PHYSICAL REVIEW B 69, 085308 (2004

Temperature dependence of photoluminescence bands in Zn Cd,S€ZnSe quantum wells
with planar CdSe islands
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We have studied the temperature dependence of the photolumines&ncspectra of molecular beam
epitaxy grown ultrathin Zp_,Cd,Se/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 positiorE- (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 in-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.
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[. INTRODUCTION islands of nanometer scale appear, for which the content of
the narrow-gap component essentially exceeds the average

The effect of temperature on the exciton photoluminesvalue for QW. It is generally believed that the formation of
cence(PL) provides important information on the exciton- islands allows to reduce the internal strains arising from the
phonon interaction both in regular semiconductor crystaldattice misfit between adjacent layérs.
and in their solid solutions and presents a convenient tool for Fractional monolayer insertions of CdSe in ZnSe have
probing the exciton kinetics. For free excitons in many purebeen investigated in many works*® When the total depos-
[I-VI semiconductors the luminescence bands are strongljted amount of CdSe exceeds about 0.5 ML the resulting
dependent on the sample temperature. With a temperatu#,_,Cd,Se QWs are inhomogeneous systems incorporating
increase the average kinetic energy of excitons increases, tigands enriched in CdSe contérhese islands can differ in
exciton-phonon luminescence replicas broaden, and thegize, spatial configuration, and in the excess Cd concentra-
maxima shift in the high energy direction. The shapes oftion. The island sizes and the distances between the islands,
replicas reflect the equilibrium distribution of excitons overthe Cd content within and between the islands, as well as the
their kinetic energies in the ground statat the same time dispersion of these values, can be estimated from the struc-
the line of resonant luminescence strictly follows the band+tural data, obtained, for example, by the high resolution
gap narrowing. The observed shift of the exciton—LO-transmission electron microscdfy*® (HRTEM) or by the
phonon luminescence band maximum results from the interhigh resolution x-ray diffractiod®-%
play of these factors. The feature distinguishing the disorder of the system with

In solid solutions the interband luminescence occurs fromslands in an ultrathin QW from that in an random solid
the tails of localized states produced by compositionsolution is the spatial size of fluctuations. The composition
fluctuations® Most efficient in luminescence are the so- fluctuations in random solid solutions form a potential relief
called emitting localized states which are spatially isolatedor excitons due to a random or nearly random distribution of
from other states and have no means of a nonradiativthe substitution atoms over the lattice sites. The most impor-
relaxation® The luminescence bands are positioned belowtant potential wells for exciton localization have a minimal
the band gap or absorption maximum of the ground excitorsize which is sufficient for the creation of a single bound
state. The temperature increase leads to an increase of te&te. The appearance of a potential well containing more
population of higher states, to a broadening of the luminesthan one localized state is rather improbable statistically be-
cence bands, and to a monotonic shift of the PL band toeause this implies a significant increase of the fluctuation
wards the absorption maximum. size3!

For quantum well{QWs) formed of ternary solid solu- In QWSs with islands the large lateral size of quantum
tions with strongly mismatched lattices, the homogeneousslands and the considerable difference of Cd concentration
random distribution of solute atoms becomes unstable dah and between the islands lead to a rich spectrum of local-
relatively small concentrations. As a result, in the QW plandzed exciton states. The spectrum of exciton states in an is-
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land depends on the size of the island as long as the numbexkcitons over the localized states of islands. We show that
of states in the island is small. However, the estimites the redshift of the PL maximum indicates that an appreciable
show that if the lateral size of the Zn,Cd,Se islands ex- part of the emitting states of excitons in nanoislands at the
ceeds~5 nm the energy position of the deepest states belowest temperatures are metastable sthtesich can relax
come almost independent of the island size. The variations dP deeper states as the temperature increases. We consider
the concentration are much more efficient and lead to stron§ome simple models of island ensembles which describe the
inhomogeneous broadening of the energy spectra. appearance of the metastable states. We assign the tempera-
Many publications were devoted to the temperature deture dependence of the lifetime of the metastable states in the
pendence of the PL-band maximum in two-dimensionalOW témperature interval to the new multiphonon mecha-
system$3~“3In many cases this dependence at low temperaliS™M- This mechanism is similar to that used early to explain
tures demonstrates a redshift of the PL maximum with théhe disappearance of the narrow lines out of faePL
temperature increase with respect to absorption or the pgpectrel:”*27 _
excitation(PLE) maximum®-~*3In such cases, the tempera-  1h€ structure of the paper is as follows. In Sec. Il we
ture dependence of the Stokes shift has an anomalous §fsScribe the details of the experiment. We study
so-called S-shaped character, i.e., it passes through a mirfii-xCcSe/ZnSe systems with planer CdSe islands appear-
mum with the increase of temperature. ing within Zn, _,Cd,Se quantum wells. Section Il presents
An anomalous behavior of the Stokes shift was observed€ typical normal and anomalous temperature shifts of the
for zn,_,Cd.Se/lznSe QWs grown by different epitaxial PL-band maxima. In discussions of our results we restrict
techniques, a few examples can be found in Refs. 17 an@urselves to a single mode quantum island ensemble. We
44-48. The most puzzling feature of the anomalous behavigiSo present the rt_asults of time-resolved studies of the shift of
in these systems is a large value of the low temperature redf® PL band maximum. In Sec. IV we develop a model ap-
shift which is sometimes significantly larger than the thermalProach in order to find the optical characteristics of exciton
energy at the temperature at which the shift occurs. states averaged over a single mode quantum island ensemble.
The physical mechanisms and parameters which goveri/e also consider the exciton-phonon interaction in islands to
this anomalous behavior are still under dis- Solve the problem of the anomalous temperature shift of the
cussion?235414244.4% stationary temperature-dependent so-Photoluminescence band and to establish an interrelation of

lution for the exciton distribution over localized states wasthis problem with the low temperature decrease of the nar-
obtained in Refs. 35 and 41. However, in both works the'OW lines in theu-PL spectra. In the last section we summa-
distribution demonstrates an inappropriate behavior in théize the results obtained in the paper.
low temperature limitT—0. A theoretical model which
takes into account the exciton radiative decay and the [l. EXPERIMENTAL DETAILS AND RESULTS
exciton-phonon relaxation was developed in Ref. 42. In Refs.
29 and 44 it has been assumed that in Zi&£d,Se/ZnSe
QWs with nanoislands the exciton relaxation has inter-island We have studied steady-state and time-resolved PL as
character. At the same time, recent Monte Carlo simulationwell as steady-state PLE spectra of two systems.
of exciton tunneling relaxation indicate a relaxation only (i) Single QWs grown in migration enhanced epitaxy
within the island$?® It is worth noting that very different (MEE) mode by cycled deposition of Cd$ky 0.3 ML per
models of Refs. 42 and 49 both have a strong dependence @ycle) in ZnSe matrices. The representative set of samples
the results on parameters of the exciton-phonon interactiorwith the following number of cycles: 1, 2, 5, 8, and 10 was
However, only a qualitative agreement with experimentalused.
data has been achieved in Refs. 42 and 49. The dependence(ii) Single QWs grown by modified molecular beam epi-
of the exciton distribution on the details of the exciton-taxy (MBE) techniques with a CdS source for supplying Cd
phonon interaction suggests a nonequilibrium character citoms. The nominal CdSe content in QW ranges from 1.5 to
the distribution of localized excitons in contrast to the case3.2 ML (for more growth details see Refs. 7 and 51.
of free excitons. On the other hand, the normal monotonic ~ As established by HRTEM data, QWs in both studied sets
type of temperature dependence for the Stokes shift for thef samples consist of Zn,Cd,Se solid solutions with the
luminescence of localized exciton can be expected for thenean width of the QW of about 5-10 ML. The width of QW
thermal equilibrium redistribution of the population. The dif- is defined by the growth technique and practically does not
ference between normal and anomalous dependences is €epend on the total amount of deposited CHSE.
sential only at low temperatures while in the high tempera- Further we present the results on two particular samples
ture limit in both cases the PL band maximum tends to thenamedMeel (a MEE grown Zp_,Cd,Se QW with a nomi-
absorption maximum. Therefore, the question arises whetheral Cd thickness of 0.6 MLand Mbel (a MBE grown
or not the equilibrium population can produce the anomalougn; ,Cd,Se QW with the nominal Cd thickness of 2 ML
Stokes shift. The sampleMbel consists of a Zp ,Cd,Se quantum film
The aim of this paper is an experimental study of thewith Cd-rich regions, forming the islands. The islands have
temperature dependence of the Stokes shift between PL afateral dimensions from 5 to 10 nm, and their density is
PLE maxima in Zp_,Cd,Se/ZnSe QWs with nanoislands at evaluated to be about>510* cm™2. In sampleMeel the
cw and pulse excitation, and the development of the theoredistribution of Cd in quantum film is homogeneous and can
ical approach which assumes the equilibrium distribution ofbe considered as random.

A. Samples
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FIG. 1. PL and PLE spectra of the sampdel at 5 K. Curves 2.56 | AN
1, 1, 2, and 3 are the PLE spectra detected at different positions in PR S S B S ¢
the PL banddecorated curye Corresponding detector positions for 5 0 50 100 150 200
these spectra are shown by vertical lines with asterisks. The position
of the mobility edge is denoted &5, (see text Curve 4 is the Temperature (K)

model density of state®OS) of the exciton localized in the island.
Curve 5 is the corresponding spectral DOS of the localized exci- FIG. 2. Temperature shift of the PL band maximu@).Curve 1
tons. present experimental data for the samilgleel. Solid line 2 is the
temperature behavior of the PLE maximum approximated by the
B. Experimental setup and optical characterization of a sample  zZnSe band gap dependena&g(T). Curve 3 present the data of
The 441.6-nm(2.81-e\} or 325-nm(3.81-e\} lines of a  CUNve 1 after subtraction of the band gap shrinkades(T). (b)

He-Cd laser were used for the excitation of PL spectra. PLE N€ Same as i) for the sampleMbel.

spectra were studied using the emission from a Xe lamp _ ) .

dispersed by a monochromator. In time-resolved spectrodion of the trapping process while the excitation belByye
copy we used frequency-doubled pulses from a Ti-saphir§réates excitons in a random ensemble of islands having
laser for excitation with a pulse length of about 150 fs, aelectronic Ievels_at proper energy. The latter ensemble has an
spectral width of about 10 meV, and a repetition rate of 762vVerage, relaxatlor) properties different from ones of the most
MHz. A synchroscan streak camera coupled to a spectronffféctive traps. This difference allows us to reg#igle as

eter was used for detection. The spectral and time resolutiori§® mobility edge for excitons in QW with islands.

of the detection system were about 0.5 meV and 6 ps, respec- e PLE spectra of the states forming the low energy part
tively. of the PL band do not depend on the detector position even

A set of PLE spectra of sampMbel is presented in Fig. for E<Eye and coincide with high accuracigee the two
1. The PLE spectra were obtained for different detector pocUrves labeled by 1 and 1in Fig).IThis means that the PL
sitions in the PL band and were normalized at an energy dfand in this energy interval is formed by the states which are
2.80 eV, slightly below the exciton transition of Zn¥eAf- not s_ubjected to further energy relaxatlon_, so that they can be
ter such a normalization, the PLE spectra coincide in a widéonsidered as the ground states of the islands. For this rea-
range above some energg,c. This fact proves that the SOM the PLE spectra detected at the low energy side of the
relaxation times of all states excited aboge are much L band are expected to reproduce the absorption spectrum
shorter than the lifetimes of all emitting states. of excitons in the islands.

As it can be seen from Fig. 1, d&w<Eyg the PLE
curves exhibit a strong dependence on the detection energyi. NORMAL AND ANOMALOUS TEMPERATURE SHIFT
The PL band shape and its maximum position also change OF THE PL BAND AT CW EXCITATION
when exciting belowEy,z as compared with the excitation )
above this energysee Fig. 4 Therefore, both PL and PLE !N Fig. 2@ the temperature dependence of the PL band
spectra show that different ensembles of the exciton statgaximum positionEZ*(T) of a QW formed by diluted
are excited above and below the enefy. They differ ZM-xCdSe solid solutions is showfsampleMeel). For
considerably with respect to their relaxation properties. Thigliluted solid solutions the maximum of the PL bag(T)
difference can be understood if we assume that the excitorigurve 1 follows a temperature dependence which we shall
above the energl e are mobile and can be trapped, first of call normal. When the temperature increadg’: (T) shifts
all, by the largest islands, which have the largest cross see¢nonotonically to the band gap temperature dependence
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(curve 2. It is seen that curve 3 in Fig.(8 obtained from The temperature shift of the PL band maxim@&§™(T)
the data presented by curve 1 by means of subtraction of the determined by three terms. The first of them is common
band gap shrinkagd Eg(T) tends to the PLE maximum for the absorption and emission processes and is related to

position atT=0. the band gap dependengEg(T). This process does not shift
The temperature behavior of the PL band maximum forthe emission with respect to the absorption.
sampleMbel with nanoislands is demonstrated in Figh)2 The second term is temperature dependent classical

Though the PL band maximu@}>{(T) has, in general, the Stokes shift of absorption and emission in opposite direc-
same tendency as in the previous case to move toward th®ns due to phonon assisted processes. This term is not very
curve Eg(T) its behavior is characterized by the dip at theimportant for the exciton states in quantum islands which are
temperature of about 80 K. It is seen from Fi¢b2hat after  characterized by the relatively weak exciton-phonon interac-
the subtraction oAE(T) the obtained resulfcurve 3 in  tion and can be neglected. The third term is inherent to dis-
Fig. 2(b)] differs considerably from the normal behavior.  ordered systems and arises from the thermal redistribution of
population between ground and excited states.

(1) The luminescence of random solid solutions at lowest
temperatures is formed by the spatially isolated states which
The temperature dependence of the bandige@) or of  have no ways for exciton-phonon transition into lower

the exciton ground state energfor simplicity, we do not  states’ The density of state$DOS) of spatially isolated
distinguish between these two itepresults from the elec-  statesp,.,(w)* can be found with the help of classical per-
tron and hole interaction with lattice vibrations and from the qp|ation theory,

thermal expansion of the crystal lattice. A theoretical treat-

ment of this problem was presented in Refs. 52 and 53. Two

mentioned mechanisms are also responsible for the band gap pisol(@) =p(w)exf — BN(w)/N(Eye) ], 5)
shrinkage in nanosystems, as demonstrated in Ref. 54.

Beyond the straightforward theory in literature there is awherep(w) is the density of localized states and the value of
number of empirical equations which allow one to fit the 8 is known for different continuum systems. It has the order
experimental dependence AEg(T)=Eg(T)—Eg(0).>™°  of unity and depends on the dimensionality of disordered
We have found that the dependerigg(T) for ZnSe bulk  systen* N(w) is the integrated number of localized states
material can be well fitted by the sum of two terms propor-below w. The luminescence intensity is proportional to the
tional to the phonon occupation numbers: the first one wittspectral DOS of these states and the maxin&Bfi{(0) oc-
the Debye temperatui®p of the host lattice and the second curs just below the percolation threshdig, .

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

with ©@4¢#~0.20, corresponding to the interaction with op-  In case of weak cw excitation we can use the Gibbs sta-
tical and acoustical phonons, respectively: tistics for the equilibrium population of the excited states in
every island. Then the average population of the localized
AEG(T)=—aN(O¢s) — yN(Op), (1)  states in island ensembjfg »,T) can be written as
where
N(@):[exq/T)_l]fl’ (2) p(va)NZl(T)<piSO|(w)+J'wdwl[pisol(wl)/pisol]

andG):@D or G)eff-

To describe theAEg(T) in Figs. 2a) and 2b) we have X[P(w)_l)isol(w)]exp[_h(w_(Ul)/T}>- (6)
used Eq.(1) with parameters for free exciton transitions
of ZnSe =270 K,*° ©,4=54 K, «=0.005 eV, andy _
=0.0888 eV). The obtained curve is shifted to fit the posi-Here, pisoi=J~ .dwpiso(®), and Z= [~ dw(---) where
tion of corresponding PLE maximufeurves 2 in Figs. @  the angle bracket§- - -) contain the same expression as in
and 2b)]. Eq. (6).

The functionp(w,T) has the especially simple behavior
at T—»0 and T—o. In the limt T—0 the population
p(w,T)~ pisoi(®). These spatially isolated states should be
] . i ) taken into account to maintain the equilibrium population
We denote the difference in energies of absorption angecause they play a role of ground states in a disordered

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

luminescence band maxima at zero temperature as system. In the limitT—c all states are equally populated,
ax na andp(w,T)~p(w).
AEs=ER(E(0)—ER10), 3 According to Eq.(6), the thermal population of excited

max ma . . states spreads monotonously to the blue at increasing the
whereEp(Z(0) andEp*(0) are the energies of absorption temperature. The same character we can expect for the be-
and emission maxima. We assume that the temperature shifbyior of the PL band until its maximum reaches the position

of absorption maximum coincides with the shift ®Eg(T): of the zero-phonon band of the spectral DOS, i.e., the ab-
max max sorption band maximum. A further increase of the population
Eple(T)=Ep e(0) +AEG(T). (4)  of higher states should not shift the PL band maximum be-
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cause the oscillator strength of these states rapidly drops. As
a result ER{T) should follow theE(T) dependence in the

2.62 =g :

>

@
. o E ~Es(M —
high temperature limit. H - N e B

(2) In the case of QWSs with islands the PL band is far ;‘é 2.60 v
below the mobility edge of the QW. It is formed by the tail ° | 6/ \ |
states of the band which is observed in PLE spectra as the s Pred 2 /5\\
low energy maximum. g 258 CATEIN

In order to explain the origin of the anomalous tempera- 2 - Ci P N\ .
ture shift of the PL band in QWs with islands we assume that 5 osp - s} \ X
the PL band and the low energy PLE band are formed by a g 3 \

: . . . . 2 o T N
entire group of states in every island. These states differ in g e \
the energy position and in the spatial extent of the wave o 254 00 180 200 250
functions. The low energy PLE band maximum is formed by
the highest states from this group. The lowest states are spa- Temperature (K)

tially isolated from each other and have the lifetime re- ) )
stricted by the radiative recombination. The intermediate and F!G: 3. Results of model calculations of the temperature shift of

highest states of this group have the possibility for the relaxt"€ PL band maximum in different limits. Curve 1 is anomalous

ation with the phonon emission shift for [ 7enW,e(T) ]~ T35, curve 2 is the same after subtraction
In the case of islands we introduce two enerdies, and of the band gap shrinkageE(T), curve 3 present the normal shift

o . in the limit of very fast relaxation of metastable s
Emis>Eisol for the averaged characterization of the island y xa tates

. (7enWrei(T))—c0, curve 4 is the same after subtraction of
ensemble(index mts stands for metastable stateshe en- AE(T). Curve 5 is the normal shift in the limit of nonrelaxing

ergy Eisol We dgfine as an average upper border of spatially,etastable statesr{,W,c/(T))—0, and curve 6 is the same after
isolated states in the island system and the enBrgy(0) as  guptraction ofAE4(T). Teq denotes the temperature above which

an average upper border of all isolated plus met«’;lsta_ble statgfly the equilibrium population of excited states is responsible for
forming the PL band at zero temperature. Taking into acthe shift.

count that islands form a disordered system, we present the

averaged density of spatially isolated states again in the forfta| DOS of the exciton states localized in the island using

of Eq. (5), where nowp(w) is the average density of states parameters appropriate for the samméel are shown in

localized in islandsg is a parameter of the order of unity Fig. 1.

andN(w) is an average integrated density of states below  Results of model calculations of the shift of the maximum

in the island ensemble. The similar form we assume for thgf the spectral DOS of populated stat®d. band maximum

averaged density of all isolated plus metastable states atae presented in Fig. 3. Curve 1 demonstrates the anomalous

finite temperature, namely, behavior due to the temperature dependence of the lifetime

of metastable states. Curves 3 and 4 give an example of the

Pisol+mid @, T)=p(w)exXH = BN(@)/N[EmdT)1]. (1) normal shift which was obtained in the limit of the very fast

This equation gives the density of states which can be thef€laxation of the metastable states. Curve 5 exhibits the nor-
mally activated. We can express the temperature dependeft@! dependence in the limit of very slow relaxation of the

border position of the metastable states as metastable states. Details of these calculations are described
in Sec. IV.
Emtd T)=(Emd 0) — SE{1—exd — 7enW;e(T)1}), (8) Figure 4 shows the low temperature shapes of the PL

bands at different excitation energies together with results of

where SE=[E{0) —Eisol], andw,|(T) is an average re- model calculations of the spectral DOS of isolated and iso-
laxation probability for the metastable states angl is the  |ated plus metastable states, the densities of whigh(w)
lifetime of the radiative recombination. The metastable stateand p;so;+ mid @, T=0) are given by Eq¥5) and(8), respec-
participate in the PL band formation unfilreqWiei(T)]  tively, with B=1. In these calculations we have used the
<1. They disappear from luminescence at some temperatughergiesE;.,; and E as fitting parameters. The energy
in the limit [ 7 We (T)]>1 if they are not thermally popu- parameterE,,{0) is found by fitting the PL band shape,
lated at this temperature. using the spectral DOS of the states given by Egand the

For the thermal population of the excited states we cafnodel DOSp(w) derived in Sec. IV. The parametEf..(0)
again use Eq(6), substitutingpisei+ mis(@,T) for pisei(@).  was defined by fitting the shift of the PL band maximum in
The temperature increase in this case causes, on the Of high temperature limtre Wy (T)]>1.
hand, the thermal activation of the higher states and, on the
other hand, the shift of the border of the metastable states
toward the border of isolated states;,, which is indepen-
dent on the temperature. These two processes shift the PL A fast increase of the relaxation probability of the meta-
band maximum in opposite directions. If there exists a temstable statesv,(T) at low temperatures can explain the
perature interval where the shift of the border of the metalow-energy shift of the PL band maximum in the temperature
stable states is dominant the PL band will shift toward lowinterval where the normal part of the shift is relatively small.
energies. Results of calculations of the DOS and of the specrhe only reason for the fast decrease of the lifetime of the

C. Shift of the PL-band maximum at pulse excitation
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A vation time which corresponds to the limiting case
e [ TenW,e(T)]—0. Curve 5 in Fig. 3 demonstrates results of

n 0.1 E A "7?\ 17 the model calculations of the shift of the PL band maximum
= - S ] in this limit.
£ I VY ] The model calculations of Sec. IV presented in Fith)5
- L i *:ﬁ ‘Hi i show that the position of the corresponding PL band maxi-
@ e \\: ! mum at every time delay can be characterized by some ef-
£ oot ¢ A 3/”{%7.\ l'i E fective temperaturel* which can be determined from a
7 N f 2)\‘{«,’ L comparison of observed and calculated PL band positions.

r e j"\ L 6] The shift of the PL band maximum as a functionf

?* | 5 N Ji‘w:N | has a monotonic normal-like character for the same sample,

which shows the anomalous dependence in the temperature

interval from 5 to 250 K while heating or cooling the sample.

Thus, the key issues for the explanation of the anomalous

temperature shift are the questiofis why and how do the
FIG. 4. (a) PL spectra of the sampRibel at the temperature Mmetastable states arise at least in some islands(ignahy

T=5 K for excitation energies 2.64turve ) and 2.779 eMcurve  do they disappear from emission already at relatively low

2). Curve 3 is the PL spectrum at cw excitation above the ZnSdemperatures. These two problems are treated in Sec. IV.

band gap. Curve 4 is the spectral DOSs of the exciton ground states

in island calculated in Sec. IV. Curves 5 and 6 are the spectral DOSs

of exciton at different positions d s calculated in Sec. IV. IV. AVERAGED CHARACTERISTICS OF EXCITON
STATES IN AN ISLAND ENSEMBLE

255 260 265

Energy (eV)

metastable states can be an increase of the exciton-phonon
relaxation rate with temperature. The time-resolved spectros-
copy gives a possibility to exclude the temperature effect on The influences of the lateral shape of the island on the
the exciton relaxation rate. spectrum and on the luminescence characteristics were not

Figure 5a) demonstrates the results of the pulsed excitainvestigated properly till now. There are different reasons
tion experiment. The shape of the PL band shows that howhich can lead to the formation of different lateral shapes for
excitons are distributed over an energy interval depending oislands. The first reason is simply statistical. Even if we con-
the time delay. A monotonic shift of the PL band maximum sider an ensemble of identical “unit” islands, their random
occurs with a time delay increase, which represents the exdistribution in space will create a number of island clusters
citon relaxation in the cold lattice. In this case we can supwhich can be treated as islands of different sizes and differ-
pose that the metastable states do not relax during the obsamt lateral shapes. The exciton relaxation rate from a state
into some deepest state will sharply decrease if, for example,
these two states are positioned in different islands of the
cluster of two weakly overlapping islands. Therefore, we can
expect a qualitative change of the relaxation rate for the part
of exciton states localized in island complexes as compared
with the isolated islands. That is, in such complex islands
appears the possibility of a space separation of the wave
functions and of a slow nonradiative relaxation of the exci-
tons in excited states.

Let us consider a QW containing= 10" cm™? islands
which have, in the lateral plane, the shape of disks with a
diameter equal to 10 nm. We assume that the entire lateral
plane of a QW is divided into square cells with the side equal
to L=10 nm, so that the number of cells on the unit area is
Energy (eV) Energy (eV) N=(1/L)?=10" cm 2, and an island can be placed only in

, a cell. The concentration of islands in the samplecis
FIG.5.(a T I PL f th Medel. . . .
G. 5. (@ Time resolved PL spectra of the sampkbel. at 5 =n/N=0.1 or 10% of the cells will be filled by islands.

K. The signal was integrated over 10 ps for every time delay. Time h of th s hag— ahbori I ith
delay for experimental curves in the order of red shifAts=0, 50, E_ac ot the cells a§—4_ne|g oring cells wit common
100, 200, 400, and 600 ps, respectively. The last curve coincidesides and, therefore, the island distribution can be described

with the PL spectrum at cw excitation. Decorated curves 1 and 2 ar! @nalogy with the problem of percolation over lattice sites
the time resolved spectra @tt=50 and 600 ps. They are also INasquare lattice. An island is isolated if no other islands are
presented ir(b) for comparison. Curve 3 is the calculated spectral Placed in the four neighboring cells with common sides. Two
DOS simulating the PLE spectruiti) The set of solid lines present islands have contacts and can be considered islands of larger
the calculated PL spectra of excitons at different effective temperasize if they occupy two cells with a common side. If the
tures. Curves 1, 2, and 3 and the PLE spectrum are the same asdistribution of islands is random the fraction of isolated is-
(a). lands is

A. Statistical models of island ensembles

o
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n,= Nc(1—- C) ¢ (g) PL and PLE intensity (arb.units)
2.9 prprrrrprrerpTreerre 2.9 prerrprrreprreeprereprer
Then all the other islands, [ ia ] [ b
r ZnSe :
Neom=(N—ny)=Nc[1—(1—c)], (10 28 ]
form complexes consisting of two and more cells with is- d L Mobility Edge ]
lands. Therefore, at=0.1 more than 30% of islands form § 27 7 R
complexes or islands of a larger size. Taking into accountg F .
that at a concentratioa far below the percolation threshold R \Msj ]
most of these complexes contains two and three unitislands 26 [ ™M o [s]
we can conclude that the number of isolated unit islands anc fis ©! o
of their complexes is comparable. '.....‘l..”...‘lé.‘l..‘.' TR
A larger number of complexes arise in a lattice built of 25 0 25 50 75 100 >°0 01 02 03 04 05
hexagons where the number of neighboring hexagpins
equal to six. At the same value of=0.1, about half of the Distance (nm) CdSe concentration

islands will form complexes. ) _
The other possibility to form the islands of complex shape_ F'C: 6. (@ Energy diagram of a Zn,Cd,Se quantum well in
is to build it from randomly distributed overlapping disks of Z"S€- Isolatedll) and overlappingOl) islands. Metastable states
equal size. The number of disks which form the complexes aWS) In overlapping islands and |solate(g_rounc) stgteg(lS) of .
the same concentration of disks constitutes also about 30%slands.(b) Curve 1 presents the sum of size quantization energies

Anoth for the bhvsical nat f the f fi fo'f electron and hole in quantum well. Curve 2 is the spectral density
nother reason for the physical nature ot the 1ormation Olg¢ e eyciton states in quantum well averaged over island en-

i_S""?”d Complexe_s can be Causgd.by the process of _diﬁ,USiO&mele. For comparison the PL and PLE spectra of the sample
limited aggregation. Some preliminary experiments indicate\ype1 are also given.

that the thermal annealing of InGaN samples after the growth

processes or the increase of the growth interruption time B Model density of states and spectral density of states
before the cap layer deposition in ZnSe/CdSe/ZnSe s;?étem . ) L
drastically affects the number and the distribution of islands VW& consider the problem of exciton localization in islands

on sizes. These facts give the evidence of an important rol@ Superthin QWs using as a starting point the exciton
of the diffusion processes in island formation. Hamiltonian for nondegenerate and isotropic bands of Ref.

It is known that diffusion limited aggregation leads to o 64. Data on high-resolution transmission electron micros-

complex disordered shape of aggreg&fe@ne of the impor-  COPY for.our.sam.ples show that the Cd Qistribgtion in the

tant features of such aggregates is a multibranch structu@©Wth directionz is more or Iesisi%/mmetncal with respect

around the common center. The average number of branch& the middle point of the QW:****We approximate this

in an aggregate is restricted by topological considerationdiStribution by the function

and in two-dimensiona(2D) systems it is about six. The -

most part of atoms are in branches, which are well isolated C(zr)= 4c(r) (11)

from each other by the distances comparable with the size of ’ [exp(—2z/1)+expz/1)]?’

branches. Then every branch of the aggregate can be treated

as a separate island which is weakly connected with the otiwherez=0 corresponds to the middle point of the distribu-

ers through the center. tion. A parametet defines the width of the Cd distribution,
Schematically, the formation of complex islands due toandC(r) is the Cd concentration in the central monolayer of

weak overlapping of the island potential wells which is fol- the Qw in the arbitrary point of the lateral plane. The

lowed by the metastable states occurrence is shown in F'g/ariabIeC(F) in Eq. (11) is considered as a continuous func-

6(a). A statistical origin of islands suggests a great variety of :

. o ; . - tion and represents the two dimensional Cd concentration.
their realizations. Differences in the size, shape, and concen-

tration of components of the solid solution make it imprac-Using the Cd distributior€(z,r), we can present the poten-
tical to discuss the properties of excitons in any particulafid! perturbation for electrons and for holes produced by a
island. In this section we present the model of an averag@W in the ZnSe matrix as

unit island which characterizes an island ensemble and - -

which describes most important optical characteristics of an U(z,ren)=—C(Zren)Aen, (12)

|s|§1nd ensemble in a ZD. q.uantum well. We assume that CIusx‘lilherez is the electron or the heavy hole coordinate in the
tering together of the unit islands does not change such Cha}finsverse direction, ankl, andA, are the electron and hole

acteristics of the island en_semble as t_he DOS and the sp_ectr nd offsets, respectively. We assume that
DOS. However, a complicated spatial shape of combine
islands preates the met.astable. states. We dISC.USS also the Aot Ap~E4(ZNSe—E4(CdSs. (13)
mechanism of the fast increasing of the relaxation rate of

metastable states at the temperature increase and presentTee ratioA.:A,=4:1 and the valu&\.+A,=1 eV will be
sults of model calculations. used in the calculations.
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We consider the limit of strong confinement of both par-the wave functiony(p) using the Coulomb energy of the
ticles in thez direction and a large size of an island as com-electron-hole interaction in the form
pared with the exciton radius in the lateral plane. The eigen-
function of the electron-hole pair can be written as

e fszedzh|¢><ze><z><zh)|2
B(Fo T =V (R)Y(5) b(2) b(20). (14) 2ol C(R)] VPPt (ze=z)*

Here, R is the 2D dimensional coordinate of the electron-whereg(z, ) are the normalized wave functions of the elec-

hole pair center of mass, apdis the space separation of the tron and the hole confined in the QW[ C(R)] is the static
particles in lateral planez, and z, are their coordinates in dielectric function which we define as the linear combination

the transverse direction. The strong confinement suggests§ those for ZnSe and CdSeo[C(ﬁ)]:C(lfi)sgdseJr[l
that radii of both functiong(z,) and¢(z,) are less than the _C(ﬁ)]sgnSe_ The quantization energyE;(C)=E4(C)

exciton Bohr radiusag for confined particles. In turn, the | g (C)+Ry{C] as a function of CdSe concentration is
exciton radiusag is assumed to be less than the lateral Sizegiven by curve 1 in Fig. @).

of an islzznd and to be less than the radius of the wave func- Taking now the value E;(Co)=Eq«(Co)+En(Co)
tion W(R). The last assumption means that the function+ Ry C,] as the zero point for the energy, we introduce the
C(ren) can be considered as the function of the center-ofdeviation

mass coordinaté:(ﬁ) in the lateral plane with appropriate

accuracy. SE(R)=E1(Co+ 6C(R)) — E4(Co)
The ground quantization levels for the electron and the .
hole in the QW with profile in the direction given by Eq. +RY[Co+ 0C(R)]-RYCol, (19

(12) can be found as eigenvalues of equation ] ] ) ] ]
which describes the lateral relief of the island potential en-

#2 ) R . ergy for the exciton center of mass as a function of the Cd
oM th—U(Z,R) #(2)=Een(R)#(2). (15  distribution. We note that, in general, the exciton binding
e, . N )
) energyRY C(R)] is dependent o@C(R) and is also a func-
Here, M., is the electron or the hole mass of the bulk ZnSe tjonal of the electron and hole confinement energies. How-
The heavy hole masbl;, we obtain by subtraction of the eyer, in the case of the samp¥bel the quasi-2D Coulomb

electron mas#1.=0.16m, from the translation exciton mass . 2
in the (100 direction Mpp.=2.2m,.%® The center-of-mass energy depen?zxmamly @C(R) and only weakly changes

_ % .~ fromEyg to Eg" because of the strong confinement.
coordinateR enters Eq(15) as a parameter. The distribution 14 find the parameters of the lateral profile of the poten-

in z direction given by Eq(11) allows us to obtain an ana- ja| well governing the oscillator strength distribution over
lytical solution of Eq.(15), the levels with different depth, we consider the model poten-

EO tial SE;(R=|R|) corresponding to the following deviations
Eop(R)=— —2 {—1+ I+ 72, (16)  of the Cd concentratiodC(R),
’ 4(1/a)
where SC(R)=0(R;—R)+0®(R—R;)8Ca,/cosH[ (R
AC(R)A, . (112 —R1/Rz], (20
_ 2 /7eh T
F= Eg ) a where® (X) is the steplike theta function, afr} andR, are

parameters which transform the profile of the potential well
ais the interatomic distanc& ,=%2/2M, pa®. The corre-  from a boxlike shape to bell-like or basinlike shapési-
sponding wave functions are nally, the equation of motion for the center of mass of the
exciton in the lateral plane can be written as

ben(Zen)) ~[1—tantf(zen /1171, 17
whereF;= \/— Ee,h(ﬁ)/Egyh(l/a)Z. Equation(16) expresses (%Véﬁ 6E(R)] V(R)=EV¥(R), (21)

the size quantization energies using the band edge of the

wide gap material as the point of reference. L
To describe the island, we introduce a deviation of the CthereﬁE(R) Is given by Eqs(19) and (20).

distribution from the concentratio8, corresponding to the
mobility edge energy C. Results of model calculations of the DOS and spectral DOS

. . The absorption coefficient is proportional to the spectral
C(R)=Co+6C(R). (18)  DOS of excitons localized in islands. In order to find the

The strong confinement suggests the dependence of the CogPectral DOS, we have to evaluate the probabjli x)|2,
lomb energy on the confinement depth. We can find the CouwhereW () is the Fourier transformation of the wave func-

lomb binding energ)Ry[C(Ii)] of the quasi-2D exciton and tion \II(F),
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- 1 . - 2
‘I’(K):EJ d?Rexp—i(«R}IH(R), (22 WA,A,:%(Z";)J d3q|H, r/ (],0) | 28(E\—E Y, o)
in the limit k—0. We have assumed the average potential X[1+N(Qjq)]. (23

profile of Eq.(20) which depends only on the radial variable In the opposite casg, <E,., the phonon energgq),  in

|R|. Hence, only the states with the quantum numierO o 5 fnction changes its sign and the phonon Bose factor
at arbitrary values of principal quantum numbrecan con- N(Q; ) appears instead of1+N(;)]. In Eq. (23)
tribute to the spectral DOS. . H, \-(j,q) is the matrix element of exciton interaction with
¥)hon0n of brancly with wave vectorg. As follows from Eq.
(23), the energy of a phonon involved in this process should
be equal to the energy differenc&,(—E, ), and the tem-
perature dependence of the probability arises at temperatures
comparable to the energy difference.

The transition of an exciton from a stafg to the ground
stateE; and the backward transitioB;— E, maintain an

curves 1 and 1 for the sampleMbel in Fig. 1 can be
approximated best of all by the spectral DQSirve 5 for
the basinlike distributiordC(R) given by Eq.(20) with pa-
rametersl/a=5.5, R,/R;=0.25, andéC,,,=0.1425. The
same data are presented in Figh)6 The Cd concentration
between the islands is supposed to®e=0.175 in accor-

dance with the position dEye . The number of lattice sites ¢, jijibrium population of both states if the radiative lifetime
covered by the |siand given by the integral {5 these states is large enough. The ratio of the equilibrium
7 [ o (8C(R)/6Cma) dR]“~550 yields the linear size of is- 45 1ation of the excited stafe, and the stat&, at tem-
land of about 6.5 nm. The distribution of EQO) with given  peratureT is equal to the ratio of phonon Bose factors for

above parameters corresponds to the maximum Cd conceflese two processes, which, as it follows from energy con-
tration equal to 31.75% in the center of island and to anggpyation law. is

exponential decrease of the concentration to the periphery up

to 17.5%. Both values are in good accordance with the HR- _ RS (e _

TEM estimation of these concentrations, 27% and 17%, re- N(Q; /1N, o) J=exp{ —(BE\—By)/T}. (24
spectively. The DOScurve 4 in Fig. 1 has a steplike shape, (ere and below the energy units are used for the tempera-

as can be expected for a 2D system. ture) At temperature§ <(E, — E,) the ground state will be

Islands of 5-10-nm size can have a considerable numbe iny honulated while the excited state population reaches
of localized states differing in localization energy. Therefore significant value only af ~(E, — E,).

we have to sum over all localized states to obtain the spectréﬁ The situation differs if the equilibrium is maintained be-
DOS. In ord_er to S|mulate'the experimental F.)LE spectra W een the ground state and a groupo$tates with localiza-
must take into account, in general, three inhomogeneo on energiesE, , A =2 (Z+1). We consider the situa-
broadening mechanisms of the spectral DOS of the islang,, \yhen the equilibrium is maintained between the ground

ensemble, namely, fluctuations of the island size, ﬂuctuationg:t(,ﬁe and a group of states with close localization energies
of the maximal Cd contensC,,,, and fluctuations of Cd E,,\=2,...(Z+1). Inthis case for any>1 the inequal-

and Zn distributions over the lattice sites in an island at thqty
fixed size and®bC,,.x. We restrict ourselves to a single-mode

island ensemble and take into account fluctuation8@f, .« — =

and of atom distributions inside the island. The spectral DOS |Ex—E\<(Ex—Ey), (25

averaged over these parameters is shown by the curve 5 in )
Fig. 1 and by curve 2 in Fig. 6. should hold, where the average energy is

(2+1)
— 1
D. Relaxation due to phonon assisted processes EXZE( E EA). (26)
i=2

Usually, the exciton-phonon relaxation rate is high

enough to maintain an equilibrium or quasiequilibrium popu-The transition probability from the ground state to tge
lation of the exciton states during the radiative recombinasiates of the group of excited states increases proportionally

tion time. A special situation arises if the radiative lifetime 1o z As a result, the equilibrium distribution will be reached
and the time characterizing relaxation processes for a numbey the temperature

of emitting states are comparable. When the rate of exciton-
phonon transitions has a strong temperature dependence a —
complex interplay of these processes can occur. The — (E\—E4)
S-shaped temperature shift of the PL band maximum can be nz '
considered as a result of such an interplay. The S-shaped
temperature shift can occur for samples containing islands o#hich at Z=6 is almost two times less than the difference
a complicated space configuration. (Ey,—E;). At the same time the relaxation lifetime for the
The probability of the phonon assisted transition from thetransition into the ground state remains dependent on the
stateE, to the stateE,, for E,>E,. can be written in the temperature only due to phonons with an energy of order
second order of the perturbation theory as (Ey—Ey).

(27)
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E. Phonon assisted processes in island ensembles S L
. 150 -

In order to answer the question of why the metastable - r f"a‘a ]
states disappear from the emission at low temperatures be- = r a 1 ]
fore being thermally populated, we have to consider in a very 2 125 R

. . . . . . o - F H 4
detail the major features of the exciton-phonon interaction in 3 - iy 3 i
islands, and to analyze the influence of complex shapes of = C b ,,g,.;‘ 1 i
real islands on the processes of the exciton-phonon interac- g 1001 ¢ JQT [ —
tion. k= C Al gb; S

. . . - Son JLIE2 0°
The exciton-phonon Hamiltoniad .; presents the sum of i 75 [0 R 2
the electron- and hole-phonon Hamiltonians. The matrix el- 2 = __,E;ZM{; W j
. . . . . - /N ~~——
ements of the exciton-phonon Hamiltonian can be written in 2N .. e
the effective mass approximation®as AT T el ]
2.2675 2.2680 2.2685
Hio=[F&qexa (dre)+Fiigexpi(arn)los.  (28) Energy (eV)

FIG. 7. Reduction of narrow line intensity within thePL band
as temperature increasesmampleMbel). Experimental data ab
=7, 15, 22, and 35 K frona to d, respectively are presented by
lines with symbols. Broken lines are calculated line shapes.

The funcUonsF"q and Fy, were given by Cohen and
Sturgé® for the Frdlich interaction @¢=F) and for the de-
formation (@=D) and for piezoelectric4¢=P) coupling to
acoustical phonons.

Using Eq.(14) we can write the matrix elements in Eq.

(28) as A*(hw—E))= %fldtex;{i(w—EA/h)tt}},x(t)],
- (30)
[exXpi(Are) o where
:[expi(gﬁ)]‘lf(R)\lf’(R) Ho G a)|2
.y _ Fa)=2 =2 exp —i) o) — 1I(N(€; o)
X | expxi M [expi(a:2)]g, (26 - g (hQjq)

(0).4(p) i
o). o 20 +1)+[exp(i) o) — LIN(Q; )} (31)

Here,H, \(]J, q) is the matrix element of the Hamiltonian
Here, £ is the phonon wave vector in the plane of the QW,ya.f ¢ £q (28) containing only diagonal matrix elements of

anda s its component perpendicular to the QW plane. the operato[expl(gR)]. The wave function of the exciton

Al.thiugh both d|ag(?nal and off- dlagolTal I:ngtnx elementslocalized in the islandV, (R) decreases rapidly beyond the
[expi(¢R) vy vy are important we shall take into account jgjang and. therefore, the island sizeor the radius of the

only the matrix elements between the ground stated of  \ ave function restricts the wave vectors of acoustical

the internal motion of the exciton phonons forming the exciton-phonon band. The sum aver
in Eq. (31) is restricted by the values of~qy=1/L, where
L is the lateral size of the wave function or of the island. At
L~5 nm and at the sound velocige 1.5 10° cm/sec the
11 energy of the involved phonon iq, s~0.2 meV. The
exciton-phonon interaction rate increases with the tempera-
i . ture because the Bose factors for Stokes and anti-Stokes pro-
Here u is the reduced mass of the exciton. cesses for acoustical phonons reach their classical limit

T/hqe s. This results in a decrease of the peak intensity of
1. Phonon assisted processes: vanishing of the narrow lines of the zero-phonon line as

micro-PL with temperature

expii(ﬁ

and those for the size quantizatic{rexpi(qzz)]¢eh(z)¢eh(z).

. . oz . Hy v (5,a)]2
The diagonal matrix elemeriexpi(éR)],, in the time- exp{ — MDN(QM)H]
dependent Hamiltonian of the exciton-phonon interaction g (A q)

leads to the formation of a continuum exciton-phonon band.
The increase of the width of this band with the temperature is ~exfL = 29o(T/h0os) ], (32
accompanied by the quenching the narr@daike zero-  whereqy is the effective constant of exciton-phonon interac-
phonon line. As a result, instead of a narréviike contribu-  tion.

tion of the localized statg&, to the density of states a broad  Figure 7 demonstrates the effect of this part of exciton-
band A(hw—E,) appears. Using well known results from phonon interaction on the narrow line peak intensity in the
Refs. 67 and 68 we can write the density of states for localmicro-PL spectrum of Zp ,Cd,Se QWMbel. The phonon
ized excitons at an arbitrary temperature as wings of the narrow line are more difficult to observe since
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they are hidden in a much more strong background due tthe diagonal exciton-phonon interaction and by the exchange
phonon replicas of higher states of the islands. The temperaf phonons. The argument of thé function in Eq. (33

ture interval where the peak intensity decreases dramaticallshows the major effect which results from the diagonal

is defined by the energy of the acoustical phonon forming thexciton-phonon interaction. That is, it shows that in the re-

exciton-phonon band and, therefore, by the size of the typicdbhxation process due to the off-diagonal exciton-phonon in-

island or the wave function of exciton in a QW. In agreementteraction an a arbitrary number of phonons with small ener-
with experiment, the decrease of the narrow line intensitygies can be involved.

is about five times at the value dfgy, s~0.2 meV, and This leads to an increase of the relaxation probability as
at go~0.045 within the temperature interval presentedcompared with Eq(23), and to the strong temperature de-
in Fig. 7. pendence of the probability at low temperature. The last re-

sult follows from Eq.(34), because the exciton phonon in-
2. Relaxation processes with diagonal interaction in all orders teraction increases with temperature. Taking into account

of perturbation theory that the most important phonons have wave vectors of the
oo . T :
We assume that due to the space separation of interactiffder ofa~L ", whereL is the spatial size of the exciton
metastable states an inequality,(y ren) <1 holds. Iocalized in an island, we conclude that the Bose factors due

The probabilityw, , given by Eq.(23) is proportional to to the diagonal matrix elements are already proportional to
the phonon DOSy;(hw) at the energyhw=E,—E,, re- Vel low temperature.
duced by the factoka +(j,q)|2. The energy conservation In o_rder to estimate the temperature dependence of the
law restricts the energy of the phonon participating in the'€laxation progablhty, we k]?eﬁ n Eq332honlly tze Storlies
process while the large spatial extent of island restricts thglr?cesses ‘?”é e;n?:ssmn of phonons is leads to the sim-
maximum values of the phonon wave vectors. We will showP!lfication of Eq (33):
that multiphonon corrections due to diagonal matrix ele-
mentsH, ,(j,q) can strongly increase the valuewf ) .

NN Hy 1
Straightforward calculations taking into account the M ﬁ (2m )3j RIS
renormalization of both statesand\’ and the exchange of
phonons between these two states due to the diagonal matrix
element of the exciton-phonon interaction transform @28) N, q)]E ] H 2 g)\ A’(]a’qd)
into
m
o X 8 Expr— QY q— ZO ﬁnjwqa}. (35)
WA =7 (27 )SJ' *alHy () |P2 “
Here, the wave vectors of ath phonons are smal,
~Qo~L 1. Assuming the inequalitf >#%sq,, wheres is
q)]ZO IEO (m—l)lll the sound velocity, and performing the integration oger
with the help of thed function, we obtain
AL S et 27 vy & 1 [dgT
a=0- g ' PN —— / 2
: W= 2 = om' 7sq |H>\>\ [i,Q(m)]°[1
X Ho BE:B I lip Q,B) +N(Q; om]Q*(m), (36)
. . | where
X|Exa Q0= 2 50 q +2 hQ,, qg} Q(m)=[E, ,—mhqgs]/(hs).
(33 In Eq. (36) we have used the same simplified expression
where for the exciton-phonon interaction constayy, as earlier in

Eqg. (32). As follows from Eq.(36), the magnitude of the
o -2 exciton-phonon interaction constant is doubled as compared
0 (8= (N(Q )+ 1) Hy A (,9) +HA',A’(J :Q)‘ with Eq. (32). The value of the terms in the sum of E§6)

AR 4 (hQ; q) (hQq) |’ increases with then increase when the temperature is high

(34  enough and4g,T/(mAsqy)]>1 until the factors decreasing

L _ o with m, namely, Q?(m) and |H, ,.[j,Q(m)]|?, become

andg, ,,(j,q) is obtained by the substitution d(£2; ;)  more important. The value @i is restricted by the inequality
instead off N(Q}; o) +1]. m<E, . /%qos. Therefore, it is possible to find an optimal
The zeroth term of this series at=0, |=0, «=0, and  value ofm=m,, which defines, at a given temperature, the

B=0 coincides exactly with E(23). As follows from Eq.  value ofw, ,, and its temperature increase
(34), the exciton-phonon constants are, practically, doubled

because both initial and final\' states are renormalized by Wrel(T)=w,y \/(0){1+[(49oT)/(Mehisgy) ]} (37)
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AR RARARRARES RS RAN V. SUMMARY
g 2.62 S 59 ) e
£ N 47:‘/"‘7 We have studied the temperature dependences of the PL
3% 2.60 I\ T3 band maximum for 2D ultrathin QWSs both in random and
g - y/ AN . inhomogeneous solid solutions with hi_ghly mism.atched
2 258 =gy (' 2N components. In the latter case the nanmslgnds enriched by
= | \;‘;/? N\ | the narrow gap component of the solid solution cause a deep
E /X’x\\ localization of excitons. We have demonstrated that the
8 256 1 W\ anomalous temperature dependence of the PL band maxi-
T - \Q mum position is a consequence of the relaxation of meta-
DY § NN N U S A stable states which form a considerable part of the PL band at
0 50 100 150 =200 low temperatures. The properties of metastable states reflect

a complex island structure which can be due to the formation
of statistical clusters of the islands or can be caused by the
FIG. 8. The temperature shift of the PL band maximum of thediffusion limited process of the island growth. The exciton-
sampleMbel (symbols 1. Curve 2 presents the anomalous model phonon interaction leads, on the one hand, to the relaxation
dependence. Open triangles 3 are the experimental data after subf excited excitons followed by their thermalization, and, on
traction of the gap shifAEg(T), curve 4 gives results of calcula- the other hand, results in a homogeneous broadening of ex-
tion without AEG(T). citon bands. The mechanism of exciton-phonon interaction
The same consideration can be used for any atabem the responsi.ble_ for the_fast decrease of the Iifetim.e of metastaple
group of states nearest to the ground state. If the lifetimes oftates with increasing temperature has much in common with

these states at low temperatures are much shorter or evéi one leading to quenching of the narrow linesufPL.
comparable to the radiative time, they can participate in thd he obtained results show that the temperature shift of the
formation of the PL band. The temperature increase willPL-band maximum can be used for the characterization of
change the situation and at some temperature the relaxatiéhe island ensemble.

probability will exceed the emission probability. As a result,

the shape of the PL band will change.

Temperature (K)
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