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Selective excitation photoluminescence measurements performed in CdSe/ZnSe superlattices with an em-
bedded Zp_,Cd,Se quantum well reveal the limitation of the mobility edge concept to describe the dynamics
of localized excitons in this system. Both localized and extended excitonic states are found to coexist in a
certain energy range. We suggest that this behavior is governed by a macroscopic band-gap modulation
imposed on the microscopic random localization potenit®0163-1829)50704-2

It is currently widely accepted that the relaxation dynam-system within a quite extended energy range. A key experi-
ics of excitons in a random potential arising either from localmental point in this study is a careful design of the sample
compositional fluctuations in mixed semiconductor alloys orstructures, which contain short-period CdSe/ZSe superlat-
from quantum well(QW) thickness fluctuationgor from  tices(SL'’s) with an embedded deeper ZnCd,Se QW(see
both simultaneous)ycan generally be described in the Mott- Fig. 1 for a schematic view of the structurdhere are sev-
Anderson localization modélA key point of this model is eral reasons for this choice. The structures containing the SL
the idea of a mobility edge, which is a sharp boundary sepato be studied, with an enlarged test well to probe the carrier
rating the energy spectra of localized and delocalized parpopulation, offer the unique possibility of measuring vertical
ticles. Two obvious restrictions on the applicability of this transport by all-optical method$-6 In our case, however,
approach to localized excitons in semiconductors have beehe deeper well rather introduces a kind of “escape mecha-
formulated already in early paper$The first is the question nism,” allowing to control the tunneling lifetime of extended
of time scale. The Mott-Anderson model assumes an infinitexcitonic states in the SL. Furthermore, an advanced molecu-
carrier lifetime, whereas excitons in direct-gap semiconduclar beam epitaxyMBE) technique has recently been devel-
tors only live for about 1 ns or less. Therefore, an “effec- oped, allowing the reproducible growth of fractional mono-
tive” mobility edge had to be introduced, defining delocal- layer (FM) CdSe/ZnSe heterostructures with high structural
ized excitons as those with the localization length of thequality and a predetermined degree of intrinsic structural
same order as the diffusion length. The second complicatiodisorder'’*® Finally, recent optical data on the CdSe/ZnSe
is that the Mott-Anderson picture of a well-defined mobility FM SL’s suggest self-organizing formation of 1 monolayer
edge assumes that the disorder is of “microscopic” origin. If
this is not the case, the states of the same energy might be E
localized in one “macroscopic” part of the crystal and de- —
localized in another, without any possibility to communicate _—‘ TT TTTT
with each other. In spite of these restrictions, many experi- Lo
mental results on the dynamics of localized excitons both in
bulk alloy samples*®~"and in two-dimensionai2D) QW 11T
system3®9-11 of different semiconductors have been suc- i AR e
cessfully interpreted in terms of the effective mobility edge i 1
concept. Furthermore, to the best of our knowledge, no ex- [localized excitonS{
perimental measurements have been so far reported, directly
suggesting that extended and localized excitonic states of Jv
comparable densities may coexist at the same energy within K
the same disordered semiconductor medium.

In this paper, we combine the results of low-temperature F|G. 1. Schematic illustration of exciton relaxation processes in
cw and time-resolved selective excitation photoluminescencg “SL+QW” sample. The dot-dashed line represents the disper-
measurements in order to demonstrate that localized and dsion of the 5—heavy-hole excitons and the dotted line is the pho-
localized excitons can coexist in the specific semiconductoton dispersion.
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(ML) height planar CdSe-based islands with lateral sizes ex-
ceeding the exciton Bohr radit$As a result, one can ex-
pect spatial modulation of the band gap occurring on a
“macroscopic” scale, probably exceeding the exciton diffu-
sion length.

The samples used in this study were grown by MBE
pseudomorphically to GaA400 substrates. The growth de-
tails have been reported elsewh&fet® All the samples in-
clude a CdSe/zZnSe 10 period SL, differing in the SL average
period (d) and the CdSe average thicknds®. In certain
samples a 7-nm ZyLCdy,-Se QW is attached to the SL
from the substrate side. The whole intrinsic region is embed-
ded in a thick layer of Zp_,S,Se lattice matched to GaAs.
The values ofd and w for all the samples have been esti-
mated from x-ray diffraction measuremeRtsThe Stokes
shift was measured in a set of samplds-30 A, w ranging
from 0.05 to 2 ML as the difference between the photolu-
minescencgPL) and PL excitation(PLE) peaks related to
the lowest heavy-hole SL exciton. The shift, which can be
considered as a measure of the disorder, is negligible at
<0.5 ML and increases rapidly whemexceeds this value. FIG. 2. Selective excitation cw PL spectiolid curve$ mea-

An additional characteristic of the disorder-induced localizasyred in the “Sl+QW” sample withw=0.81 ML andd=32 A.

tion for the samples with a Z&d, _,Se deeper well is the The spectra are vertically offset for clarity. Single, double, and
ratio of the SL to QW integrated PL intensities. As it hastriple vertical arrows point to the energies detuned from the excita-
been recently reporteéd, in the range w<0.6 ML tion by one, two, or three ZnSe LO phonons, respectively. The
(d~30 A) the SL emission band is practically unobservable dotted curve at the lowest spectrum represents an example of the
due to the extremely efficient escape of carriers through theonresonant background contribution. The dashed curve is a PLE
extended miniband states of the SL consisting, presumablgpectrum detected within the Zn.Cd,Se QW emission band.

of homogeneous alloylike layet&??However, the SL emis-

sion band appears at~0.6—0.7 ML and rapidly increases the position relative to the PLE peak maximum. Above a
in intensity with a further increase iw, reflecting an in- certain demarcation energynarked in Fig. 2 by a dotted
crease in structural disorder. This behavior allows one taertical line close to the center of the PLE peak, a single
modify almost independently the exciton localization sharp line related to the ZnSe LO phonon is dominant in the
strength(by a slight change ofv in the range 0.6—1 MLand  PL spectrum. Below this energy the sideband is wider, con-
the exciton tunneling escape rafley variation of the SL taining a few narrow lines. The low-energy boundary peak is
average periodd). Cw PL experiments were carried out placed exactly at an integer number of ZnSe LO phonons
using a dye laser pumped by an*Aaser, and measurements below the excitation energy, whereas the higher-energy side-
of PL decay times were performed with a frequency-doublethand boundary rather keeps a constant @ap5 me\) with
beam of an AJO;:Ti mode-locked laser and a syncroscanrespect to the position of the nearest higher-energy LO-
streak camera. The spectral and time resolution are estimat@thonon-assisted line. As a result, the width of the resonant
as 0.5 A and 20 ps, respectively. structure is~7 meV, independent of the sideband order

The excitonic PL spectrum of the SL samples without an(compare the lowest and uppermost PL spectra in Big. 2
embedded QW is in general similar to the spectra presented To complete this introductory description, we note that
in Ref. 23. It consists of a background PL contour, with athe results of time-resolved PL measurements agree well
shape independent of the excitation wavelength, superimwith those reported for ZnSe/CdSe SL'’s by Neukiathal 23
posed with a small narrow peak exactly following the exci-The PL rise time is noticeably shorter for the resonant fea-
tation, with the energy distance equal to an integer number diures than for the smooth underlying background contour
ZnSe LO phonons (3190.1 meV). However, the domi- (the available time resolution in our experiments is not
nance of the nonresonant background signal prevents denough to measure it accuratelfhe decay times are essen-
tailed studies of the optical-phonon-assisted resonant spetially the same for resonant lines and the background spec-
trum. The situation changes dramatically after embedding &um at any wavelength, being as long as 200—250 ps within
deeper QW into the SL. The background contour almost disthe low-energy tail of the spectrum. Efficient spectral diffu-
appears, revealing a complicated fine structure of the resaion is observed within the background contour. Note that
nant part of the spectrum, as illustrated in Fig. 2 for thethe shape of the nonresonant background contour is indepen-
“SL +QW” sample withw=0.81 ML andd=32 A. Thecw dent of the excitation energy and is consistent with that ob-
PL spectra shown there correspond to the excitation energi¢ained for excitation above the Zn,S,Se barriers, in which
around two ZnSe LO phonons above the SL heavy-hole exease no sharp resonant features are observed. This nonreso-
citonic peak visible in a PLE spectrufdashed curve in Fig. nant contribution is also visible in the cw PL spedfsae the
2) detected within the QW excitonic emission band. Thedotted curve at the lowest spectrum in Fig. 2
phonon sideband displays a resonant enhancement within the These findings allow one to determine the main aspects of
excitonic contour and its shape is drastically dependent othe involved energy relaxation process, which is schemati-
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cally shown in Fig. 1. A monochromatically excited popu- Summarizing the previous discussion, most of the pre-
lation of “hot” excitons relaxes to states with a smaller in- sented observations may be approximately explained in
plane wave vector, predominantly by emission of one orterms of the effective mobility edge concept, and it seems
more LO phonons. If the hot exciton cascade finishes withidike even the position of the mobility edge can be explicitly
the tail of localized states, direct creation of a narrow distri-determined(vertical dotted line in Fig. 2 Indeed the exci-
bution of localized excitons is possible, leading to the obsertons below this energy demonstrate an ability to couple with
vation of narrow fluorescence linésiowever, in our sample phonon modes forbidden for free excitons, and their PL ki-
the density of localized states is relatively snial governed netics is specific for hopping relaxation within the tail of
by the choice ofv). Therefore, a narrow distribution éfee  localized state$'?3 On the other hand, the excitonic states
1s excitons is created at the preceding step of the relaxatioabove this energy are generally extended, which is confirmed
cascade, ending in the region with high density of extendedbty the dominant fast tunneling escape towards the deeper
excitonic states. As recently showhsuch a free-exciton QW in the “SL+QW?” structures. The lifetime of these mo-
distribution may remain nonthermal for up t6100 ps. Dif-  bile hot excitons is small, as governed by competition of four
ferent mechanisms compete in the free-exciton thermalizamechanisms(i) fast spectrally selective localization assisted
tion following the initial fast relaxation cascade. The fastestby emission of an optical phonofii) spectrally nonselective
one is accompanied by emission of an optical phonorrelaxation assisted by acoustical phonofiis) radiative re-
(it occurs on the subpicosecond timesgalkhis process re- combination, and(iv) tunneling escape towards different
sults in appearance of the multiple-line phonon sidebandrapping centers, either artificidlike an embedded deeper
within the tail of localized excitons. Note that observation of QW) or natural(defect-induced centers with a fast nonradi-
additional optical-phonon modes, forbidden by momentumative recombination In the sample studied the lifetime is
conservation fofree excitons, is not surprising for the lumi- less than 20 ps, as limited by the available experimental time
nescence tail, since different phonons may coupléotal-  resolution.
ized states»?® Tentatively we assign the multiple-line struc-  Nonetheless, there are other observations that cannot be
ture to ZnSe LO and TO phonons, and interface phonorxplained in this framework. Let us examine in more detail
modes in between. However, the real situation can be evetne PL spectra in Fig. 2. An additional line clearly appears
more complicated, involving ZnSe-like optical phonons from5-10 meV below the LO-phonon-assisted peak, when it ap-
different critical points of the Brillouin zone. No CdSe-like proaches the “mobility edge” from higher energies. The
phonons are expected, due to the low average amount aburse of this line with a variation of the excitation energy is
CdSe in the submonolayer structures. Concerning our expershown in Fig. 2 by a dot-dashed line. Below the “mobility
ments, formation of the intermediate free-exciton nonthermaédge” it merges into the phonon sideband, converting further
distribution seems to be the only possibility to explain theto a small smooth shoulder. The shape of the line is generally
fact that the optical-phonon-assisted narrow lines visiblesmooth, which suggests a relatively slow exciton relaxation
within the tail of localized states are connected to the neighassisted by acoustical phonons. Moreover, there are no opti-
boring LO-phonon-assisted sideband rather than to the resal phonons in the CdSe/ZnSe system, which could fit the
spective excitation energy. Otherwise, assuming independetihe energy. The peak emerges above the “mobility edge”
relaxation cascades for each type of optical phonons, thand also above the background PL contour attributed to the
width of the sideband should be enhanced with an increase iequilibrium distribution of thermalized localized excitons. It
the number of phonons involved. means that the line results from the metastable population of
Another relaxation process destroying the free-excitorexcitons, which are for some reason withdrawn from both
distribution is assisted by emission of acoustical phononsthe tunneling escape along the SL growth axis and the lateral
This mechanism is spectrally nonselective and, therefore, thaiffusion accompanied by thermalization towards the equi-
density of available final states is much larger. As a conselibrium distribution.
guence, this process, while being slower than that assisted by The description of exciton luminescence from fluctuation-
optical phonons, can also be important, depending on thanduced tails, performed in the framework of continuum per-
contribution from other decay mechanisms. In particular, fastolation theory’, predicts that the emission primary results
tunneling escape of free excitons through the short-perioffom isolated localized states, or from complexes of such
SL, followed by their trapping in the QW, makes the rela- stategsuperclustepsof a minimum size, because these states
tively slow (few tens of pgacoustical-phonon-assisted relax- have a limited access to the transitions between the tail states
ation quite inefficient, leading to the drastic decrease in thend, hence, possess longer lifetimes. The localized states lo-
background smooth PL signal. In contrast to that, the excitorcated above the “mobility edge” might be of two kinds.
relaxation driven by acoustical phonons is dominant in theStates of the first type arise from macroscopic regions char-
SL’s without a deeper QW. The lifetime of free excitons acterized by a systematically larger band gap. These states
there is not limited by the artificial escape mechanism andhre essentially similar to all other localized excitons but their
the spectrally nonselective relaxation process enables a hepectrum is energetically shifted. The other type is repre-
mogeneous filling of localized states, giving rise to thesented by well-developed “superclusters” isolated from the
“background” PL contour. This nonresonant part of the PL rest of the medium by a macroscopic barrier. These states
signal is of pure excitoni¢not free-carrier nature, which is  represent an intermediate between true localized and ex-
confirmed by observation of its thresholdlike disappearancéended states and can demonstrate properties inherent for
when exciting resonantly below the “demarcation” energy, both types. Emergence of the states of both types requires a
which resembles in many aspects an effective excitonic moband-gap modulation occurring on the scale of the exciton
bility edge. diffusion length. Introduction of macroscopically isolated re-
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gions could easily be achieved in the studied sample justtudied structurgor larger. A decrease in the excitation spot
allowing the CdSe constituent layers to possess “holes’down to 0.1 mm does not result in noticeable changes in the
(i.e., places where CdSe is replaced by the barrier ZnSe mabserved behavior but detailed micro-PL experiments could
terial) of lateral sizes comparable with the excitonic diffusion probably highlight this question.

length. This situation can very well be generated during |n conclusion, we have presented a semiconductor disor-
growth of these layers, characterized simultaneously by thgered system where localized excitonic states clearly exist
submonolayer average delivery of the material and by a natighove the demarcation energy, which otherwise might be
ral tendency to form complete monolayers. Moreover, emerregarded as an effective excitonic mobility edge. We suggest
gence of such isolated regions agrees well with the model ofyat the driving force of the observed intricate peculiarities is
configuration disorder, suggested for CdSe/ZnSe FM SL's iy macroscopic modulation of the intrinsic microscopic ran-
Ref. 19. Indeed, occurrence of laterally extended “holes™ indom potential, resulting most probably from random cou-
one or more subsequent layers of the SL breaks up the vepling between 2D islands, laterally extended on the scale of
tical configuration of ten coupled QW’s, characterized by thethe excitonic diffusion length. Similar effects may be of cru-
lowest possible exciton energy, into configurations ofcjal importance for understanding localization dynamics in
coupled QW's, which aré) isolated from each other arfiil)  gifferent technologically important semiconductor structures

characterized by the larger band-gap energy. These two Cofhyolving self-ordering effects on the macroscopic séfle.
ditions are obviously adequate to ensure observation of the

“above mobility edge” localized states. Nevertheless, we

cannot rule out a possible contribution from other mecha- This work has been supported in part by the RFBR and by
nisms defining the macroscopic in-plain modulation of thethe Program of Ministry of Science of RF “Physics of Solid
SL band gap. In any case, the characteristic scale of th8tate Nanostructures.” The authors acknowledge the expert
potential modulations should be comparable with the excihelp of Dr. I. Ivanov from Link@ing University in the se-
tonic diffusion length(which is generally unknown for the lective excitation PL measurements.
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