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We study the dynamical behavior of excitons in a bimodal distribution of CdSe/ZnSSe quantum dots by
intensity dependent, temperature dependent, and time resolved photoluminescence. The effect of exciton lo-
calization is investigated, both experimentally and theoretically by identifying transfer mechanisms due to
thermalization and redistribution of excitons. We observe a dominant exciton emission from high energy dots
�QDs1� and weaker emission from low energy dots �QDs2� at 10 K and at low excitation levels. At high
excitation densities a CdSe QD-precursor state becomes visible at the high energy side of the QDs1 emission.
Temperature dependent photoluminescence studies reveal a thermally activated exciton transfer from QDs1 to
QDs2 resulting in an enhanced QDs2 emission above 60 K. Time resolved photoluminescence measurements
allow us to estimate the characteristic radiative and nonradiative decay rates as well as the trapping rate from
the QD-precursor layer. The experimentally observed photoluminescence is reasonably reproduced using a
coupled rate equation model.
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I. INTRODUCTION

Semiconductor quantum dot �QD� structures are of great
interest due to the fundamental science and potential for
novel optoelectronic devices1–3 such as quantum dot lasers.
II-VI quantum structures such as CdSe/Zn�S,Se�, which
have a large range of energy gaps, received considerable at-
tention due to the tuning ability of their emission from the
visible to the ultraviolet spectral range. The rapid progress in
growth and characterization of self-organized QD structures
leads to improved device features such as low lasing
thresholds4–10 and high characteristic temperatures.

CdSe/Zn�S,Se� QDs usually grow in a monomodal size
distribution when less than 2.1 monolayers are
deposited.11–13 Despite that, such structures mostly exhibit
zero-dimensional localization sites with an exponential dis-
tribution of energy states.14 Increased mobility of charge car-
riers at room temperature in QD structures is assigned to
redistribution, e.g., by lateral transfer between zero-
dimensional localization sites.15–18 This is one of the
reasons preventing commercial application of green
CdSe/ �Zn,Cd��S,Se� based laser diodes. However, no alter-
native material system has succeeded in the green spectral
range yet. More promising have been InGaN-based laser di-
odes. Here, the seeming barriers to extend the emission range
towards the green are attributed to the solubility gap and the
presence of piezoelectric fields in ternary and quaternary
group III nitride materials.19,20

Thermalization and redistribution of carriers strongly af-
fect the localization properties of QDs, such as in CdSe QDs
structures, where different transfer mechanisms have
been identified and described experimentally and
theoretically.14–18,21 While nanocrystal QDs transfer excita-

tion through dipole-dipole interdot interactions, Förster
theory modeling shows an energy compensation only of sev-
eral tens of meV.22 On the other hand electron-phonon inter-
actions have been found to achieve much larger energy trans-
fer in semiconductor QDs.23–25 In contrast resonant and
nonresonant tunnel processes have been suggested to in-
crease the carrier mobility in QD structures.26–31 The transfer
processes in semiconductor CdSe QDs are usually character-
ized by their direction: from initial state at higher energies to
final states at lower energies. Hence, the transfer can be also
described in terms of percolation of carriers and excitons as
has been suggested in some reports.16,32–34 In a more recent
publication thermally activated repopulation of CdSe QD
states has been also included.35

In this paper we report on the relaxation dynamics of
excitons in CdSe/ZnSSe QD structures with a bimodal QD
distribution. The two QD ensembles differ in their radiative
and nonradiative excitonic lifetimes. Thermally activated re-
distribution of excitons in the two different sets of QDs fa-
voring either one or the other ensemble of QDs is observed
experimentally. A coupled differential equation model is
developed and successfully applied to explain the unusual
photoluminescence �PL� behavior. Thermal activation and
phonon-assisted tunneling is proposed to facilitate carrier
transfer between the QD ensembles.

II. EXPERIMENTAL DETAILS

The sample studied here was grown by metalorganic va-
por phase epitaxy on �001� oriented GaAs substrate and a
5 nm thick ZnSe buffer, using DMZn-TEN, DMCd, DTBSe,
and TBSH sources in 100 mbar hydrogen ambient. The
quantum dot structure consists of a single CdSe layer with
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1.7 monolayer nominal thickness, sandwiched between a
lower and an upper lattice-matched ZnS0.06Se0.94 barrier of
70 nm and 25 nm thickness, respectively. Details of growth
and sample characterization are given in Refs. 13, 36, and
37. In contrast to previous QD samples, the specific structure
studied here was grown at 380 °C instead of the usually
applied 350 °C. Samples prepared at this temperature show a
bimodal distribution in PL spectra under the employed
growth conditions. The feature is particularly pronounced, if
a growth interruption of 5 s is applied after CdSe deposition
and prior to ZnSSe capping. For samples grown at higher or
at lower temperatures no such bimodal behavior was found.
Plane-view transmission electron micrographs of the studied
sample show a high QD density of �1011 cm−2. In addition,
defects connected to dislocations are found with a density of
8�108 cm−2. They are supposed to originate at highly
strained CdSe-rich regions.

Microphotoluminescence ��-PL� measurements were per-
formed at 8 K using an optical microscope objective and a
cw Ar-ion laser with 476 nm excitation wavelength. The ex-
citation intensity at the sample surface was about
1.2 W cm−2 at 1.7 �m spot diameter. The �-PL signal was
spectrally resolved using a diffraction grating monochro-
mator and detected by a nitrogen cooled charged coupled
device �CCD�.

For temperature- and intensity-dependent PL measure-
ments, a frequency doubled mode-locked Ti:Sapphire laser
providing 100 fs pulses at a repetition rate of 80 MHz was
used. The fundamental pulse emission at 870 nm was fre-
quency doubled with a barium borate crystal in order to ex-
cite carriers within the ZnSSe barriers. The focus diameter
on the sample was about 1 mm. The sample was kept in a
temperature variable helium flow cryostat to enable tempera-
ture dependent measurements between 10 and 300 K. Vari-
able neutral density filters were used to tune the incident
excitation density. The PL signal was spectrally resolved and
detected by the combination of a diffraction grating mono-
chromator and a GaAs photomultiplier tube �PMT� operating
in the photon counting mode.

Time resolved PL measurements were performed using a
Ti:Sapphire laser producing 200 fs pulses at a wavelength of
400 nm with a repetition rate of 250 kHz. The spectrally
resolved PL traces were detected by a triple diffraction grat-
ing monochromator equipped with a fast photomultiplier
tube �PMT� using the time-correlated photon counting tech-
nique. The time resolution in these measurements is better
than 80 ps. The sample was mounted in a variable tempera-
ture He flow cryostat that allows measurements between 10
and 130 K.

III. EXPERIMENTAL RESULTS

Figure 1 shows a typical micro-PL spectrum at 8 K on the
investigated sample. The spectrum, similar to those of other
quantum dot �QD� systems,38–40 reveals ultranarrow emis-
sion lines ��0.1 meV linewidth�, which we attribute to ex-
citonic recombination in single quantum dots. Importantly, in
the specific sample studied here one can decompose the
asymmetric micro-PL spectrum into two broad Gaussian line

shapes shown in Fig. 1 by solid and dashed lines. Since each
of these bands feature identifiable single dot emission lines
�see Fig. 1�, we attribute them to the existence of two spec-
trally separated subensembles of CdSe QDs. The maximum
energies of these two QD distributions are 2.602 and
2.565 eV with line widths of �30 and �60 meV, respec-
tively. The spectral width of these lines is due to the inho-
mogeneous distribution of sizes, shapes, and chemical com-
position within each QD subset. The strong blueshift of the
QD emission compared to the 1.75 eV band gap of bulk zinc
blende CdSe is explained by confinement, and segregation
effects as discussed in Refs. 38 and 41–44. The different
confinement in the two subsets is caused by different QD
size and/or different Cd concentration within the QDs.

While in previous studies the carrier redistribution has
been mainly probed with a single QD ensemble �e.g., Refs.
21 and 45–48� only a few investigations have been per-
formed in bimodal QD distributions28,31,49–52 or quasibimo-
dal QD distribution without a transfer from high to low en-
ergy states.18,53 For simplicity, in what follows, the high
energy and the low energy emissions are referred to as high
energy dots �QDs1� and low energy dots �QDs2�, respec-
tively.

To study the carrier dynamics in this bimodal QD distri-
bution we performed continuous wave excitation and tem-
perature dependent macro-PL measurements. Figure 2 shows
macro-PL spectra obtained at 10 K at excitation intensities
ranging from 24 mW cm−2 to 8 W cm−2. We observe a per-
fect correspondence between the results of macro-PL and the
micro-PL experiments. As shown in Fig. 2 the QDs1 band at
2.602 eV dominates the weaker QDs2 band at 2.565 eV at
low excitation intensities ��0.5 W cm−2�. The PL intensity
ratio between the bands reflects the density ratio of the bi-
modal QD size distribution. While the total PL intensity lin-
early increases up to 0.8 W cm−2 the spectral shape and peak
positions of both QD bands remain unaltered indicating no
significant saturation effects within this intensity range. We
believe that in this excitation intensity range the optical re-
sponse is determined by excitonic recombination in CdSe
QDs.

Above this excitation level the PL signal of both QD dis-
tributions broadens and the peak energies shift to lower en-
ergies. In addition a broad band appears at the high energy

FIG. 1. Micro-PL spectrum with 1.7 �m resolution of the CdSe
quantum island sample at 8 K excited with �=476 nm. The dashed
and solid line curves show a decomposition of the spectrum into
two Gaussian emission band centered at 2.602 eV and 2.565 eV.
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side of the QDs1 emission that is predominantly attributed to
the quantum well-like emission �QW� arising from the CdSe
QD-precursor states within the ZnSCdSe wetting layer.54 The
broadening on the high energy sides of both QD subsets is
mainly due to excited QD state PL. In addition the LO-
phonon sideband of the QDs1 emission may contribute to the
high energy broadening of the QDs2 emission. However,
since the energy distance between the PL maxima of QDs1
and QDs2 is larger than 35 meV �which increases with in-
creasing excitation density� a dominating contribution of the
QDs1 LO-phonon sideband with phonon energy �27 meV
can be excluded. The energy redshift of both QDs subsets is
attributed to an increased scattering rate between excitons
and weakly localized QW-like CdSe QD-precursor states
and/or with free charge carriers. These scattering processes
predominantly affect weakly localized QDs within each QDs
subset leading to a reduced photon emission on the high-
energy side of the PL bands. In addition the formation of
biexcitons and negatively charged excitons shifts the center
emission of both QD subsets to lower energy and gives rise
to broadening on the low energy side of the PL
bands.21,43,45,55–57

We further investigated the temperature dependence of the
PL emission of the bimodal QD distribution. Such measure-
ments provide important information about thermally in-
duced carrier escape and subsequent recapture by strongly
localized QD potentials. In order to avoid the high density
effects described above, all measurements were performed at
low excitation density of 0.08 W cm−2. Figure 3 shows the
PL spectra at temperatures ranging from 10 to 230 K. The
data reveal a significant change of the spectral shapes and
relative intensities between both bands ascribed to QD emis-
sion. At 10 K in addition to the dominant QDs1 and weaker
QDs2 bands, we observe a very weak “QW” emission at
2.635 eV, which disappears around 40 K. When the tem-
perature exceeds 70 K the peak energy position of both QD
distributions shift towards lower energy and the intensity of
the QDs1 peak rapidly decreases, whereas the QDs2 peak
almost retains its intensity. At temperatures between 90 K

and 180 K the QDs2 peak exceeds the height of the QDs1
peak. At temperatures above 180 K the QDs1 band again
gains importance and finally exceeds the intensity of the low
energy QDs2 band.

The observed temperature behavior gives, first of all, ad-
ditional strong experimental evidence for the presence of two
spectrally resolvable QD distributions in the studied sample,
whose emission can be followed up to very high tempera-
tures. Furthermore, the changes in relative intensity between
these two bands indicate a coupled thermalization of carriers
between the QD distributions. Qualitatively, the rapid de-
crease of the QDs1 emission at lower temperatures is ex-
plained by thermally activated nonradiative decay as well as
by thermal activation of of QDs1 excitons into the QW pre-
cursor states and subsequent trapping by adjacent dots of the
QDs2 subset.

The temperature dependent PL spectra were deconvoluted
into two Gaussian line shapes each representing one subset
of CdSe QDs. In this way the temperature dependence of �a�
the integrated PL intensities, �b� the peak photon energies
and �c� the full widths at half maximum �FWHM� of the
emission bands were obtained. In Fig. 4 we plot the inte-
grated intensity extracted from both PL bands. The high-

FIG. 2. Intensity dependent PL spectra at 10 K excited with
100 fs pulses at 2.85 eV. The excitation intensity is given as a ratio
I / I0 with reference intensity I0=0.08 W cm−2. QDs1 and QDs2 de-
note subensembles of high and low energy quantum dots, respec-
tively, symbol QW denotes quantum well-like QD precursors of
CdSe.

FIG. 3. Temperature dependent PL spectra using 100 fs pulses at
2.85 eV and average intensity of 0.08 W cm−2. The temperature
ranges from 10 K to 230 K in 10 K steps as labeled. QDs1 and
QDs2 denote high and low energy quantum dots, respectively, sym-
bol QW denotes quantum-well-like QD precursors of CdSe.

FIG. 4. Extracted integrated PL intensity of the Gaussian QDs1
and QDs2 emission bands as a function of temperature. The full and
dashed line are model calculations as described in the text using
the decay times given in Table I and localization energies
�1=23 meV and �2=65 meV.
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energy QDs1 intensity substantially decreases with increas-
ing temperature while the QDs2 intensity increases with a
maximum intensity observed at �80 K followed by a PL
intensity decrease above 100 K. To a first approximation, the
observed integrated PL intensity is proportional to the num-
ber of excited QD excitons that recombine radiatively. As the
temperature increases, the interplay of capture, thermal acti-
vation and recombination between the two QD distributions
becomes important.

The FWHM values of both QD emission bands vary
slightly for temperatures between 10 and 60 K as shown in
Fig. 5. At higher temperature the FWHM of the QDs1 emis-
sion increases from 30 meV to 70 meV which is attributed
to a thermally induced redistribution of carriers within the
QDs1 subensemble from stronger localized into less local-
ized states and into CdSe QW precursor states located on the
high energy side of the QDs1 band. In contrast, the FWHM
of the low energy QDs2 band remains nearly constant
��60 meV up to 150 K� which is attributed to the strong
localization energy of QDs2 that prevents a thermally in-
duced redistribution of carriers within the QDs2 subset.
Above 150 K the FWHM of the QDs2 band also starts to
broaden due to the onset of thermal redistribution.

We observe that the peak energy positions presented in
Fig. 6 monotonically decrease with increasing temperature.
In accordance to the weak thermal redistribution of QDs2
excitons the red shift of the strongly localized QDs2 emis-
sion is mainly attributed to the reduction of the band-gap
energy with increasing temperature. The weaker energy shift
of the QDs1 band is explained by the thermally activated

transfer of excitons from stronger into weaker localized
QDs1 states. This carrier redistribution shifts the center
QDs1 emission to higher energy thus counteracting the band-
gap energy reduction which results in a weaker “effective”
redshift with increasing temperature for this QD subset.

The dynamics of excitons in the bimodal QD distribution
has been investigated by spectrally resolved transient PL
measurements. Figures 7 and 8 depict the PL decay traces
between 10 and 130 K at the maximum position of the
Gaussian QDs1 and QDs2 emission, respectively. For a bet-
ter comparison the traces are offset to each other. In both
QDs subsets we find a rapidly decaying component shortly
��0.1 ns� after the arrival of the excitation pulse. Due to its
short emission time its contribution to the total time inte-
grated PL intensity is low but increases with increasing tem-
perature. We attribute this rapid PL peak to the emission of
QDs with defective crystalline environment that contains dis-
locations and hence have a high nonradiative recombination
rate. We believe that these defective QDs are preferably lo-
cated close to dislocations found in plane view TEM inves-
tigations of this sample.

Besides this striking PL spark the time traces exhibit a
nonexponential decay at low temperatures �10–50 K� that is
typical for a nonuniform QD distribution 18,21,58,59. Up to

FIG. 5. Full width at half maximum �FWHM� of the Gaussian
QDs1 and QDs2 emission bands as a function of temperature.

FIG. 6. Extracted maximum energy position of the Gaussian
QDs1 and QDs2 emission bands as a function of temperature.

FIG. 7. Time-resolved PL traces on a logarithmic scale recorded
at the maximum position of the Gaussian QDs1 emission at differ-
ent temperatures as labeled. The sample was excited with 100 fs
pulses at 3.08 eV. For a better comparison the traces are offset to
each other.

FIG. 8. Time-resolved PL traces on a logarithmic scale recorded
at the maximum position of the Gaussian QDs2 emission at differ-
ent temperatures as labeled. For a better comparison the traces are
offset to each other.
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50 K the PL trace reveals a decrease of the decay rate with
increasing temperature for both subsets. This behavior is ex-
plained by a thermally activated population of bright-exciton
states from energetically lower dark-exciton states due to
phonon-assisted spin relaxation with a relaxation time of
typically �10 ns.60,61 This bright-exciton repopulation leads
to a prolonged effective lifetime as observed and as de-
scribed in other QD systems.61 Above 50 K the PL of QDs1
shows a weak signal rise with peak around �0.2 ns and then
decreases due to thermal population of excited exciton states
and thermally activated escape into CdZnSSe QD-precursor
states and into nonradiative centers. As expected the decay
rate increases with increasing temperature. The exciton dy-
namics of the QDs2 ensemble shows a more pronounced
signal rise as the QDs1 PL which peaks at �0.25 ns before it
decays at longer times. The PL decay of QDs2 excitons that
increases with increasing temperature is explained as for the
QDs1 subset.

The exciton dynamics at the maximum position of the
QDs1 and QDs2 emission is again displayed in Fig. 9 at
90 K on a linear scale. Also shown is the time resolved spec-
trum as a contour plot in the inset. The graphs clearly show
the pronounced initial peak, the signal rise for both QDs
subsets and the subsequent decay due to thermally activated
escape and nonradiative recombination of the QD excitons.

IV. MODEL DESCRIPTION AND DISCUSSION

To model the observed complex QD relaxation dynamics
we introduce the following simplifying approximations: We
neglect the contribution of imperfect QDs which cause the
initial PL spark assuming that these QDs are concentrated at
the barrier-wetting layer interface so that their presence does
not significantly affect the dynamics of intact QDs. We fur-
ther neglect any dark-states to bright-states dynamics. We
assume two sets of uniform QDs �1 and 2� with different
exciton confinement �localization� energies �1 and �2 that
are embedded within wetting layer QW. We assume a tem-
perature independent radiative decay rate �radw of wetting
layer excitons and a capture rate �w of QW excitons captured

by QDs1 and QDs2. No nonradiative decay of QW excitons
is taken into account. Furthermore we assume temperature
independent radiative decay rates �rad1�2� and nonradiative
decay rates �nrad1�2� of excitons in QDs1 and QDs2, respec-
tively. Since the repetition time in our time integrated
�12.5 ns� and time-resolved measurements �4 �s� is longer
than the QD decay time ��2–4 ns� the rate equations for
excitons at low excitation densities �neglecting saturation ef-
fects� can be given as

�nw

�t
= − nw�radw − nw�w + n1�w exp�−

�1

kBT
�

+ n2�w exp�−
�2

kBT
� , �1�

�n1

�t
= − n1�rad1 + nw�wC1 − n1�w exp�−

�1

kBT
�

− n1�nrad1 exp�−
�1

kBT
� , �2�

�n2

�t
= − n2�rad2 + nw�wC2 − n2�w exp�−

�2

kBT
�

− n2�nrad2 exp�−
�2

kBT
� . �3�

Here subscripts w, 1, and 2, denote the wetting layer as well
as QDs1 and QDs2, nw, n1, and n2 are the number of excitons
in QW, in QDs1 and in QDs2, respectively. kB is the
Boltzmann constant. Constants C1=nQDs1 /nQD and
C2=nQDs2 /nQD give the ratios of the QDs1�2� density relative
to the total quantum dot density nQD. The model couples the
two QD subsets via thermal escape of QD excitons with rate
�w. It further proposes thermally activated nonradiative de-
cay with different rates �nrad1�2� for the two QD subsets.

At low temperatures thermally activated coupling as well
as nonradiative decay can be neglected. The PL decay from
the two different QD exciton distributions is approximately
given by nph1�2��t�� exp�−�rad1�2�t� where �rad1�2� are the ra-
diative decay rates of QDs1 and QDs2. As mentioned al-
ready the “effective” radiative decay rate due to dark-state
filling decreases with increasing temperature from �rad1�2�
�2.5�109 s−1 at 10 K to �rad1�2��1�109 s−1 at 50 K for
both subsets. Above 50 K the nonradiative rates �nrad1�2� and
escape rate �w were determined by fitting the solutions of
Eqs. �1�–�3� with the PL traces. For the numerical calcula-
tions we use the effective radiative rate of �rad1�2�=1
�109 s−1 obtained at 50 K. Since we only observe a very
weak QW luminescence at low temperatures we conclude
that �radw��w. The localization energies �1�25 meV and
�2�65 meV are estimated from the energetic difference of
the PL peak energies to the wetting layer emission QW at
10 K �see Fig. 3�. Best agreement between experimental and
numerical traces in the range 70 and 130 K was found for
parameters �w=0.9�1010 s−1, �nrad1=1.4�1010 s−1, and
�nrad2=2.5�1011 s−1. Figure 9 compares the traces of ex-
perimental and numerical traces of the QDs1 �dashed line�

FIG. 9. Time-resolved PL traces recorded at the maximum po-
sition of the QDs1 and QDs2 emission at 90 K. The full and dashed
line are model calculations as described in the text. The inset shows
a contour plot of the time resolved PL spectrum.
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and QDs2 �full line� emission at 90 K. The agreement be-
tween experimentally observed PL and model calculations is
comparably good for the other temperatures.

The numerical analysis reveals a striking difference be-
tween nonradiative rates �nrad2 and �nrad1 by more than one
order of magnitude. As possible explanation we propose a
different coupling to nonradiative recombination centers for
the two QD subsets due to different QD accumulations at
defects. In particular the strong confinement of QDs2 indi-
cates a higher Cd concentration as compared to QDs1.
Therefore QDs2 are preferably expected in Cd-rich
QD-precursor areas. As already mentioned plane-view TEM
investigations reveal defects with a density of 8�108 cm−2

that are supposed to originate at highly strained CdSe-rich
regions. We therefore conclude that QDs2 are most likely
located adjacent to these defects leading to a high nonradia-
tive rate for this type of QDs.

Using the extracted decay rates that are summarized in
Table I we calculated the time integrated photon emission
that are emitted from QDs1 and QDs2 according to

nph1�2��T� = �
0

	

�rad1�2�n1�2��t,T�dt . �4�

Photon numbers nph1�T� and nph2�T� are proportional to the
observed integrated intensity of the stationary PL emission
obtained from the bimodal QD distribution at given tempera-
ture T. In Fig. 4 the calculated time integrated PL intensities
shown as dashed �QDs1� and full lines �QDs2� are compared
with experimentally obtained PL.

Despite the limitations and approximations of the pro-
posed model the calculated curves are in fair agreement with
the experimental data. In particular the increasing QDs2
emission with maximum at about 80 K is nicely reproduced.
However, the calculations show significantly higher PL in-
tensities for temperatures above 100 K for both QD subsets.

This deviation is mainly attributed to the simplifying as-
sumption that the number of barrier excitons that reach the
wetting layer �nw� remains constant with increasing tempera-
ture. Thermal activation may induce nonradiative recombina-
tion within the barrier and in the wetting layer �e.g., by re-
activation of wetting layer excitons back into the barrier or
into barrier or wetting layer interface states� thus reducing
the number of excitons that finally can be trapped by the
QDs. This explanation is further supported by the reduction
of the PL spark intensity observed in the time-resolved mea-
surements when the temperature is increased from 10 to
130 K.

V. SUMMARY

We have investigated the dynamical behavior of a bimo-
dal distribution of QD excitons by intensity and temperature
dependent time-integrated and time-resolved PL. At low in-
tensities we observe a dominant exciton emission from QDs1
with weak localization and a weaker emission from QDs2
with higher localization. At high excitation densities the
emission of quantum-well-like CdSe QD-precursor states
QW become visible on the high energy side of QDs1. In
addition the peak position of the QDs1 and QDs2 band shifts
to lower energies at high excitation levels which is attributed
to increased exciton scattering and to the formation of biex-
citons and negatively charged excitons. The thermal depen-
dence of the integrated QDs1 and QDs2 PL intensity indi-
cates a thermally activated population of QDs2 with excitons
that escaped from QDs1. Time resolved PL measurements
enabled us to estimate the characteristic radiative and nonra-
diative decay rates as well as exciton escape rates so as to
simulate the observed behavior using a simplified coupled
rate equation model. Within the model limitations the experi-
mental data is reasonably reproduced. Deviations from the
experimental observations obtained above 100 K are mainly
attributed to the neglect of nonradiative recombination of
barrier and QW excitons in our model.
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