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Photoluminescence spectra, very din'erent from those given by bulk CdTe, are obtained at 1.8
K, for two CdosqZno. osTe/CdTe/Cdo. y2Zno. osTe quantum-well heterostructures. The thicknesses af
the CdTe layers are 500 and 1000 A, respectively, intermediate between a quasi-two&imensional
quantum well and the bulk. Zero-phonon freewxciton luminescence predominates over bound-
exciton recombination; phonon replicas of the freewxciton luminescence are not visible. Satellite
peaks are observed over a 10-meV range on the highwnergy side of the freewxciton peak. These
are attributed to quantized states of the exciton-polariton confined inside the CdTe layer. A sim-

ple theory is given for the relative emission probabilities associated with the quantized states; their
energy positions are 6tted with a series of indexed, discrete points on a polariton dispersion curve.

We report here a study of the exciton-related photo-
luminescence of Cd~-„Zn„Te/CdTe/Cdt „Zn„Te quan-
tum-well heterostructures. This study has a twofold in-
terest. First, very little spectroscopy has been done on
quantum wells fabricated with II-VI compounds. Second,
our CdTe confined layers are of "intermediate" thickness,
being located between the quasi-two&imensional quan-
tum well, in which quantized energy levels are well
separated, and the bulk. This region of thickness has not
received much attention even for the much studied III-V
compounds. Our results allow a precise analysis of the
early effects of the confinement-induced quantization as
the sample thickness is reduced.

Our samples consist of one CdTe layer confined be-
tween two 800-A-thick Cdo 92Zno. osTe layers. They were
grown at the Laboratoire d'Infrarouge by molecular-beam
epitaxy on f100(oriented Cdo 9sZno, otTe substrates.
Nominal thicknesses of the CdTe layers are 500 and 1000
A; the thickness is known to an accuracy of + 15%. The
CdTe layer is uniformly strained because of the 0.23% lat-
tice parameter mismatch with the CdovsZnoo4Te sub-
strate (the structure's thickness is less than the critical
thickness at which the strain relaxes). ' The optical gap
of the CdTe layer (1.61 eV) is approximately 45 meV
smaller than that of the Cdt «Zn, Te barriers.

Luminescence was excited above the CdTe layer's opti-
cal gap with a krypton laser and observed perpendicular to
the layers making up the well. The samples were im-
mersed in pumped helium at 1.8 K. Intense luminescence
in the excitonic spectral region is obtained for the confined
layers. We discuss three important difierences with
respect to the luminescence of bulk or thick-layer sam-

ples of CdTe.
First, as already noted by Magnea et al. ,

5 who studied
the same samples, intrinsic luminescence is dominant for
the confined layers. Figure 1 illustrates this point: The
luminescence of the Cd~-, Zn, Te substrate (i.e., a bulk
sample) is dominated by the DoX and AoX emissions (ex-
citons bound to donors and acceptors, respectively)
whereas the CdTe layer's luminescence is dominated by
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FIG. 1. Luminescence spectrum of the 1000-A-thick well

showing emissions D Xand X from the CdTe con6ned layer and
A'X, D X, and X from the Cdl- Zn Te substrate simultane-
ously.
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the line labeled X associated with free exciton recombina-
tion.

Second, although the free exciton hne X is very intense
for the con6ned layer, phonon replicas of this line are not
observed; sce Fig. 1 where the first LO phonon replica
should lie at 1595-21 1574 meV. This contrasts with

bulk CdTe, where the LO-phonon replicas are moderately
intense and stronger than the very weak zero-phonon free
exciton luminescence. 3

The third point that we discuss is the most interesting
one: for both the 1000-A confined layer (sce Fig. 2) and
the 500-A layer, the high~nergy side of the excitonic line
of the luminescence spectra shows a series of satellite
peaks. Related oscillation s have been observed in
transmission, excitation, and refiectivity spectra of these
samples. s

For the 1000-A-thick confined layer, peak X lies at
1594.8 meV and we detect eight satellite lines at 1596.0,
1596.6, 1597.3, 1598.2, 1599.1, 1600.2, 1601.4, and
1604.2 meV (the first derivative of the luminescence spec-
tra proved useful for determining the precise energy posi-
tions, see Fig. 2). A very interesting feature here is that
the line intensities are alternatively weak and strong (see
Fig. 2).

For the 500 A-th-ick confined layer, the peak X lies at
1595.2 meV and we detect four satellite lines at 1597.1,
1598.6, 1600.6, and 1602.6 meV. The resolution is not as
good as in the previous case. We do not observe any
noteworthy alternation in the line intensities for this thick-
ness.

The satellite peaks are observable over a surprisingly
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FIG. 2. Luminescence spectrum of the 1000-A-thick weil

shying lines corresponding to recombination Of free exritons
(X) and Of cxcltons hound to donors (D X). The high-energy
side of line X-shows a series of sateBite peaks eath alternating
intensities (solid arrows mark stronger peaks, dotted arrows
mark weaker peaks). In (a), (h), and (c) the gain is I, 5, and
20, respectively. Curve (d) is the Srst derivative of the spec-
trum.

large range of =10 meV (i.e., knx120 K) above the
peak X, even though the sample is held at helium temper-
ature. This shows that the thermalization of the excitonic
satellite states is not very efBcient.

We attribute the presence of satellite peaks on the
high-energy side of the free exciton line, with spacing and
relative intensities that depend on the thickness of the
CdTe layer, to the quantification of the exciton. That is,
despite their relatively large thickness, one can consider
these samples to be quantum wells. The situation studied
here, however, is rather different from the extensively
studied case of much thinner GaAs wells, where exciton
states E~HJ are formed by binding an electron from an
el~tron subband E; and a hole from a hole subband HJ. 7

In our case (thicker layers, larger electron mass), the
confinement energies for an electron and a hole (ap roxi-
mately 1.3 and 0.2 meV, respectively, for the 500- lay-
er), are small in relation to the exciton binding energy of
about 10 meV. The electron-hole Coulomb interaction
then completely mixes the subbands and we have to
directly consider the quantification of the exciton itself.
More strictly, at least for energies near El., Er (the ener-
gies of longitudinal and transverse excitons with k 0),
we must consider the quanti6cation of the excitonic polar-
iton.

Polariton quantification was first observed in extensive
refiectivity studies of thin platelet crystals of CdS and
CdSe. s More recently, Schultheis and Ploog observed the
effects of polariton quantification in refiectivity and exci-
tation spectra of confined GaAs layers. However,
quantification effects were not evident in their emission
spectra: A series of polariton emission peaks as reported
here was not resolved.

Figure 3 shows the anticrossing between the parabolic
dispersion curve for the heavy-hole exciton and the
straight-line E(k) relation for a photon in the CdTe layer.
We need not consider the light-hole exciton, raised 12.3
meV above the heavy-hole exciton by the mismatch-
induced strain. We take Er,r, the longitudinal-transverse
splitting, to be the bulk-crystal value 0.65 meV (Ref. 10)
reduced by a factor 4 (representing the heavy exciton's
share of the oscillator strength of the M + 1 states of
the cubic exciton).

Around the anticrossing region for both branches and
above it for the lower branch, a polariton wave created in
the well is strongly refiected at the well-barrier interfaces.
Standing wave states then exist for M,/2 L, where N is a
nonzero integer, 1 is the polariton wavelength, and L is the
well thickness. Consequently, the continuous polariton
curve E(k, ) becomes a series of discrete points at
k, Nx/L, resolvable when their spacings exceed the
damping-related broadening.

Prediction of the relative intensity associated with each
quantized mode is a complex problem, even independent
of the question of their occupancy. The simple theory we
give here, 6rst used by Merle d'Aubigne et al. to describe
the absorption of light by the same samples, is appropriate
to the region weil above Er, , where the lower branch polar-
iton is essentially an exciton and the upper branch polari-
ton is essentially a photon. Txansitions occur between the
two branches with a probability given by perturbation
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FIG. 3. Drawn on a polariton dispersion curve E(k, ), the
squares represent the positions of the satellite lines for the ~ell
of 1000-A nominal thickness (SHed squares: more intense
peaks; open squares: less intense peaks). N is the number of
half wave}engths of the polariton in the con6ned layer. The hor-
izontal line at E ~1594.8 meV indicates the position of peak X
(the luminescence intensity maximum). The dispersion curve is
calculated ~ith Ey ~1.5941 eV; the 6t corresponds to L 1040

~g - t(N~/L)/[(N~/L)' —k,'bi)'(2/L) .

Expressions (1) lead to the following selection rules.
For kshL 2sx, 4sx, . . . there is no emission for even N,
whereas for k~hL sx, 3sx, . . . there is no emission for odd
N. For ks,hL sx/2, 3ss/2, . . . the modes corresponding to
even N and odd N have the same recombination probabili-
ty. In our case, k~ sx/2 is equivalent to L 620 A,

theory.
The wave function TN(z) for the center-of-mass motion

of the exciton is taken to be zero for [ z [ )L/2. Within
the well, it has the even symmetry form cos(Nsxz/L) for
odd N and the odd symmetry form sin(Nsxz/L) for even
¹ The transition probability per unit time is

(C( )+pr(ksa)), where Fjy(kgb) is the Fourier
component of T~(z) at the wave vector ks,h 2sx/Ash of
the photon in CdTe ()E,sh~ 2500 A). (We neglect here
the effect of the reSection of the emitted photon at the
barrier-vacuum interface. ) The valence-band to con-
duction-band electric dipole-matrix element is included in
C as well as the factor relating the oscillator strength of
the free exciton to the envelope function describing the
relative motion of the electron and hole. " The Fourier
components are

Agcos2(k~/2) for odd N,F kph
A/sin (kshL/2) for even N,

close to 500 A. This explains why we do not observe any
marked alternation in the line intensities of the 500-A-
thick sample's spectrum. On the other hand, ks,hL sx is
equivalent to L 1240 A, close to 1000 A.. This shows
that the more intense lines of the 1000-A-thick sample's
spectrum should correspond to even N modes.

Our pxoblem was to fit the resolved satellite peaks to
such standing wave modes or, in other words, to index the
satellites with the correct corresponding values of ¹ The
St was done as follows: We assigned trial sets of indices N
to the peaks and tried to draw a polariton dispersion curve
through all the points by varying Ex and the thickness L,
with EL,x and the exciton's mass M* m, +ssss

(0.088+0.&)mo (Ref. 12) kept fixed.
For the 500-A.-thick sample, the only reasonable fit

ave the following results: ET 1595.0 meV and L 500

For the 1000 A. thick sample, two Sts corresponding to
two different indexations of the satellite lines appeared
possible (using two different values of the thickness L
within its uncertainty range). But taking into account the
selection rules discussed above, we could eliminate one
solution and obtained Ex 1594.1 meV and L 1040 A
(see Fig. 3).

Around the main peak X, the quantized states can no
longer be resolved; also the upper polariton branch might
be involved for this energy region. Therefore, it does not
appear useful to try to assign a value of N to peak X for
either sample.

According to our results, there is a difference of
1.1+'0.3 meV between the values of Ex+ 5 sx /2L M
(the energy of the uncoupled transverse exciton) for the
two wells. This is close to the calculated difference be-
tween their optical gaps (1.06 meV) which indicates that
there is very little change in exciton binding energy when
L decreases from 1000 to 500 A.

We will now argue that the thickness dependence of the
optical selection rules is very important for explaining the
other features distinguishing the luminescence of our
confined layers from that of bulk samples, i.e., predomi-
nance of free exciton luminescence and absence of phonon
replicas of this luminescence.

We begin, however, by recalling an explanation often
given for similar eS'ects in III-V compounds. ' For a bulk
sample, only those polaritons that xeach the surface and
have k = k~h can give rise to external photons. Because
the polariton mean free path is very short near k ks,h,
the zero-phonon polariton luminescence is very weak com-
pared with the intensity of the LO phonon, D X and A DX

processes, which generate photons in the bulk. When the
sample's thickness becomes smaller than the polariton
mean free path, this obstacle no longer exists and the free
polariton emission can be very intense at the expense of
the trapped exciton lines and the LO-phonon replicas.

While this kind of explanation seems applicable for the
energy region around the anticrossing in the polariton
dispersion diagram, we believe it does not completely de-
scribe our case. We measure substantial intensity (the sa-
tellite peaks) well up into the energy region where the po-
lariton is essentially an exciton; indeed, for the 1000-A
thick layer, even the main peak X lies above El. (Figs. 2
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and 3). Above Et., excitons and photons become weakly
coupled, a description in terms of polaritons is less useful
and Eqs. (1) are applicable. For a bulk sample, optical
transitions are forbidden in this energy region; indeed, the
factor Atv [Eqs. (I)] tends towards zero when I. becomes
infinite, which amounts to saying that optical transitions
must satisfy the k-vector conservation law. Qn the other
hand, in the case of a confined layer, Eqs. (I) show that
optical transitions become allowed for discrete values of
k, diFerent from keg this very strongly reinforces the
luminescence intensity in this region, again at the expense
of nonradiative processes, trapping on impurities, LQ-

phonon-assisted processes, etc.
In summary, these samples have shown very clearly the

early effects of quantification on exciton states as one
sample dimension is reduced. Thus, they give interesting
information about the transition between the three-
dimensional semiconductor and a very thin layer where
the exciton would become perfectly two dimensional.
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periments and G. Fishman, Le Si Dang, and H. Mariette
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