4 and by pump-and-probe
experiments.5
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FIG. 3. ~a! Well width dependence of the center-of-mass states.
The symbols denote the experimental data, while continuous lines
are fitting curves reproducing theLeff

22 dependence of Eq.~3!. ~b!
Experimental~symbols! and theoretical~solid lines! determinations
of the lower branch of the HH exciton-polariton dispersion curve.
The theoretical curves were obtained from Eq.~1!, and are shown
rigidly shifted upward for clarity. The value ofKn and the energy
splitting is seen to increase with decreasing well width, as expected
from the quantum-size dependence of the quantization conditions
given in Eq.~6!.
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