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Quasi-two-dimensional excitons in a strongly localized regime in CdTe-ZnTe superlattices
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Transient luminescence spectroscopy reveals that recombining excitons in a new, highly strained
II-VI compound semiconductor superlattice CdTe-ZnTe are strongly localized at low lattice tem-

peratures. %'e argue that such behavior is expected in a superlattice system with small valence-

band offset under large lattice-mismatch strain when the influence of monolayer thickness varia-

tious (finite interface roughness) is considered.

The CdTe-ZnTe superlattice is a new II-VI compound
semiconductor structure in which very large lattice-
mismatch strain (6 a/a ~0.06) can be elastically accom-
modated. ' Initial x-ray diffraction' and photolumines-
cence2 data on the molecular-beam epitaxially (MBE)
grown superlattices indicate that they are of good structur-
al quality if proper care is exercised in their "strain
design" by using sufficiently thin constituent and suitable
buffer layers to minimize misfit dislocations. In this Com-
munication we present experimental work where excitonic
properties in the CdTe-ZnTe superlattice have been stud-
ied by picosecond time-resolved luminescence spectroscopy
at low lattice temperatures. From the results we argue
that not only is the uniform component of lattice-
mismatch strain significant in perturbing the interband
electromc transitions {in excess of 100 meV as shown re-
cently2), but specifically, that local fluctuations in the
strain lead to unusually strong localization effects for the
quasi-two-dimensional (2D) excitons. These originate
from random thickness fluctuations on a monolayer scale
and modulate the band-edge energies through variations in
the local strain. Conditions for such behavior are
enhanced with the small valence-band offset expected in
this superlattice.

Several structures were studied in this work which were
grown by molecular-beam epitaxial methods at the Univ-
ersity of Illinois (Chicago) on (100)-oriented GaAs sub-
strates. Because of similarities in the exciton characteris-
tics of these samples which had relatively small differences
in dimensions, we will focus here on a particular superlat-
tice structure consisting of 200 periods of 21-A.-thick
CdTe layers and 30-A ZnTe layers. [We use the term
"superlattice" here to denote the structural aspects of the
samples; the connection to multiple-quantum-well
(MQW) structures will be discussed below. ] This super-
lattice was separated from the substrate by a 2.1-Itm-thick
buffer layer of Zn050CdosoTe. Continuous-wave lumines-
cence from the same series of samples has been recently
used to argue that such a highly strained superlattice is
essentially free standing, i.e., that the actual strain distri-
bution and the parallel lattice constant of the superlattice
are independent of the buffer layer and the substrate. The
uniaxial component of the lattice-mismatch strain splits
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FIG. 1. Continuous-wave and time-resolved exciton recom-
bination spectra from the CdTe-ZnTe superlattice discussed in
text (lower panel). The upper panc1 shows the exciton lifetime in

the range of localized states.

the valence-band degeneracy in such a way that the lowest
interband transition (predominantly within the CdTe
layers) is heavy-hole-like.

Our time-resolved luminescence experiments employed
a model-locked continuous-wave dye laser whose output
was attenuated to prevent nonlinear effects from occurring
(average power of —1 mW weakly focused on the sam-
ples). Transient photoluminescence was collected by a
monochromator-streak-camera combination, specially
configured for optimum spectral and temporal resolution
of approximately 5 A and 15 psec even for weak signals. 3

Figure 1 summarizes results for the CdTe-ZnTe superlat-
tice introduced above for which the cw luminescence spec-
tra at T 2 K are displayed, together with transient spec-
tra following excitation by a picosecond laser pulse at time
t 0 psec and at photon energy htu 1.95 eV (lower
panel). The transient spectra reached a maximum ampli-
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tude very quickly following the excitation; its rise time was
essentially limited by the time resolution of our instrumen-
tation. The upper panel sho~s the exciton lifetime ob-
tained from the nearly single exponential decays at dif-
ferent photon energies of emission. Increasing the tem-
perature up to 60 K produced little change in the spectral
or temporal features in Fig. 1 apart from a small band-
gap-related shift; a pronounced decrease in the lumines-
cence efficiency occurred at further higher temperatures.
Whereas Fig. 1 was obtained by photoexcitation well
above the exciton ground state, experiments were also per-
formed under nearly resonant conditions. Figure 2 shows
the emission spectrum with excitation at 1.865 eV; while
laser scatter through the double monochromator limited
our ability to get arbitrarily close to the excitation energy,
it was clear that the increase in the signal intensity at
htu & 1.855 eV corresponded to contribution by resonance
luminescence. At lower photon energies, two clear side-
bands are seen, separated from the resonance lumines-
cence peak by 24 meV. Time-dependent emission under
these excitation conditions showed that the resonance peak
and the sidebands decayed synchronously with approxi-
mate lifetimes following that for primary peak as indicated
in Fig. 1.

The general range of photon energies of emission in

Figs. 1 and 2 clearly contains contributions from quantum
confinement effects in the superlattice when compared
with the ground-state exciton energy in bulk CdTe at
1.595 eV. Recent work on several related wide-gap II-VI
compound semiconductor superlattices indicates4 that in
these systems most of the band-gap difference between the
superlattice constituents is taken up as a conduction-band
discontinuity. For the CdTe-ZnTe heterojunction, Ms

0.78 eV in the absence of strain. In the limit of ~„0,
excitons in such a superlattice with layer dimensions con-
sidered here would be modified from those usually con-
sidered in an isolated quantum-well case (or a sufficiently
spaced multiple-quantum-well structure). However,
Kronig-Penny calculations show that the electron confine-
ment in the CdTe layers is quite strong with relatively lit-
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FIG. 2. Luminescence from the CdTe-ZnTe superlattice sam-
ple under photoexcitation directly into the localized states (at
hr0,„1.865 eV). The sidchands are due to optical-phonon-
assisted processes.

tie interwell couphng ( & 20%). Therefore, in the absence
of any other effects, the quasi-two-dimensional excitons of
the superlattice would approximate a quantum-well-
confined electron with a heavy-hole Coulomb bound to it
(the binding energy in bulk CdTe is approximately 10
meV). On the other hand, our experimental observations
summarized above immediately suggest that the exciton
recombination spectra do not originate froin free quasi-
two-dimensional excitons but are connected instead with
localized excitons. The wide spectral width (&30 meV)
and the lack of significant spectral diffusion (Fig. 1) as
well as the absence of temperature-dependent spectral
shifts further imply that such localization is quite effective
in producing spatial immobility for the excitons. The spec-
tra under resonant excitation indicate the presence at most
of only small amounts of spectral diffusion within an inho-
mogeneously broadened transition. The sideband energies
are in the general range for optical phonons and will be
discussed below.

Recent k p band-structure calculations for the CdTe-
ZnTe superlattice (assuming &F„0) and correlation
with optical data suggests that the strain energies are min-
imized if the superlattice is essentially free standing; i.e.,
that the lattice constant parallel to the layer planes is in-
dependent of the buffer layer or substrate. While these
calculations pertain to the case of a uniform strain (where
the unit cells of CdTe and Zn Te undergo tetragonal distor-
tion), they can also provide a lower limit for an estimate of
the influence of random strain fluctuations as follows. As
a first approximation to small but finite interface rough-
ness in the superlattice (which is characteristic in many
MBE-grown material systems), consider layer-thickness
fluctuations on a monolayer scale (-3.2 A. for CdTe).
Estimate of the effects of such fluctuations in the spirit of
the superlattice relaxed model of Ref. 2 then shows that
random potential wells on the order of 20 meV are gen-
erated for the excitons. For localization of the entire
quasiparticle, the characteristic extent of the fluctuations
in the layer plane should be of the order of the exciton
Bohr radius (-60 A for bulk CdTe). However, a consid-
erably more effective mechanism for localization is ob-
tained if strain variations from the monolayer fluctuations
(islands) are considered directly in local context only (i.e.,
unrelaxed throughout the superlattice), a situation which
is likely to be physically approximated in MBE-grown
strained layer structures. Then our estimates (which in-
clude uncertainties about the valence-band deformation
potential constants) show that random potential wells in
excess of 30 meV for the heavy-hole band alone will occur.
Instead of the whole exciton, efficient localization of the
heavy hole can readily take place. Furthermore, the
heavy-hole Bohr radius is small enough (—13 A in CdTe)
so that efficient localization can be expected in the context
of a distribution of traps along a single (2D) CdTe-ZnTe
interface. In this view, the electron Coulomb attraction
preserves the exciton; a small reduction in the Coulomb
energy is expected since the large conduction-band con-
finement energy tends to keep the electron wave function
centered within the CdTe quantum ~elis. The localiza-
tion and associated exciton spatial immobility which is ex-
perimentally measured is thus mainly indicated by a
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broadening into a low-energy tail of the density of states
for the heavy hole. We emphasize that the 2D character
of the problem significantly enhances the effectiveness of
the localization; we have simulated this in a 20 random-
walk problem. Luminescence excitation spectra (as well
as the linewidths in Fig. 1) show that the extent of the lo-
caHzed states is on the order of 50 meV for the CdTe-
ZnTe superlattice discussed here. This value is signifi-
cantly in excess of the exciton Coulomb energy and the lo-
calization is thus appropriately referred to as taking place
in a strongly localized regime. We note that the concept of
a well-defined mobility edge seems inappropriate here
given the nonthermal nonequilibrium character of the
problem~ in terms of the very rapid trapping of the exci-
tons (fast rise time of transient luminescence) and the rel-
atively short exciton lifetime (with a component from non-
radiative processes at defects). The physical origin of the
increase in lifetime on the low-energy tail of the lumines-
cence is not entirely clear although it appears likely that it
reflects a decrease in the nonradiative contribution for
more tightly localized excitons.

Finally, we comment on the spectral sidebands which
are seen in Fig. 2 and are most likely connected with
optical-phonon-assisted radiative recombination. A Ra-
man process can be ruled out since the time dependence of
the sidebands follows the luminescence, not the excitation.
(Another possibility is phonon-assisted tunneling within
the localized exciton states'„however, given the very small
amount of spectral diffusion this is not expected to gen-
erate such pronounced sidebands. ) Exciton-LO-phonon
coupling is a relatively strong process in both CdTe and
ZnTe and the localized quasi-two-dimensional character
may well enhance it further. Assuming a free standing
CdTe-Zn Te superlattice, we have estimated the effects of
the hydrostatic (dominant) strain on the q 0 optical-
phonon energies by using experimentally reported values

of the Griineisen constant for wide-gap II-VI semiconduct-
ors. With y-1.2 to 1.8 in ZnTe and comparable values
for CdTe, we estimate that the bulk LO phonon of CdTe
in the superlattice is increased from approximately 21 to
24 meV while that in the Zn Te layers decrease from about
28 to 24 meV. This coincidence (within the approximate
nature of the estimate) makes the interpretation of the
phonon sidebands somewhat ambiguous as to the spatial
region of the superlattice from which their interaction ori-
ginates (although the CdTe layers appear most likely be-
cause of the large degree of electron confinement). The
spectral width of the sidebands (7-8 meV) indicates
broadening which may be associated with the influence of
local strain variations on the phonon spectrum or reflect
some local lattice relaxation. Clearly, Raman scattering
experiments would be useful to study the effects of strain-
induced phonon energy shifts further; the excitonic case
discussed here is somewhat comphcated also because of
the possible participation of interface-related phonons of
the superlattice.

In conclusion, we have reported results of time-depen-
dent optical studies in a new compound semiconductor su-
perlattice CdTe-ZnTe. The excitonic recombination at
low lattice temperatures shows characteristics of strong lo-
caHzation. Such spatial immobility in a quasi-two-
dimensional system is expected in a highly strained super-
lattice or quantum-well system where small valence-band
offsets and finite (although small) interface roughness are
present.
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