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Center-of-mass quantization of excitons in CdTe/Cd, „Zn„Te quantum wells
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Photoluminescence excitation spectra are obtained for a large set of strained CdTe/Cd&, Zn Te
single-quantum-well samples, as a function of well thickness. The experimental spectra are reproduced
by an accurate variational exciton envelope function, expanded in products of electron and hole sub-
bands. An analytical approximation for the exciton envelope function, we11 suited for thin films with
finite confinement potentials, is also given. The good agreement obtained between theory and experi-
ment for both methods strongly supports the concept of center-of-mass quantization for this quantum-
well system in the thickness range from 180 to 1000 A.

I. INTRODUCTION

Semiconductor quantum wells and superlattices are im-
portant and exciting model systems for investigating the
physics and applications of quantum confinement. An
impressive fabrication technology is available to make
such structures. Only a few suitable combinations of ma-
terials (for instance, GaAs/CJa& „Al„As) are available
for lattice-matched structures; it is now possible, howev-
er, to grow high-quality strained-layer structures which
are thermodynamically stable below certain critical
values of layer thicknesses.

Layered structures based on semiconductors of the
family of II-VI compounds show strong excitonic effects
and large optical nonlinearities. The recent observation
of blue laser emission, ' second-harmonic generation,
etc. , points out the importance of a deeper fundamental
knowledge of this important class of materials. Among
II-VI systems, the CdTe/Cd& „Zn„Te quantum-well sys-
tem has been studied intensively due to its interesting
fundamental properties such as, for example, a large
value of the excitonic Rydberg and large strain splitting
of the valence band, such that the lowest-energy transi-
tions are spatially direct (type I) for heavy-hole excitons
and spatially indirect (type II) for light-hole excitons.
Because the Rydberg is quite large and the sequence of
quantum states of the heavy-hole exciton is relatively un-

perturbed by light-hole excitonic states, these materials
are well suited for providing clear experimental evidence
of exciton center-of-mass quantization.

Center-of-mass quantization means that, for an exciton
confined by a potential well along the z direction (growth
direction), the momentum of the center-of-mass along z,

q„ is quantized to discrete values characterized by a
quantum number n = 1,2, 3, . . . . In the simplest

description of this effect, applied to CdTe/Cd& Zn Te
quantum wells in Refs. 11—13, the relative motion of the
electron and hole is totally unaffected by confinement.
This description is qualitatively correct and remarkably
useful for values of quantum-well width L~ down to
about three times the exciton Bohr radius a~. However,
it cannot treat the progressive breakdown of the z-
direction electron-hole correlation as L~ decreases to
small values. Even at large L~, the relative and center-
of-mass motions can no longer be considered uncoupled
in a transition layer of the order of a~ thick, at each sur-
face of the well. At intermediate L~, the two transition
layers will interact, ' ' coupling the relative and the
center-of-mass motions of the exciton in the whole well.
Finally, at a very small well width, q, is no longer a
meaningful quantity. Instead, the conduction- and
valence-band potential wells quantize the electron and
hole momenta separately, giving a quasi-two-dimensional
exciton characterized by two quantum numbers i and j,
for electron and hole, respectively (this is the historically
more familiar model, used extensively for III-V
quantum-well systems; see Refs. 16 and 17).

The aim of the present paper is to test, for a large set of
CdTe/Cd

&
Zn Te single-quantum-well samples, two

more sophisticated treatments of center-of-mass quanti-
zation, namely an analytical wave function that is correct
in the range-L~ limit, and a variational expansion in
terms of a large basis set of quasi-two-dimensional exci-
ton wave functions that works well for small and
moderate -L~ values.

Clear-cut evidence for the concept of center-of-mass
quantization of Wannier excitons was obtained by Cho
et al. ,

' discussing reflectance spectra of thick GaAs lay-
ers between Ga& Al„As barriers obtained by Shultheis
and Ploog. ' Further results for high-quality, thick
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GaAs/Ga, „Al As structures have been obtained by
Kusano et al. and by Tredicucci et al. '

In this paper, we present a systematic study of the opti-
cal response in single quantum wells of CdTe between
Cd, „Zn Te barriers, as a function of the well thickness
I.~ in the range of moderate to large thicknesses: about
3—15 exciton Bohr radii (180—1000 A). Because of
lattice-mismatch problems, the Zn content x in the bar-
rier alloy must be kept small. Section II describes the
samples and shows some typical photoluminescence exci-
tation (PLE) spectra. Section III presents two variation-
al, envelope-function models, with different degrees of ac-
curacy and complexity, for describing the exciton in
quantum wells for finite-height barriers in this thickness
range. Section IV is a comparison of the experimental
and theoretical results, and Sec. V is the conclusion.

II. EXPERIMENT

mounted strain-free under pumped helium at 2 K. In the
present paper we discuss photoluminescence excitation
(PLE) spectra, obtained by monitoring luminescence
below the lowest-energy free exciton emission as a func-
tion of the wavelength of an exciting laser (dye or Ti-
sapphire Laser).

In Fig. 1, curves a, c, and e show emission spectra in-
duced by light (blue light from an argon laser) of energy
high up in the continuum states, for a coherent sample
and the two buffered samples. The emission peak labeled
X corresponds to recombination of the ground-state,
heavy-hole exciton of the CdTe well. In the center-of-
mass quantization description, it is the lowest quantized
state n=1 of the 1s exciton. Alternatively, if the exciton
is considered to be made of separately quantized electron
(E) and heavy-hole (HH) subbands, it would be called the
1s E,HH, exciton.

The emission peak labeled Y was initially thought to

The quantum-well structures discussed in this paper
were grown in a Riber 32P molecular-beam epitaxy
(MBE) facility, operated by a joint research group of the
Commissariat a 1'Energie Atomique and the Centre Na-
tional de la Recherche Scientifique in Grenoble. The sub-
strates were (100)-oriented Cd, „Zn Te with x=0.04.
The layers of CdTe and Cd& Zn Te were deposited un-
der excess Cd Aux. Accurate control of layer thicknesses
was achieved by monitoring oscillations of reAection
high-energy electron diffraction (RHEED) during the
growth. Two kinds of Cd, „Zn„Te/CdTe/
Cd& Zn„Te single-quantum-well structures were stud-
ied in the present work.

(a) Thirteen coherent structures: these were CdTe
wells of thickness I. ranging from 210 to 1000 A, be-
tween 800-A-thick Cd& Zn Te barriers with x=0.08.
These coherent structures are grown directly on the
x=0.04 Cd& „Zn Te substrate and are constrained to its
lattice parameter, the layer thicknesses being less than
the critical values at which strain relaxation occurs.
Since the lattice parameter decreases with increasing zinc
content x, the CdTe well layer and the Cd& Zn Te bar-
rier layers have approximately equal but opposite strains,
the CdTe being under biaxial compression and the
Cd& Zn Te under biaxial tension.

(b) Two buffered structures: these were CdTe wells be-
tween a 2—3-p-thick buffer layer of Cd& „Zn„Te with

0x=0.12 acting as the lower barrier, and an 800-A top
barrier of the same composition x. The thick buffer layer
relaxes approximately to its free-standing lattice parame-
ter, by formation of misfit dislocations at the
buffer/substrate interface. Nearly all the misfit disloca-
tions have grown out after 2—3-p growth, so the structur-
al quality is almost as good as that of the coherent sam-
ples (a). The CdTe well thickness was 405 A for one of
these samples, 180 A for the other. A major advantage of
these buffered structures in the present study is that
substrate-related features in the photoluminescence exci-
tation spectra are strongly attenuated by the presence of
the thick buffer.

The optical measurements were done with the samples
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FIG. 1. Curves a, c, and e show photoluminescence (PL)
spectra under blue laser light, and curves b, d, and f photo-
luminescence excitation spectra (PLE) for three CdTe/
Cd& Zn Te quantum-well samples (L~ =390, 405, and 180 A),
respectively. The three emission spectra are normalized to the
amplitude of their strongest peak, and the three PLE spectra to
that of peak 1. Emission peaks X and Y correspond to the
ground-state heavy-hole exciton and to negatively charged exci-
tons (X ), respectively. The PLE spectra are recorded by mon-
itoring on peak Y, and show peaks corresponding to quantized
exciton states n =1,2, 3,4, . . . PL peak X corresponds to PLE
peak n=1. The PLE of the "coherent" sample L~=390 A,
grown directly on the Cdo 96Zno 04Te substrate, shows
substrate-exciton features. These are absent for the 405- and0
180-A samples, grown on thick Cdo «Zno»Te buffers.
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correspond to excitons trapped by some kind of defect or
impurity, but has been reattributed recently to negatively
charged excitons X; that is, to excitons that have bound
photoelectrons present metastably in the well. ' The
transition corresponds to the recombination event
X ~e + photon. In this paper, we are interested only
in the free exciton line X and associated higher-energy
transitions of the free exciton. PLE spectra showing the
free-exciton states can be obtained conveniently by set-
ting the monitoring monochromater on peak K Peak X
is then included in the PLE spectrum.

The PLE spectra of the 15 samples all show a series of
narrow peaks 1,2,3, . . . with progressively increasing
spacing (see Fig. 1). Peak 1 coincides with emission peak
X, except for a small Stokes shift. For the coherent sam-
ples, grown directly on the substrate, substrate-related
features in the PLE limit the useful range of observation
of the peaks; see Fig. 1, curve b. Absorption of light in
the substrate, followed by excitation transfer back to the
well, produces a broad double-hump structure, with a dip
at the 1s exciton energy, in the PLE spectrum. This sub-
strate response disappears almost entirely in the samples
on a thick buffer layer; see Fig. 1, curves d and f.

In Fig. 1 (curve d), eight peaks can be counted (includ-
ing X itself). For this thickness, (L =405 A, about six
Bohr radii), the peaks correspond very well to quantized
states n =1,2, . . . , 8 of the center-of-mass motion of the
heavy-hole exciton.

As L~ decreases, the spacing of the peaks increases.
0

In Fig. 1 (curve I), for Lii, = 180 A, three peaks remain.
These three exciton states can be interpreted as center-
of-mass quantized excitons n =1,2, 3. But at this well
thickness, of the order of three Bohr radii, separate
quantization of the electron and hole is an equally ap-
propriate description. In the latter description, these ex-
citons can be attached to pairs of subbands E1H1, E1H2,
and EIH3, respectively: since mi, =M (=m&+m, ), the
spacing of the hole subbands is similar to the spacing of
the center-of-mass exciton levels.

The two descriptions correspond to the starting points
for the two different theoretical approaches of Sec. III.
Note also that the E202 exciton is now observable in Fig.
1 (curve I); this has no correspondence in the center-of-
mass quantization description.

Intensity also arises from transitions involving the con-
tinuum of valence-band states that begins at the barrier
level, and also from light-hole excitons. Because the
CdTe valence band is split by strain, light-hole exciton
states in the CdTe layer lie well above the heavy-hole ex-
citon ground state: 12 and 36 me V higher in the
coherent samples and in the more highly strained samples
on relaxed buffers, respectively. Spatially indirect, type-
II light-hole excitons exist at lower energy but have very
low oscillator strengths for quantum wells with wide bar-
riers (they have been studied in superlattices with thin
barriers ' ). This small involvement of light-hole excitons
justifies the use of a two-band model.

PLE spectra of the series of 15 samples were compared
with theoretically calculated absorption spectra obtained
from the models of Sec. III. Comparisons of peak ener-
gies present no problem, but comparisons of peak intensi-

ties are valid only if the PLE gives a faithful representa-
tion of the true absorption. Ideally, when the quantum
efficiency of the absorption and emission process is con-
stant for all excitation wavelengths, PLE measures the
sample's absorbance A =(1 r—t)/—(1—r), where t is the
transmitted intensity and r the rejected intensity. That
our PLE intensities are meaningful was supported by
comparisons with intensities of corresponding features in
reAectivity spectra.

III. THEORY

We consider a quantum well of thickness L grown
along the z axis, ( L„/—2 & Z &L~ /2) and clad between
two barriers of thickness Lz. In a two-band model and
within the effective-mass approximation, the exciton
Hamiltonian is

g2

2m~

p2

2mh
+ V, (z, )+ Vh(zh ), (1)

1

so r, —r„

where co is the bulk dielectric constant, and V, and V&

are the confinement potentials for the electron and hole,
respectively. We neglect image-potential effects, because
we have nearly equal dielectric-constant values in the
CdTe well and Cd, Zn Te barriers. In the following,
we will consider two different variational models for the
exciton.

A. Kxciton envelope function expanded in e-h subbands

Here we place the physical system, namely the well
clad with its two barriers, into a box of thickness
Lb,„=L +2L~. For Lb,„~ao we have discrete states
localized in the well and a continuum of exciton states
outside the well, while for large, but finite LBox value, we
have a quasicontinuum of exciton states.

The eigenfunctions of the Hamiltonian (1) with azimu-
thal quantum number m =0, which are the only ones op-
tically allowed, are obtained by a variational expansion in
the following basis set of quasi-two-dimensional exciton
functions: '

PJ (p, z„z& ) =N Jc;(z, )uj (z& )exp( a~r), —

where r =r, —r& is the relative electron-hole coordinate,
with ~r~ =Qp +(z, —zz ), N~ is the normaliza. tion con-
stant of the function P,J, and C, (z, )( Vi(zi, )) is the con-
duction (valence)-subband state of quantum number i (j).
C;(z, ) is a subset of the orthonormalized eigenfunctions
of the Hamiltonian,

H =—
e

1 a2 + V, (z, ) .
2m, Qz,

(3)

Fulfilling the no-escape boundary conditions' at the box
edges:

c;(z, =+Lb,„/2) =0 for i = 1,2, 3, . . . , (4)

and the continuity conditions at the interfaces
(z, =+L /2). The hole subbands V~ (zI, ) are defined
analogously. The radial variational parameters a;. are
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computed by minimizing the expectation value of the
Hamiltonian (1) for each electron-hole wave function (2).
The latter is meant to describe the lowest-energy exciton
arising from the pair of subbands ij, in the absence of the
interaction with other pairs of subbands. Higher exciton
states are not included in the basis set, since they are less
relevant for optical properties because of their smaller os-
cillator strengths.

The total exciton envelope function, which takes into
account the interaction between excitons belonging to
different subband pairs (ij ), is

10

0

CD

-5
O
o -10

LU

-15
l00

I
'

I
'

I
'

I
'

I

I i I i I i I i I i I i I

300 500 700 900
LW (A}

where n = 1,2, 3, . . . , X labels the resulting exciton
states. The exciton energies E„and the expansion
coefficients P;J.„are computed by diagonalizing the N XN
matrix obtained by projecting the Hamiltonian (1) over
the basis functions P;~(p, z„zl, ). Binding energies with
respect to the quantum-well band gap are computed as
Eb„=(E,+Ez) E„, wh—ere E, (Eh) is the lowest elec-
tron (hole) eigenvalue of the one-electron Hamiltonian
(3). The convergence of the higher levels in the well is
tested by changing N; ground convergence is obtained by
retaining from 6 to 12 electron and hole subbands, name-
ly for X from 36 to 144. Some inaccuracy may occur for
higher-energy states, since we have included only the
lowest-energy exciton (the Is exciton) belonging to each
subband pair.

The physical parameter values used in these calcula-
tions and those of Sec. III B are taken from Ref. 7, name-
ly m& =0.601, m, =0.087, ET&=1.595 eV, and co=9.7.
The heavy-exciton oscillator strength (needed for the cal-
culation of optical properties) is 4mP=0. 006, namely —,

' of
the total oscillator strength determined from the bulk
longitudinal-transverse splitting of 0.65 meV. Valence
and conduction confinement potentials are chosen ac-
cording to Ref. 5: Ac, v=10 meV and hc, , =40 meV for

0
all samples, except for the 180-A sample, where the po-
tentials adopted are Ac. z = 16 meV and b c., =67 meV.

In Fig. 2 the exciton energy levels (n =1—5) are re-
ported as a function of the well thickness. All subbands
contribute to the exciton levels, demonstrating that we
are in the range of weak confinement, where the center-
of-mass quantization regime occurs. The lowest exciton
state, however, shows some predominance of the lowest
electron and hole subbands in the whole L„range, de-
creasing as L„ increases, while no simple trend is ap-
parent for the higher levels.

In Fig. 3 the lower exciton energies (n =1—8) for a
sample of thickness L =405 A are shown as a function
of n . The trend is linear with two different slopes for
low- and high-n values. This is due to the fact that the
hole may be outside the well for excitons with n=7 and
8. Although the exciton wave function is confined in the
well, the confinement is weaker than for the lower-energy
states, giving rise to the smaller slope in Fig. 3.

The wave-function expansion discussed here requires
an increasing number of subbands as L increases, since
the spacing of subbands decreases. The method becomes

FIG. 2. Exciton energies computed according to the subband
expansion model of Sec. III A as a function of well thickness for
principal quantum number n =1—6. The values of the parame-
ters are given in the text.

computationally inaccurate for L larger than 900 A.
Thicker slabs can be treated using the method described
in Sec. III B (involving an adjustable parameter), which
is also found to give good results for thicknesses down to
near 200 A.

f„(r,R) =E„Q„(z,Z)exp( r la&—), (6)

where a~ is the exciton Bohr radius, R=(X, Y,Z) is the
center-of-mass position, r =r, —rh is the relative
electron-hole coordinate, and N„ is a normalization con-
stant. The confinement function Q„enforces the
fulfillment of the no-escape boundary conditions in a uni-
dimensional slab of width L„where the exciton is per-
fectly confined.
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FIG. 3. Exciton energies computed according to the subband
0

expansion model of Sec. III A for QW thickness Ls, =405 A, as

a function of n . The values of the other parameters are given

in the text.

B. Exciton analytic envelope-function model

It has been shown' ' that for wide quantum wells ex-
citons can be described within the effective-mass approxi-
mation by the envelope function:
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If L, is larger than three Bohr radii, and for excitons
which are of even symmetry for reAection with respect to
the central plane of the slab, the confinement function
takes the form

Q„(z,Z) =cos(q„Z) —F, (z)cosh(PZ)

+Fc(z)sinh(PZ), (7)

where q„ for n =1,3, 5, . . . is the exciton momentum
along the Z axis, and P is a variational parameter ob-
tained by minimizing the exciton energy. The inverse of
the parameter P gives the depth over which the exciton
vanishes at the surfaces of the slab. F, (z) and Fo(z) are
even and odd functions of z, respectively, determined by
fulfilling the boundary conditions. For z&0 these func-
tions are

F, (z) = [sin(PZ1)cos(q„Zz )

—sinh( PZ2 )cos( q„Z, ) ] /sinh [P (Z, —Z2 )],
Fo(z) = [cosh(PZ, )cos(q„Z2 )

—cosh(PZz )cos(q„Z, ) ]/sinh[P (Z1 —Z2 )],
where Z1 =L, /2 —

m& z /M and Z2 =L, /2+ m, z /M.
The odd function Fo(z) has a discontinuous derivative at
z=O. Therefore the requirement of a continuous deriva-
tive of the total wave function (6) with respect to z, at
z= 0, is not obvious, and leads to the exciton quantization
condition

tance between the first and second peaks of the experi-
mental spectra (E„2—E„1). Moreover, for nominal
QW thicknesses L ranging from 220 to 1000 A in
CdTe/C11 Zn„Te samples, the value b, =(L, —L„)/2,
which gives an estimate of the spilling out of the exciton
wave functions at each interface, turns out to be roughly
constant and about one eff'ective Bohr radius (about
58+14 A).

The transition-layer depth 1/P, computed using the pa-
rameter values of our CdTe/Cd& Zn Te system quoted
in Sec. III A, is plotted in Fig. 4 as a function of the well
thickness for the lowest exciton state (n = 1).

In Fig. 5 we show exciton energies and their adiabatic
values [that is, according to Eq. (9)] as a function of n
calculated for the sample of thickness L„=405 A. The
higher-energy values show up a slight nonparabolicity as
a function of the quantum number n. This is due to the
deviation of the solutions of Eq. (8) from their large-L,
behavior. Such nonparabolicity is weaker than that pre-
dicted by the subband expansion calculation described in
Sec. III A and shown in Fig. 3. The model of Sec. III A
describes the higher exciton states (n=7 and 8) as having
a much weaker confinement in the well (due to the delo-
calization of the hole) and this gives the large nonpara-
bolicity of Fig. 3. In the analytical envelope-function
model of the present section, states n=7 and 8 do not
have a qualitatively different nature from the lower-
energy states, and this analytical model gives, in fact, a
better fit to experiment for these states.

q„tan(q„L, /2)+P tanh(PL, /2) =0, (8) C. optical response of excitons in quantuxn wells

which determines the center-of-mass wave vector q„.
Analogous expressions are available for the odd exciton
confinement functions Q„(z,Z), for n =2,4, 6, . . . . '

Note that the wave function (6) yields the correct limit
for wide wells; at large I nonadiabatic terms coupling
the kinetic energies of the center-of-mass and relative
motions become small (see Fig. 9), and one then recovers
the sum of the internal and center-of-mass energies:

2 2 2A m. n

2M (L, 2/P)— (9)

where R ' is the effective Rydberg and M the total mass
of the exciton. In order to arrive at (9), the asymptotic
solution of (8) for large values of L, has been used.

For infinitely high barriers, the slab thickness L, is the
actual thickness of the quantum well (QW), L . In the
case of finite-height barriers, on the contrary, we can ac-
count for excitons spilling out from the interfaces by
choosing L, larger than the QW thickness. Since the in-
verse of P gives the depth over which the exciton wave
function vanishes at the surfaces of the slab (the so-called
transition or dead layer), the result is that the exciton is
confined in an effective thickness L,ff defined by
L,z=L, —2/P. When L,ff turns out to be smaller than
L (L ff & L ), the exciton is localized in the well, while
for L,I & L it penetrates into the barriers.

L, is the only adjustable parameter of the model, and
its value is chosen in order to reproduce the energy dis-
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FIG. 4. Transition-layer depth 1/P of the analytical
envelope-function model of Sec. III B as a function of the QW
thickness. The values of the parameters are given in the text.

In order to calculate the optical properties, we solve
Maxwell's equations for light normally incident on an un-
supported QW. A detailed description of the method of
solution, which fully accounts for spatial dispersion, is
given in Ref. 15 within the framework of the analytical
envelope-function method described in Sec. IIIB. The
procedure is similar in the case of the subband expansion
method of Sec. III A: the main ingredient of the calcula-
tion, that is the exciton wave function at zero electron-
hole separation, is obtained in this case from Eq. (5), tak-
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FIG. 5. Exciton energies computed according to the analyti-
cal envelope-function model of Sec. III B and their adiabatic ap-
proximation [Eq. (9)] as a function of the well thickness. The
values of the parameters are given in the text.

FIG. 6. Exciton energies computed according to the subband
expansion model of Sec. III A as a function of the well thickness
for diferent values of the principal quantum number n = 1—6
(solid curves). The symbols are the corresponding peak posi-
tions extracted from the experimental data.

ing p=o and z =zy .
Finally, we calculate the absorbance 3 =(1—r t)/—

(1—r) in terms of the refiectivity r and the transitivity t

IV. DISCUSSION

We first compare the experimental PI.E spectra with
absorption spectra computed by the subband expansion
of Sec. III A. The parameters adopted for the calculation
are kept constant for all samples of the set. In the calcu-
lation, the barrier thickness is chosen large enough not to
influence the exciton eigenvalues for states confined in the
well; this value is smaller (L~ =400 A) than the actual
values of Lz in the samples (L~ =800 A).

In Fig. 6 we compare calculated and experimental
values for the energy differences between the lowest exci-
ton state ( n = 1) and the higher states (n =2,3,4,5) for the
different samples as a function of the inverse squared well
thickness. We plot energy difFerences here rather than
absolute values because the absolute energy of the experi-
mental exciton spectrum shifts rigidly up or down with
changes in strain state resulting from different substrate
or buffer compositions for the difFerent samples.

As a first approximation, the experimental peak posi-
tions vary linearly with 1/L, but there is a definite
downward deviation from straight-line plots. The
theoretical energies computed with the model of Sec.
III A are in very good agreement with the experimental
points. They reproduce the deviations from a 1/L~
dependence very well. Note that they reproduce higher
excited states (n=6) that are very sensitive to the values
adopted for the confinement potentials.

In Fig. 7 we compare experimental and theoretical
spectra for three quantum wells of nominal thicknesses
660, 405, and 180 A, respectively [Figs. 7(a), 7(b), and
7(c)]. The calculation was carried out according to the
subband expansion of Sec. III A. As already noted (Fig.
6), the theory compares well with experimental spectra as
concerns the positions of the lower-energy exciton peaks,
while for the higher exciton states it is impossible to

reproduce the experimental line shape because the model
does not embody light-hole excitons and the higher-
energy electron-hole continuum resulting from the
motion in the (x,y) plane.

The calculations of the optical absorption correctly
reproduce the alternations in intensity between odd-n and
even-n states, but for the larger well widths they do not
fall off as rapidly with n as the experimental peaks do.
The reason for this may be the transformation of exciton
states into polariton states as I.~ becomes comparable to
the light wavelength in the medium, A, =2600 A (see Ref.
18 for a detailed discussion).

We emphasize that this model does not embody adjust-
able parameters and correctly reproduces exciton states
confined in the wells; moreover, results of the same quali-
ty, not shown in the present paper, are obtained for the
other samples.

Next, the same set of physical parameters used in the
former calculation will be adopted for reproducing the
experimental spectra by the analytical exciton envelope
function of Sec. III B. The b, value is taken constant (see
Sec. III B) for all samples. Moreover, if we take ET as an
adjustable parameter in order to take into account the
different strain states of the samples, its value is found to
be almost constant (ET= 1.5945 eV) for the whole set of

0

samples, except for the 1.~=405 A buffered sample,
where ET = 1.5934 eV.

In Fig. 8 we compare theory and experiment for three
samples with thicknesses of 660, 405, and 220 A [see, re-
spectivelv, Figs. 8(a), 8(b), and 8(c)]; we cannot reproduce
the 180-A sample very well because its thickness is at the
limit of validity of the model (about three Bohr radii' ).
The agreement between theory and experiment is good
for this model, at least as concerns the energies of the ex-
citon peaks. In fact, for the 405-A sample [see Fig. 8(b)]
this model shows a better agreement than that obtained
for the former model [Fig. 7(b)]; in particular the higher-
energy states n=7 and 8 are reproduced in a better way.
This is strong evidence that the heavy-hole exciton is also
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mass quantization decoupled from the internal motion,
confirming the Altarelli-Platero calculations.

V. CONCLUSIONS

A large number of photoluminescence excitation spec-
tra obtained for CdTe/Cd, Zn Te quantum-well struc-
tures was interpreted by using an accurate exciton model
(Sec. III A) that reproduces not only the lowest exciton

FIG. 9. Lowest exciton energies as a function of the well
thickness computed according to the subband expansion model
of Sec. III A (solid line), the analytical envelope function model
of Sec. IIIB (dashed line), and the adiabatic approximation
given by Eq. (9) (thin solid line).

state, but also the higher ones up to the limit of the bar-
rier continuum. Theory compares well with experimen-
tally measured positions of exciton peaks for excitons
confined in the well.

The above method becomes numerically inaccurate for
quantum wells wider than 900 A. An alternative method,
a simple analytical model for the exciton envelope func-
tion which is well suited to reproduce experimental data
for samples with finite-height barriers and large
quantum-well thicknesses, down to I & 3a~, was
presented (Sec. III B) and compared with experiment.

This systematic study of the lowest exciton energies
(n=l) in samples of thicknesses ranging from 180 to
1000 A has demonstrated that the Wannier exciton fol-
lows the simple center-of-mass quantization of Eq. (9) for
well thicknesses greater than six Bohr radii. For
thicknesses from six to three Bohr radii, although the
coupling between relative and center-of-mass motions is
not negligible, center-of-mass quantization is still approx-
imately valid. The nonparabolicity of the exciton ener-
gies as a function of the principal quantum number n was
discussed and compared with experimental data.
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