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Temperature dependence of photoluminescence bands in Zn1ÀxCdxSeÕZnSe quantum wells
with planar CdSe islands
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We have studied the temperature dependence of the photoluminescence~PL! spectra of molecular beam
epitaxy grown ultrathin Zn12xCdxSe/ZnSe quantum wells with random and inhomogeneous Cd distributions
over cation sublattice within the temperature interval 2–300 K. Depending on the Cd concentration, the PL
band maximum positionEmax

PL (T) follows either a ‘‘normal’’ or an ‘‘anomalous’’~known as ‘‘S-shaped’’!
temperature dependence. We have analyzed both dependences in detail for a model of an island ensemble
which can be characterized by a single-mode distribution of the most important parameters governing the
optical properties of the quantum well. We demonstrate that the anomalous behavior arises due to the strong
temperature dependence of the lifetimes of a family of metastable states participating in formation of the PL
band at low temperatures. The metastablility of some island states is ascribed to a complex topological
structure of the islands. The mechanism of the exciton-phonon interaction responsible for the fast decrease of
the lifetime of these states with the increase of temperature has the same origin as the mechanism leading to the
vanishing of narrow lines inm-PL. We also present results of time-resolved experiments which yield the shift
of the PL band for hot excitons cooling in a cold lattice.

DOI: 10.1103/PhysRevB.69.085308 PACS number~s!: 78.55.Et, 73.21.Fg, 78.67.De
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I. INTRODUCTION

The effect of temperature on the exciton photolumin
cence~PL! provides important information on the exciton
phonon interaction both in regular semiconductor crys
and in their solid solutions and presents a convenient too
probing the exciton kinetics. For free excitons in many pu
II-VI semiconductors the luminescence bands are stron
dependent on the sample temperature. With a tempera
increase the average kinetic energy of excitons increases
exciton-phonon luminescence replicas broaden, and t
maxima shift in the high energy direction. The shapes
replicas reflect the equilibrium distribution of excitons ov
their kinetic energies in the ground state.1 At the same time
the line of resonant luminescence strictly follows the ba
gap narrowing. The observed shift of the exciton–L
phonon luminescence band maximum results from the in
play of these factors.

In solid solutions the interband luminescence occurs fr
the tails of localized states produced by composit
fluctuations.2 Most efficient in luminescence are the s
called emitting localized states which are spatially isola
from other states and have no means of a nonradia
relaxation.3 The luminescence bands are positioned be
the band gap or absorption maximum of the ground exc
state. The temperature increase leads to an increase o
population of higher states, to a broadening of the lumin
cence bands, and to a monotonic shift of the PL band
wards the absorption maximum.

For quantum wells~QWs! formed of ternary solid solu-
tions with strongly mismatched lattices, the homogene
random distribution of solute atoms becomes unstable
relatively small concentrations. As a result, in the QW pla
0163-1829/2004/69~8!/085308~14!/$22.50 69 0853
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islands of nanometer scale appear, for which the conten
the narrow-gap component essentially exceeds the ave
value for QW. It is generally believed that the formation
islands allows to reduce the internal strains arising from
lattice misfit between adjacent layers.4

Fractional monolayer insertions of CdSe in ZnSe ha
been investigated in many works.5–30 When the total depos
ited amount of CdSe exceeds about 0.5 ML the result
Zn12xCdxSe QWs are inhomogeneous systems incorpora
islands enriched in CdSe content.7 These islands can differ in
size, spatial configuration, and in the excess Cd concen
tion. The island sizes and the distances between the isla
the Cd content within and between the islands, as well as
dispersion of these values, can be estimated from the st
tural data, obtained, for example, by the high resolut
transmission electron microscopy10–15 ~HRTEM! or by the
high resolution x-ray diffraction.19–21

The feature distinguishing the disorder of the system w
islands in an ultrathin QW from that in an random so
solution is the spatial size of fluctuations. The composit
fluctuations in random solid solutions form a potential rel
for excitons due to a random or nearly random distribution
the substitution atoms over the lattice sites. The most imp
tant potential wells for exciton localization have a minim
size which is sufficient for the creation of a single bou
state. The appearance of a potential well containing m
than one localized state is rather improbable statistically
cause this implies a significant increase of the fluctuat
size.31

In QWs with islands the large lateral size of quantu
islands and the considerable difference of Cd concentra
in and between the islands lead to a rich spectrum of lo
ized exciton states. The spectrum of exciton states in an
©2004 The American Physical Society08-1
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land depends on the size of the island as long as the num
of states in the island is small. However, the estimate32

show that if the lateral size of the Zn12xCdxSe islands ex-
ceeds'5 nm the energy position of the deepest states
come almost independent of the island size. The variation
the concentration are much more efficient and lead to str
inhomogeneous broadening of the energy spectra.

Many publications were devoted to the temperature
pendence of the PL-band maximum in two-dimensio
systems.33–43In many cases this dependence at low tempe
tures demonstrates a redshift of the PL maximum with
temperature increase with respect to absorption or the
excitation~PLE! maximum.33–43 In such cases, the temper
ture dependence of the Stokes shift has an anomalou
so-called S-shaped character, i.e., it passes through a m
mum with the increase of temperature.

An anomalous behavior of the Stokes shift was obser
for Zn12xCdxSe/ZnSe QWs grown by different epitaxi
techniques, a few examples can be found in Refs. 17
44–48. The most puzzling feature of the anomalous beha
in these systems is a large value of the low temperature
shift which is sometimes significantly larger than the therm
energy at the temperature at which the shift occurs.

The physical mechanisms and parameters which gov
this anomalous behavior are still under d
cussion.29,35,41,42,44,49A stationary temperature-dependent s
lution for the exciton distribution over localized states w
obtained in Refs. 35 and 41. However, in both works
distribution demonstrates an inappropriate behavior in
low temperature limitT→0. A theoretical model which
takes into account the exciton radiative decay and
exciton-phonon relaxation was developed in Ref. 42. In R
29 and 44 it has been assumed that in Zn12xCdxSe/ZnSe
QWs with nanoislands the exciton relaxation has inter-isla
character. At the same time, recent Monte Carlo simulati
of exciton tunneling relaxation indicate a relaxation on
within the islands.49 It is worth noting that very different
models of Refs. 42 and 49 both have a strong dependenc
the results on parameters of the exciton-phonon interact
However, only a qualitative agreement with experimen
data has been achieved in Refs. 42 and 49. The depend
of the exciton distribution on the details of the excito
phonon interaction suggests a nonequilibrium characte
the distribution of localized excitons in contrast to the ca
of free excitons.1 On the other hand, the normal monoton
type of temperature dependence for the Stokes shift for
luminescence of localized exciton can be expected for
thermal equilibrium redistribution of the population. The d
ference between normal and anomalous dependences
sential only at low temperatures while in the high tempe
ture limit in both cases the PL band maximum tends to
absorption maximum. Therefore, the question arises whe
or not the equilibrium population can produce the anomal
Stokes shift.

The aim of this paper is an experimental study of t
temperature dependence of the Stokes shift between PL
PLE maxima in Zn12xCdxSe/ZnSe QWs with nanoislands
cw and pulse excitation, and the development of the theo
ical approach which assumes the equilibrium distribution
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excitons over the localized states of islands. We show
the redshift of the PL maximum indicates that an apprecia
part of the emitting states of excitons in nanoislands at
lowest temperatures are metastable states46 which can relax
to deeper states as the temperature increases. We con
some simple models of island ensembles which describe
appearance of the metastable states. We assign the tem
ture dependence of the lifetime of the metastable states in
low temperature interval to the new multiphonon mech
nism. This mechanism is similar to that used early to expl
the disappearance of the narrow lines out of them-PL
spectra.5,23,27,44,50

The structure of the paper is as follows. In Sec. II w
describe the details of the experiment. We stu
Zn12xCdxSe/ZnSe systems with planer CdSe islands app
ing within Zn12xCdxSe quantum wells. Section III presen
the typical normal and anomalous temperature shifts of
PL-band maxima. In discussions of our results we rest
ourselves to a single mode quantum island ensemble.
also present the results of time-resolved studies of the shi
the PL band maximum. In Sec. IV we develop a model a
proach in order to find the optical characteristics of excit
states averaged over a single mode quantum island ensem
We also consider the exciton-phonon interaction in island
solve the problem of the anomalous temperature shift of
photoluminescence band and to establish an interrelatio
this problem with the low temperature decrease of the n
row lines in them-PL spectra. In the last section we summ
rize the results obtained in the paper.

II. EXPERIMENTAL DETAILS AND RESULTS

A. Samples

We have studied steady-state and time-resolved PL
well as steady-state PLE spectra of two systems.

~i! Single QWs grown in migration enhanced epita
~MEE! mode by cycled deposition of CdSe~by 0.3 ML per
cycle! in ZnSe matrices. The representative set of samp
with the following number of cycles: 1, 2, 5, 8, and 10 w
used.

~ii ! Single QWs grown by modified molecular beam ep
taxy ~MBE! techniques with a CdS source for supplying C
atoms. The nominal CdSe content in QW ranges from 1.5
3.2 ML ~for more growth details see Refs. 7 and 51.

As established by HRTEM data, QWs in both studied s
of samples consist of Zn12xCdxSe solid solutions with the
mean width of the QW of about 5–10 ML. The width of QW
is defined by the growth technique and practically does
depend on the total amount of deposited CdSe.14,18

Further we present the results on two particular samp
namedMee1 ~a MEE grown Zn12xCdxSe QW with a nomi-
nal Cd thickness of 0.6 ML! and Mbe1 ~a MBE grown
Zn12xCdxSe QW with the nominal Cd thickness of 2 ML!.
The sampleMbe1 consists of a Zn12xCdxSe quantum film
with Cd-rich regions, forming the islands. The islands ha
lateral dimensions from 5 to 10 nm, and their density
evaluated to be about 531011 cm22. In sampleMee1 the
distribution of Cd in quantum film is homogeneous and c
be considered as random.
8-2
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B. Experimental setup and optical characterization of a sample

The 441.6-nm~2.81-eV! or 325-nm~3.81-eV! lines of a
He-Cd laser were used for the excitation of PL spectra. P
spectra were studied using the emission from a Xe la
dispersed by a monochromator. In time-resolved spect
copy we used frequency-doubled pulses from a Ti-sap
laser for excitation with a pulse length of about 150 fs
spectral width of about 10 meV, and a repetition rate of
MHz. A synchroscan streak camera coupled to a spectr
eter was used for detection. The spectral and time resolut
of the detection system were about 0.5 meV and 6 ps, res
tively.

A set of PLE spectra of sampleMbe1 is presented in Fig
1. The PLE spectra were obtained for different detector
sitions in the PL band and were normalized at an energ
2.80 eV, slightly below the exciton transition of ZnSe.30 Af-
ter such a normalization, the PLE spectra coincide in a w
range above some energyEME . This fact proves that the
relaxation times of all states excited aboveEME are much
shorter than the lifetimes of all emitting states.

As it can be seen from Fig. 1, at\v,EME the PLE
curves exhibit a strong dependence on the detection en
The PL band shape and its maximum position also cha
when exciting belowEME as compared with the excitatio
above this energy~see Fig. 4!. Therefore, both PL and PLE
spectra show that different ensembles of the exciton st
are excited above and below the energyEME . They differ
considerably with respect to their relaxation properties. T
difference can be understood if we assume that the exci
above the energyEME are mobile and can be trapped, first
all, by the largest islands, which have the largest cross

FIG. 1. PL and PLE spectra of the sampleMbe1 at 5 K. Curves
1, 1’, 2, and 3 are the PLE spectra detected at different position
the PL band~decorated curve!. Corresponding detector positions fo
these spectra are shown by vertical lines with asterisks. The pos
of the mobility edge is denoted asEME ~see text!. Curve 4 is the
model density of states~DOS! of the exciton localized in the island
Curve 5 is the corresponding spectral DOS of the localized e
tons.
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tion of the trapping process while the excitation belowEME
creates excitons in a random ensemble of islands ha
electronic levels at proper energy. The latter ensemble ha
average, relaxation properties different from ones of the m
effective traps. This difference allows us to regardEME as
the mobility edge for excitons in QW with islands.30

The PLE spectra of the states forming the low energy p
of the PL band do not depend on the detector position e
for E,EME and coincide with high accuracy~see the two
curves labeled by 1 and 1’ in Fig. 1!. This means that the PL
band in this energy interval is formed by the states which
not subjected to further energy relaxation, so that they can
considered as the ground states of the islands. For this
son, the PLE spectra detected at the low energy side of
PL band are expected to reproduce the absorption spec
of excitons in the islands.

III. NORMAL AND ANOMALOUS TEMPERATURE SHIFT
OF THE PL BAND AT CW EXCITATION

In Fig. 2~a! the temperature dependence of the PL ba
maximum positionEPL

max(T) of a QW formed by diluted
Zn12xCdxSe solid solutions is shown~sampleMee1). For
diluted solid solutions the maximum of the PL bandEPL

max(T)
~curve 1! follows a temperature dependence which we sh
call normal. When the temperature increases,EPL

max(T) shifts
monotonically to the band gap temperature depende

in

on

i- FIG. 2. Temperature shift of the PL band maximum.~a! Curve 1
present experimental data for the sampleMee1. Solid line 2 is the
temperature behavior of the PLE maximum approximated by
ZnSe band gap dependenceDEG(T). Curve 3 present the data o
curve 1 after subtraction of the band gap shrinkageDEG(T). ~b!
The same as in~a! for the sampleMbe1.
8-3
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KLOCHIKHIN et al. PHYSICAL REVIEW B 69, 085308 ~2004!
~curve 2!. It is seen that curve 3 in Fig. 2~a! obtained from
the data presented by curve 1 by means of subtraction o
band gap shrinkageDEG(T) tends to the PLE maximum
position atT50.

The temperature behavior of the PL band maximum
sampleMbe1 with nanoislands is demonstrated in Fig. 2~b!.
Though the PL band maximumEPL

max(T) has, in general, the
same tendency as in the previous case to move toward
curve EG(T) its behavior is characterized by the dip at t
temperature of about 80 K. It is seen from Fig. 2~b! that after
the subtraction ofDEG(T) the obtained result@curve 3 in
Fig. 2~b!# differs considerably from the normal behavior.

A. Temperature shift of the band gap in a regular crystal

The temperature dependence of the band gapEG(T) or of
the exciton ground state energy~for simplicity, we do not
distinguish between these two items! results from the elec-
tron and hole interaction with lattice vibrations and from t
thermal expansion of the crystal lattice. A theoretical tre
ment of this problem was presented in Refs. 52 and 53. T
mentioned mechanisms are also responsible for the band
shrinkage in nanosystems, as demonstrated in Ref. 54.

Beyond the straightforward theory in literature there is
number of empirical equations which allow one to fit t
experimental dependence ofDEG(T)5EG(T)2EG(0).55–59

We have found that the dependenceEG(T) for ZnSe bulk
material can be well fitted by the sum of two terms prop
tional to the phonon occupation numbers: the first one w
the Debye temperatureQD of the host lattice and the secon
with Qe f f'0.2QD , corresponding to the interaction with op
tical and acoustical phonons, respectively:

DEG~T!52aN~Qe f f!2gN~QD!, ~1!

where

N~Q!5@exp~Q/T!21#21, ~2!

andQ5QD or Qe f f .
To describe theDEG(T) in Figs. 2~a! and 2~b! we have

used Eq.~1! with parameters for free exciton transition
of ZnSe (QD5270 K,60 Qe f f554 K, a50.005 eV, andg
50.0888 eV). The obtained curve is shifted to fit the po
tion of corresponding PLE maximum@curves 2 in Figs. 2~a!
and 2~b!#.

B. Thermal population of excited states in random solid
solutions and in islands

We denote the difference in energies of absorption
luminescence band maxima at zero temperature as

DES5EPLE
max~0!2EPL

max~0!, ~3!

whereEPLE
max(0) andEPL

max(0) are the energies of absorptio
and emission maxima. We assume that the temperature
of absorption maximum coincides with the shift ofDEG(T):

EPLE
max~T!5EPLE

max~0!1DEG~T!. ~4!
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The temperature shift of the PL band maximumEPL
max(T)

is determined by three terms. The first of them is comm
for the absorption and emission processes and is relate
the band gap dependenceEG(T). This process does not shi
the emission with respect to the absorption.

The second term is temperature dependent class
Stokes shift of absorption and emission in opposite dir
tions due to phonon assisted processes. This term is not
important for the exciton states in quantum islands which
characterized by the relatively weak exciton-phonon inter
tion and can be neglected. The third term is inherent to d
ordered systems and arises from the thermal redistributio
population between ground and excited states.

~1! The luminescence of random solid solutions at low
temperatures is formed by the spatially isolated states wh
have no ways for exciton-phonon transition into low
states.3 The density of states~DOS! of spatially isolated
statesr isol(v)3 can be found with the help of classical pe
colation theory,

r isol~v!5r~v!exp@2bN~v!/N~EME!#, ~5!

wherer(v) is the density of localized states and the value
b is known for different continuum systems. It has the ord
of unity and depends on the dimensionality of disorde
system.61 N(v) is the integrated number of localized stat
below v. The luminescence intensity is proportional to t
spectral DOS of these states and the maximumEPL

max(0) oc-
curs just below the percolation thresholdEME .

In case of weak cw excitation we can use the Gibbs s
tistics for the equilibrium population of the excited states
every island. Then the average population of the localiz
states in island ensemblep(v,T) can be written as

p~v,T!;Z21~T!K r isol~v!1E
2`

v

dv1@r isol~v1!/r isol#

3@r~v!2r isol~v!#exp$2\~v2v1!/T%L . ~6!

Here, r isol5*2`
` dvr isol(v), and Z5*2`

` dv^•••& where
the angle bracketŝ•••& contain the same expression as
Eq. ~6!.

The functionp(v,T) has the especially simple behavio
at T→0 and T→`. In the limit T→0 the population
p(v,T);r isol(v). These spatially isolated states should
taken into account to maintain the equilibrium populati
because they play a role of ground states in a disorde
system. In the limitT→` all states are equally populated
andp(v,T);r(v).

According to Eq.~6!, the thermal population of excited
states spreads monotonously to the blue at increasing
temperature. The same character we can expect for the
havior of the PL band until its maximum reaches the posit
of the zero-phonon band of the spectral DOS, i.e., the
sorption band maximum. A further increase of the populat
of higher states should not shift the PL band maximum
8-4



.

fa
il
t

ra
ha
y
r
v
b
sp
re
an
ax

nd

al

ta
ac
t t
or
s
y

th
a

he
d

-

te

tu
-

ca

o
th

at

m
ta

ow
e

ing

m

lous
ime
f the
st
nor-
he
ribed

PL
s of
so-

he
y
,

in

ta-
e
re
ll.
the

t of
us
n

ft
es
of
g
r

ch
for
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cause the oscillator strength of these states rapidly drops
a result,EPL

max(T) should follow theEG(T) dependence in the
high temperature limit.

~2! In the case of QWs with islands the PL band is
below the mobility edge of the QW. It is formed by the ta
states of the band which is observed in PLE spectra as
low energy maximum.

In order to explain the origin of the anomalous tempe
ture shift of the PL band in QWs with islands we assume t
the PL band and the low energy PLE band are formed b
entire group of states in every island. These states diffe
the energy position and in the spatial extent of the wa
functions. The low energy PLE band maximum is formed
the highest states from this group. The lowest states are
tially isolated from each other and have the lifetime
stricted by the radiative recombination. The intermediate
highest states of this group have the possibility for the rel
ation with the phonon emission.

In the case of islands we introduce two energiesEisol and
Emts.Eisol for the averaged characterization of the isla
ensemble~index mts stands for metastable states!. The en-
ergy Eisol we define as an average upper border of spati
isolated states in the island system and the energyEmts(0) as
an average upper border of all isolated plus metastable s
forming the PL band at zero temperature. Taking into
count that islands form a disordered system, we presen
averaged density of spatially isolated states again in the f
of Eq. ~5!, where nowr(v) is the average density of state
localized in islands,b is a parameter of the order of unit
andN(v) is an average integrated density of states belowv
in the island ensemble. The similar form we assume for
averaged density of all isolated plus metastable states
finite temperature, namely,

r isol1mts~v,T!5r~v!exp@2bN~v!/N@Emts~T!##. ~7!

This equation gives the density of states which can be t
mally activated. We can express the temperature depen
border position of the metastable states as

Emts~T!5~Emts~0!2dE$12exp@2temwrel~T!#%!, ~8!

wheredE5@Emts(0)2Eisol#, andwrel(T) is an average re
laxation probability for the metastable states andtem is the
lifetime of the radiative recombination. The metastable sta
participate in the PL band formation until@temwrel(T)#
,1. They disappear from luminescence at some tempera
in the limit @temwrel(T)#@1 if they are not thermally popu
lated at this temperature.

For the thermal population of the excited states we
again use Eq.~6!, substitutingr isol1mts(v,T) for r isol(v).
The temperature increase in this case causes, on the
hand, the thermal activation of the higher states and, on
other hand, the shift of the border of the metastable st
toward the border of isolated statesEisol which is indepen-
dent on the temperature. These two processes shift the
band maximum in opposite directions. If there exists a te
perature interval where the shift of the border of the me
stable states is dominant the PL band will shift toward l
energies. Results of calculations of the DOS and of the sp
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tral DOS of the exciton states localized in the island us
parameters appropriate for the sampleMbe1 are shown in
Fig. 1.

Results of model calculations of the shift of the maximu
of the spectral DOS of populated states~PL band maximum!
are presented in Fig. 3. Curve 1 demonstrates the anoma
behavior due to the temperature dependence of the lifet
of metastable states. Curves 3 and 4 give an example o
normal shift which was obtained in the limit of the very fa
relaxation of the metastable states. Curve 5 exhibits the
mal dependence in the limit of very slow relaxation of t
metastable states. Details of these calculations are desc
in Sec. IV.

Figure 4 shows the low temperature shapes of the
bands at different excitation energies together with result
model calculations of the spectral DOS of isolated and i
lated plus metastable states, the densities of whichr isol(v)
andr isol1mts(v,T50) are given by Eqs.~5! and~8!, respec-
tively, with b51. In these calculations we have used t
energiesEisol and Emts as fitting parameters. The energ
parameterEmts(0) is found by fitting the PL band shape
using the spectral DOS of the states given by Eq.~7! and the
model DOSr(v) derived in Sec. IV. The parameterEisol(0)
was defined by fitting the shift of the PL band maximum
the high temperature limit@temwrel(T)#@1.

C. Shift of the PL-band maximum at pulse excitation

A fast increase of the relaxation probability of the me
stable stateswrel(T) at low temperatures can explain th
low-energy shift of the PL band maximum in the temperatu
interval where the normal part of the shift is relatively sma
The only reason for the fast decrease of the lifetime of

FIG. 3. Results of model calculations of the temperature shif
the PL band maximum in different limits. Curve 1 is anomalo
shift for @temwrel(T)#;T3.5, curve 2 is the same after subtractio
of the band gap shrinkageDEG(T), curve 3 present the normal shi
in the limit of very fast relaxation of metastable stat
(temwrel(T))→`, curve 4 is the same after subtraction
DEG(T). Curve 5 is the normal shift in the limit of nonrelaxin
metastable states (temwrel(T))→0, and curve 6 is the same afte
subtraction ofDEG(T). Teq denotes the temperature above whi
only the equilibrium population of excited states is responsible
the shift.
8-5
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KLOCHIKHIN et al. PHYSICAL REVIEW B 69, 085308 ~2004!
metastable states can be an increase of the exciton-ph
relaxation rate with temperature. The time-resolved spect
copy gives a possibility to exclude the temperature effect
the exciton relaxation rate.

Figure 5~a! demonstrates the results of the pulsed exc
tion experiment. The shape of the PL band shows that
excitons are distributed over an energy interval depending
the time delay. A monotonic shift of the PL band maximu
occurs with a time delay increase, which represents the
citon relaxation in the cold lattice. In this case we can s
pose that the metastable states do not relax during the o

FIG. 4. ~a! PL spectra of the sampleMbe1 at the temperature
T55 K for excitation energies 2.641~curve 1! and 2.779 eV~curve
2!. Curve 3 is the PL spectrum at cw excitation above the Zn
band gap. Curve 4 is the spectral DOSs of the exciton ground s
in island calculated in Sec. IV. Curves 5 and 6 are the spectral D
of exciton at different positions ofEmts calculated in Sec. IV.

FIG. 5. ~a! Time resolved PL spectra of the sampleMbe1. at 5
K. The signal was integrated over 10 ps for every time delay. T
delay for experimental curves in the order of red shift isDt50, 50,
100, 200, 400, and 600 ps, respectively. The last curve coinc
with the PL spectrum at cw excitation. Decorated curves 1 and 2
the time resolved spectra atDt550 and 600 ps. They are als
presented in~b! for comparison. Curve 3 is the calculated spect
DOS simulating the PLE spectrum.~b! The set of solid lines presen
the calculated PL spectra of excitons at different effective temp
tures. Curves 1, 2, and 3 and the PLE spectrum are the same
~a!.
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vation time which corresponds to the limiting ca
@temwrel(T)#→0. Curve 5 in Fig. 3 demonstrates results
the model calculations of the shift of the PL band maximu
in this limit.

The model calculations of Sec. IV presented in Fig. 5~b!
show that the position of the corresponding PL band ma
mum at every time delay can be characterized by some
fective temperatureT* which can be determined from
comparison of observed and calculated PL band position

The shift of the PL band maximum as a function ofT*
has a monotonic normal-like character for the same sam
which shows the anomalous dependence in the tempera
interval from 5 to 250 K while heating or cooling the samp
Thus, the key issues for the explanation of the anomal
temperature shift are the questions~i! why and how do the
metastable states arise at least in some islands, and~ii ! why
do they disappear from emission already at relatively l
temperatures. These two problems are treated in Sec. IV

IV. AVERAGED CHARACTERISTICS OF EXCITON
STATES IN AN ISLAND ENSEMBLE

A. Statistical models of island ensembles

The influences of the lateral shape of the island on
spectrum and on the luminescence characteristics were
investigated properly till now. There are different reaso
which can lead to the formation of different lateral shapes
islands. The first reason is simply statistical. Even if we co
sider an ensemble of identical ‘‘unit’’ islands, their rando
distribution in space will create a number of island clust
which can be treated as islands of different sizes and dif
ent lateral shapes. The exciton relaxation rate from a s
into some deepest state will sharply decrease if, for exam
these two states are positioned in different islands of
cluster of two weakly overlapping islands. Therefore, we c
expect a qualitative change of the relaxation rate for the p
of exciton states localized in island complexes as compa
with the isolated islands. That is, in such complex islan
appears the possibility of a space separation of the w
functions and of a slow nonradiative relaxation of the ex
tons in excited states.

Let us consider a QW containingn51011 cm22 islands
which have, in the lateral plane, the shape of disks with
diameter equal to 10 nm. We assume that the entire lat
plane of a QW is divided into square cells with the side eq
to L510 nm, so that the number of cells on the unit area
N5(1/L)251012 cm22, and an island can be placed only
a cell. The concentration of islands in the sample isc
5n/N50.1 or 10% of the cells will be filled by islands
Each of the cells hasz54 neighboring cells with common
sides and, therefore, the island distribution can be descr
in analogy with the problem of percolation over lattice sit
in a square lattice. An island is isolated if no other islands
placed in the four neighboring cells with common sides. T
islands have contacts and can be considered islands of la
size if they occupy two cells with a common side. If th
distribution of islands is random the fraction of isolated
lands is
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n15Nc~12c!z. ~9!

Then all the other islands,

ncom5~n2n1!5Nc@12~12c!z#, ~10!

form complexes consisting of two and more cells with
lands. Therefore, atc50.1 more than 30% of islands form
complexes or islands of a larger size. Taking into acco
that at a concentrationc far below the percolation threshol
most of these complexes contains two and three unit isla
we can conclude that the number of isolated unit islands
of their complexes is comparable.

A larger number of complexes arise in a lattice built
hexagons where the number of neighboring hexagonsz is
equal to six. At the same value ofc50.1, about half of the
islands will form complexes.

The other possibility to form the islands of complex sha
is to build it from randomly distributed overlapping disks
equal size. The number of disks which form the complexe
the same concentration of disks constitutes also about 3

Another reason for the physical nature of the formation
island complexes can be caused by the process of diffu
limited aggregation. Some preliminary experiments indic
that the thermal annealing of InGaN samples after the gro
processes63 or the increase of the growth interruption tim
before the cap layer deposition in ZnSe/CdSe/ZnSe syste51

drastically affects the number and the distribution of islan
on sizes. These facts give the evidence of an important
of the diffusion processes in island formation.

It is known that diffusion limited aggregation leads to
complex disordered shape of aggregates.62 One of the impor-
tant features of such aggregates is a multibranch struc
around the common center. The average number of bran
in an aggregate is restricted by topological considerati
and in two-dimensional~2D! systems it is about six. The
most part of atoms are in branches, which are well isola
from each other by the distances comparable with the siz
branches. Then every branch of the aggregate can be tre
as a separate island which is weakly connected with the
ers through the center.

Schematically, the formation of complex islands due
weak overlapping of the island potential wells which is fo
lowed by the metastable states occurrence is shown in
6~a!. A statistical origin of islands suggests a great variety
their realizations. Differences in the size, shape, and con
tration of components of the solid solution make it impra
tical to discuss the properties of excitons in any particu
island. In this section we present the model of an aver
unit island which characterizes an island ensemble
which describes most important optical characteristics of
island ensemble in a 2D quantum well. We assume that c
tering together of the unit islands does not change such c
acteristics of the island ensemble as the DOS and the spe
DOS. However, a complicated spatial shape of combi
islands creates the metastable states. We discuss als
mechanism of the fast increasing of the relaxation rate
metastable states at the temperature increase and prese
sults of model calculations.
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B. Model density of states and spectral density of states

We consider the problem of exciton localization in islan
of superthin QWs using as a starting point the excit
Hamiltonian for nondegenerate and isotropic bands of R
64. Data on high-resolution transmission electron micr
copy for our samples show that the Cd distribution in t
growth directionz is more or less symmetrical with respe
to the middle point of the QW.13,14,18 We approximate this
distribution by the function

C~z,rW !5
4C~rW !

@exp~2z/ l !1exp~z/ l !#2
, ~11!

wherez50 corresponds to the middle point of the distrib
tion. A parameterl defines the width of the Cd distribution
andC(rW) is the Cd concentration in the central monolayer
the QW in the arbitrary pointrW of the lateral plane. The
variableC(rW) in Eq. ~11! is considered as a continuous fun
tion and represents the two dimensional Cd concentrat
Using the Cd distributionC(z,rW), we can present the poten
tial perturbation for electrons and for holes produced by
QW in the ZnSe matrix as

U~z,rWe,h!52C~z,rWe,h!De,h , ~12!

wherez is the electron or the heavy hole coordinate in t
transverse direction, andDe andDh are the electron and hol
band offsets, respectively. We assume that

De1Dh'Eg~ZnSe!2Eg~CdSe!. ~13!

The ratioDe :Dh54:1 and the valueDe1Dh51 eV will be
used in the calculations.

FIG. 6. ~a! Energy diagram of a Zn12xCdxSe quantum well in
ZnSe. Isolated~II ! and overlapping~OI! islands. Metastable state
~MS! in overlapping islands and isolated~ground! states~IS! of
islands.~b! Curve 1 presents the sum of size quantization energ
of electron and hole in quantum well. Curve 2 is the spectral den
of the exciton states in quantum well averaged over island
semble. For comparison the PL and PLE spectra of the sam
Mbe1 are also given.
8-7
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We consider the limit of strong confinement of both pa
ticles in thez direction and a large size of an island as co
pared with the exciton radius in the lateral plane. The eig
function of the electron-hole pair can be written as

F~rWe ,rWh!5C~RW !c~rW !f~ze!f~zh!. ~14!

Here, RW is the 2D dimensional coordinate of the electro
hole pair center of mass, andrW is the space separation of th
particles in lateral plane,ze and zh are their coordinates in
the transverse direction. The strong confinement sugg
that radii of both functionsf(ze) andf(zh) are less than the
exciton Bohr radiusaB for confined particles. In turn, the
exciton radiusaB is assumed to be less than the lateral s
of an island and to be less than the radius of the wave fu
tion C(RW ). The last assumption means that the funct
C(rWe,h) can be considered as the function of the center
mass coordinateC(RW ) in the lateral plane with appropriat
accuracy.

The ground quantization levels for the electron and
hole in the QW with profile in thez direction given by Eq.
~11! can be found as eigenvalues of equation

H \2

2Me,h
¹z

22U~z,RW !J f~z!5Ee,h~RW !f~z!. ~15!

Here,Me,h is the electron or the hole mass of the bulk ZnS
The heavy hole massMh we obtain by subtraction of the
electron massMe50.16m0 from the translation exciton mas
in the ~100! direction Mhhe52.2m0.65 The center-of-mass
coordinateRW enters Eq.~15! as a parameter. The distributio
in z direction given by Eq.~11! allows us to obtain an ana
lytical solution of Eq.~15!,

Ee,h~RW !52
Ee,h

0

4~ l /a!2
$211A11F%2, ~16!

where

F5
4C~RW !De,h

Ee,h
0 S l

aD 2

.

a is the interatomic distance,Ee,h
0 5\2/2Me,ha2. The corre-

sponding wave functions are

fe,h~ze,h!);@12tanh2~ze,h / l !#F1, ~17!

whereF15A2Ee,h(RW )/Ee,h
0 ( l /a)2. Equation~16! expresses

the size quantization energies using the band edge of
wide gap material as the point of reference.

To describe the island, we introduce a deviation of the
distribution from the concentrationC0 corresponding to the
mobility edge energy

C~RW !5C01dC~RW !. ~18!

The strong confinement suggests the dependence of the
lomb energy on the confinement depth. We can find the C
lomb binding energyRy@C(RW )# of the quasi-2D exciton and
08530
-
-
-

-

sts

e
c-
n
f-

e

.

he

d

ou-
u-

the wave functionc(r) using the Coulomb energy of th
electron-hole interaction in the form

2
e2

«0@C~RW !#
E E dzedzh

uf~ze!f~zh!u2

Ar21~ze2zh!2
,

wheref(ze,h) are the normalized wave functions of the ele
tron and the hole confined in the QW.«0@C(RW )# is the static
dielectric function which we define as the linear combinati
of those for ZnSe and CdSe«0@C(RW )#5C(RW )«0

CdSe1@1

2C(RW )#«0
ZnSe. The quantization energyE1(C)5Ee(C)

1Eh(C)1Ry@C# as a function of CdSe concentration
given by curve 1 in Fig. 6~b!.

Taking now the value E1(C0)5Ee(C0)1Eh(C0)
1Ry@C0# as the zero point for the energy, we introduce t
deviation

dE~RW !5E1~C01dC~RW !!2E1~C0!

1Ry@C01dC~RW !#2Ry@C0#, ~19!

which describes the lateral relief of the island potential e
ergy for the exciton center of mass as a function of the
distribution. We note that, in general, the exciton bindi
energyRy@C(RW )# is dependent ondC(RW ) and is also a func-
tional of the electron and hole confinement energies. Ho
ever, in the case of the sampleMbe1 the quasi-2D Coulomb
energy depends mainly ondC(RW ) and only weakly changes
from EME to EPL

max because of the strong confinement.
To find the parameters of the lateral profile of the pote

tial well governing the oscillator strength distribution ov
the levels with different depth, we consider the model pot
tial dE1(R5uRW u) corresponding to the following deviation
of the Cd concentrationdC(R),

dC~R!5Q~R12R!1Q~R2R1!dCmax/cosh2@~R

2R1!/R2#, ~20!

whereQ(X) is the steplike theta function, andR1 andR2 are
parameters which transform the profile of the potential w
from a boxlike shape to bell-like or basinlike shapes.32 Fi-
nally, the equation of motion for the center of mass of t
exciton in the lateral plane can be written as

H 1

2M
¹RW

2
1dE~R!J C~RW !5EC~RW !, ~21!

wheredE(R) is given by Eqs.~19! and ~20!.

C. Results of model calculations of the DOS and spectral DOS

The absorption coefficient is proportional to the spect
DOS of excitons localized in islands. In order to find th
spectral DOS, we have to evaluate the probabilityuC(kW )u2,
whereC(kW ) is the Fourier transformation of the wave fun
tion C(rW),
8-8
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C~kW !5
1

2pE d2R exp$2 i ~kW RW !%c~RW !, ~22!

in the limit k→0. We have assumed the average poten
profile of Eq.~20! which depends only on the radial variab
uRW u. Hence, only the states with the quantum numberm50
at arbitrary values of principal quantum numbern can con-
tribute to the spectral DOS.

The PLE experimental data on the spectral DOS given
curves 1 and 18 for the sampleMbe1 in Fig. 1 can be
approximated best of all by the spectral DOS~curve 5! for
the basinlike distributiondC(R) given by Eq.~20! with pa-
rametersl /a55.5, R2 /R150.25, anddCmax50.1425. The
same data are presented in Fig. 6~b!. The Cd concentration
between the islands is supposed to beC050.175 in accor-
dance with the position ofEME . The number of lattice sites
covered by the island given by the integr
p@*0

`(dC(R)/dCmax)dR#2'550 yields the linear size of is
land of about 6.5 nm. The distribution of Eq.~20! with given
above parameters corresponds to the maximum Cd con
tration equal to 31.75% in the center of island and to
exponential decrease of the concentration to the peripher
to 17.5%. Both values are in good accordance with the H
TEM estimation of these concentrations, 27% and 17%,
spectively. The DOS~curve 4 in Fig. 1! has a steplike shape
as can be expected for a 2D system.

Islands of 5–10-nm size can have a considerable num
of localized states differing in localization energy. Therefo
we have to sum over all localized states to obtain the spe
DOS. In order to simulate the experimental PLE spectra
must take into account, in general, three inhomogene
broadening mechanisms of the spectral DOS of the isl
ensemble, namely, fluctuations of the island size, fluctuati
of the maximal Cd contentdCmax, and fluctuations of Cd
and Zn distributions over the lattice sites in an island at
fixed size anddCmax. We restrict ourselves to a single-mod
island ensemble and take into account fluctuations ofdCmax
and of atom distributions inside the island. The spectral D
averaged over these parameters is shown by the curve
Fig. 1 and by curve 2 in Fig. 6.

D. Relaxation due to phonon assisted processes

Usually, the exciton-phonon relaxation rate is hi
enough to maintain an equilibrium or quasiequilibrium pop
lation of the exciton states during the radiative recombi
tion time. A special situation arises if the radiative lifetim
and the time characterizing relaxation processes for a num
of emitting states are comparable. When the rate of exci
phonon transitions has a strong temperature dependen
complex interplay of these processes can occur.
S-shaped temperature shift of the PL band maximum can
considered as a result of such an interplay. The S-sha
temperature shift can occur for samples containing island
a complicated space configuration.

The probability of the phonon assisted transition from
stateEl to the stateEl8 for El.El8 can be written in the
second order of the perturbation theory as
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v0

~2p!3E d3quHl,l8~ j ,q!u2d~El2El82\V j ,q!

3@11N~V j ,q!#. ~23!

In the opposite caseEl,El8 , the phonon energy\V j ,q in
the d function changes its sign and the phonon Bose fac
N(V j ,q) appears instead of@11N(V j ,q)#. In Eq. ~23!
Hl,l8( j ,q) is the matrix element of exciton interaction wit
phonon of branchj with wave vectorq. As follows from Eq.
~23!, the energy of a phonon involved in this process sho
be equal to the energy difference (El2El8), and the tem-
perature dependence of the probability arises at tempera
comparable to the energy difference.

The transition of an exciton from a stateEl to the ground
stateE1 and the backward transitionE1→El maintain an
equilibrium population of both states if the radiative lifetim
for these states is large enough. The ratio of the equilibri
population of the excited stateEl and the stateE1 at tem-
peratureT is equal to the ratio of phonon Bose factors f
these two processes, which, as it follows from energy c
servation law, is

N~V j ,q!/@11N~V j ,q!#5exp$2~El2E1!/T%. ~24!

~Here and below the energy units are used for the temp
ture.! At temperaturesT!(El2E1) the ground state will be
mainly populated while the excited state population reac
a significant value only atT'(El2E1).

The situation differs if the equilibrium is maintained b
tween the ground state and a group ofZ states with localiza-
tion energiesEl , l52, . . . (Z11). We consider the situa
tion when the equilibrium is maintained between the grou
state and a group ofZ states with close localization energie
El , l52, . . . (Z11). In this case for anyl.1 the inequal-
ity

uEl2Elu!~El2E1!, ~25!

should hold, where the average energy is

El5
1

Z S (
i 52

(Z11)

ElD . ~26!

The transition probability from the ground state to theZ
states of the group of excited states increases proportion
to Z. As a result, the equilibrium distribution will be reache
at the temperature

T5
~El2E1!

ln Z , ~27!

which atZ56 is almost two times less than the differen
(El2E1). At the same time the relaxation lifetime for th
transition into the ground state remains dependent on
temperature only due to phonons with an energy of or
(El2E1).
8-9
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E. Phonon assisted processes in island ensembles

In order to answer the question of why the metasta
states disappear from the emission at low temperatures
fore being thermally populated, we have to consider in a v
detail the major features of the exciton-phonon interaction
islands, and to analyze the influence of complex shape
real islands on the processes of the exciton-phonon inte
tion.

The exciton-phonon HamiltonianHe f presents the sum o
the electron- and hole-phonon Hamiltonians. The matrix
ements of the exciton-phonon Hamiltonian can be written
the effective mass approximation as66

HFF
a, f 5@Fe,q

a expi ~qW r e
W !1Fh,q

a expi ~qW r h
W !#FF . ~28!

The functionsFe,q
a and Fh,q

a were given by Cohen and
Sturge66 for the Fröhlich interaction (a5F) and for the de-
formation (a5D) and for piezoelectric (a5P) coupling to
acoustical phonons.

Using Eq.~14! we can write the matrix elements in Eq
~28! as

@expi ~qW r e
W !#FF

5@expi ~jWRW !#C(R)C8(R)

3Fexp6 i S jWrW
m

me,h
D G

c(r),c(r)

@expi ~qzz!#fe,h(z)fe,h(z) .

~29!

Here,j is the phonon wave vector in the plane of the Q
andqz is its component perpendicular to the QW plane.

Although both diagonal and off-diagonal matrix elemen

@expi(jWRW )#C(R)C8(R) are important we shall take into accou
only the matrix elements between the ground statesn51 of
the internal motion of the exciton

Fexp6 i S jWrW
m

me,h
D G

1,1

and those for the size quantization@expi(qzz)#fe,h(z)fe,h(z) .

Herem is the reduced mass of the exciton.

1. Phonon assisted processes: vanishing of the narrow lines o
micro-PL with temperature

The diagonal matrix element@expi(jWRW )#l,l in the time-
dependent Hamiltonian of the exciton-phonon interact
leads to the formation of a continuum exciton-phonon ba
The increase of the width of this band with the temperatur
accompanied by the quenching the narrowd-like zero-
phonon line. As a result, instead of a narrowd-like contribu-
tion of the localized stateEl to the density of states a broa
band D(\v2El) appears. Using well known results from
Refs. 67 and 68 we can write the density of states for loc
ized excitons at an arbitrary temperature as
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D6~\v2El!5
1

2pE2`

`

dt exp@ i ~v2El /\!t6Fl,l~ t !#,

~30!

where

Fl,l~ t !5(
j ,q

uHl,l~ j ,qW !u2

~\V j ,q!2
$@exp~2 iV j ,qt !21#~N~V j ,q!

11!1@exp~ iV j ,qt !21#N~V j ,q!%. ~31!

Here,Hl,l( j ,qW ) is the matrix element of the Hamiltonia
HFF

a, f of Eq. ~28! containing only diagonal matrix elements o

the operator@expi(jWRW )#. The wave function of the exciton
localized in the islandCl(R) decreases rapidly beyond th
island, and, therefore, the island sizeL or the radius of the
wave function restricts the wave vectors of acousti
phonons forming the exciton-phonon band. The sum oveq
in Eq. ~31! is restricted by the values ofq'q051/L, where
L is the lateral size of the wave function or of the island.
L'5 nm and at the sound velocitys51.53105 cm/sec the
energy of the involved phonon is\q0 s'0.2 meV. The
exciton-phonon interaction rate increases with the temp
ture because the Bose factors for Stokes and anti-Stokes
cesses for acoustical phonons reach their classical l
T/\q0 s. This results in a decrease of the peak intensity
the zero-phonon line as

expH 2(
j ,q

uHl,l~ j ,qW !u2

~\V j ,q!2
@2N~V j ,q!11#J

'exp@22g0~T/\q0s!#, ~32!

whereg0 is the effective constant of exciton-phonon intera
tion.

Figure 7 demonstrates the effect of this part of excito
phonon interaction on the narrow line peak intensity in t
micro-PL spectrum of Zn12xCdxSe QWMbe1. The phonon
wings of the narrow line are more difficult to observe sin

FIG. 7. Reduction of narrow line intensity within them-PL band
as temperature increases~sampleMbe1). Experimental data atT
57, 15, 22, and 35 K froma to d, respectively are presented b
lines with symbols. Broken lines are calculated line shapes.
8-10
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TEMPERATURE DEPENDENCE OF PHOTOLUMINESCENCE . . . PHYSICAL REVIEW B 69, 085308 ~2004!
they are hidden in a much more strong background du
phonon replicas of higher states of the islands. The temp
ture interval where the peak intensity decreases dramatic
is defined by the energy of the acoustical phonon forming
exciton-phonon band and, therefore, by the size of the typ
island or the wave function of exciton in a QW. In agreeme
with experiment, the decrease of the narrow line intens
is about five times at the value of\q0 s'0.2 meV, and
at g0'0.045 within the temperature interval present
in Fig. 7.

2. Relaxation processes with diagonal interaction in all orders
of perturbation theory

We assume that due to the space separation of intera
metastable states an inequality (wl,l8tem)!1 holds.

The probabilitywl,l8 given by Eq.~23! is proportional to
the phonon DOSgj (\v) at the energy\v5El2El8 re-
duced by the factoruHl,l8( j ,q)u2. The energy conservatio
law restricts the energy of the phonon participating in
process while the large spatial extent of island restricts
maximum values of the phonon wave vectors. We will sh
that multiphonon corrections due to diagonal matrix e
mentsHl,l( j ,q) can strongly increase the value ofwl,l8 .

Straightforward calculations taking into account t
renormalization of both statesl andl8 and the exchange o
phonons between these two states due to the diagonal m
element of the exciton-phonon interaction transform Eq.~23!
into

wl,l85
2p

\

v0

~2p!3E d3quHl,l8~ j ,q!u2@1

1N~V j ,q!# (
m50

`

(
l 50

m
1

~m2 l !! l !

3F )
a50

m2 l

(
j a ,qa

gl,l8
1

~ j a ,qW a!G
3F )

b50

l

(
j b ,qb

gl,l8
2

~ j b ,qW b!Gd

3FEl,l82\V j ,q2 (
a50

m2 l

\V j a ,qa
1 (

b50

l

\V j b ,qbG ,

~33!

where

gl,l8
1

~ j ,qW !5~N~V j ,q!11!UHl,l~ j ,qW !

~\V j ,q!
1

Hl8,l8~ j ,qW !

~\V j ,q!
U2

,

~34!

and gl,l8
2 ( j ,qW ) is obtained by the substitution ofN(V j ,q)

instead of@N(V j ,q)11#.
The zeroth term of this series atm50, l 50, a50, and

b50 coincides exactly with Eq.~23!. As follows from Eq.
~34!, the exciton-phonon constants are, practically, doub
because both initiall and finall8 states are renormalized b
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the diagonal exciton-phonon interaction and by the excha
of phonons. The argument of thed function in Eq. ~33!
shows the major effect which results from the diagon
exciton-phonon interaction. That is, it shows that in the
laxation process due to the off-diagonal exciton-phonon
teraction an a arbitrary number of phonons with small en
gies can be involved.

This leads to an increase of the relaxation probability
compared with Eq.~23!, and to the strong temperature d
pendence of the probability at low temperature. The last
sult follows from Eq.~34!, because the exciton phonon in
teraction increases with temperature. Taking into acco
that the most important phonons have wave vectors of
order of q'L21, whereL is the spatial size of the excito
localized in an island, we conclude that the Bose factors
to the diagonal matrix elements are already proportional tT
at very low temperature.

In order to estimate the temperature dependence of
relaxation probability, we keep in Eq.~33! only the Stokes
processes with emission of phonons. This leads to the s
plification of Eq.~33!:

wl,l85
2p

\

v0

~2p!3E d3quHl,l8~ j ,q!u2@1

1N~V j ,q!# (
m50

`
1

m! F )a50

m

(
j a ,qa

gl,l8
1

~ j a ,qW a!G
3dFEl,l82\V j ,q2 (

a50

m

\V j a ,qaG . ~35!

Here, the wave vectors of allm phonons are smallqa
;q0'L21. Assuming the inequalityT@\sq0, wheres is
the sound velocity, and performing the integration overq
with the help of thed function, we obtain

wl,l8'
2p

\

v0

2p2 (
m50

`
1

m! F4g0T

\sq0
Gm

uHl,l8@ j ,Q~m!#u2@1

1N~V j ,Q(m)#Q
2~m!, ~36!

where

Q~m!5@El,l82m\q0s#/~\s!.

In Eq. ~36! we have used the same simplified express
for the exciton-phonon interaction constantg0, as earlier in
Eq. ~32!. As follows from Eq. ~36!, the magnitude of the
exciton-phonon interaction constant is doubled as compa
with Eq. ~32!. The value of the terms in the sum of Eq.~36!
increases with them increase when the temperature is hi
enough and@4g0T/(m\sq0)#.1 until the factors decreasin
with m, namely, Q2(m) and uHl,l8@ j ,Q(m)#u2, become
more important. The value ofm is restricted by the inequality
m<El,l8 /\q0s. Therefore, it is possible to find an optima
value ofm5m0, which defines, at a given temperature, t
value ofwl,l8 and its temperature increase

wrel~T!'wl,l8~0!$11@~4g0T!/~m0\sq0!#m0%. ~37!
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KLOCHIKHIN et al. PHYSICAL REVIEW B 69, 085308 ~2004!
The same consideration can be used for any statel i from the
group of states nearest to the ground state. If the lifetime
these states at low temperatures are much shorter or
comparable to the radiative time, they can participate in
formation of the PL band. The temperature increase w
change the situation and at some temperature the relax
probability will exceed the emission probability. As a resu
the shape of the PL band will change.

F. Model calculation of the shift of the PL band maximum

The population of the localized states at finite tempe
tures was found by means of Eq.~6! after substitution of
r isol1mts(v,T) for r isol(v). The detailed comparison of th
experimental shift with results of calculations for the sam
Mbe1 is presented in Fig. 8. The fitting shows th
wrel(T)'wl,l8(0)@(4g0 /m0)(T/\q0s)#m0 leads to the ac-
ceptable coincidence with the experimental temperature s
of the PL maximum in the low temperature region with t
parametersm053.523.7, (wl,l8(0)tem)50.1, and at the
same value ofg0'0.045 which has been used in estimati
of narrow lines quenching.
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V. SUMMARY

We have studied the temperature dependences of the
band maximum for 2D ultrathin QWs both in random a
inhomogeneous solid solutions with highly mismatch
components. In the latter case the nanoislands enriche
the narrow gap component of the solid solution cause a d
localization of excitons. We have demonstrated that
anomalous temperature dependence of the PL band m
mum position is a consequence of the relaxation of me
stable states which form a considerable part of the PL ban
low temperatures. The properties of metastable states re
a complex island structure which can be due to the forma
of statistical clusters of the islands or can be caused by
diffusion limited process of the island growth. The excito
phonon interaction leads, on the one hand, to the relaxa
of excited excitons followed by their thermalization, and,
the other hand, results in a homogeneous broadening of
citon bands. The mechanism of exciton-phonon interact
responsible for the fast decrease of the lifetime of metasta
states with increasing temperature has much in common
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The obtained results show that the temperature shift of
PL-band maximum can be used for the characterization
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