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Impact of carrier redistribution on the photoluminescence
of CdTe self-assembled quantum dot ensembles
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We report on the photoluminescence~PL! measurements of two structurally different CdTe self-assembled
quantum dot~QD! samples. These include CdTe QD’s connected with the uniform two-dimensional wetting
layer ~WL! and fully developed CdTe QD’s that are isolated from each other. Both temperature and excitation
power dependencies found for the ensemble of fully developed QD’s reflect that of individual QD’s. In this
case, no signature of intradot carrier redistribution is observed even at 120 K. In contrast, both continuous-
wave and time-resolved PL show the presence of strong thermally induced carrier redistribution for the
structure, where the dots are connected by a uniform two-dimensional WL. In particular, three distinct tem-
perature regions are identified. At temperatures below 30 K, dots in the ensemble are isolated from each other:
the emission occurs only from QD’s occupied initially by both electron and hole. When temperature increases
(T.30 K), the carriers from QD’s are thermally activated into the uniform WL and are subsequently captured
by other QD’s. Finally, above 100 K the nonradiative recombination in the WL prevents the capture of
thermally activated carriers. These results, while providing a thorough understanding of the optical properties
of QD structures, give also important information about structural complexity of epitaxially grown II-VI
semiconductor QD’s.

DOI: 10.1103/PhysRevB.69.205325 PACS number~s!: 78.67.Hc, 78.55.Et, 78.47.1p, 68.65.Hb
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I. INTRODUCTION

The optical properties of excitons confined to semico
ductor self-assembled quantum dots~QD’s! have been stud
ied very intensively for almost a decade.1 Among a variety of
different techniques, photoluminescence~PL! measurements
performed both on single QD’s2–10 and on large QD
ensembles11–20 have provided a detailed understanding
how the zero-dimensional confinement in QD’s influenc
the properties of excitons. For instance, it has been dem
strated that, similar to semiconductor quantum wells~QW’s!,
the change of the QD size and of the average distance
tween QD’s may alter the energies of electronic levels a
the interaction between neighboring QD’s.4,10,20,21These re-
sults show that morphology of the QD system plays an
portant role in determining the optical properties of a parti
lar quantum structure.

Most of the studies have been focused on III-V semic
ductor self-assembled QD’s, such as InxGa12xAs QD’s em-
bedded in a GaAs matrix, where QD’s are formed during
epitaxial growth through a Stranski-Krastanov mode.13 In
this case, as displayed in Fig. 1~a!, above a certain critica
thickness of InxGa12xAs layer, a coherent transformatio
from two-dimensional~2D! growth to three-dimensiona
~3D! growth takes place. One of the signatures of
Stranski-Krastanov transition is the presence of a unifo
0163-1829/2004/69~20!/205325~11!/$22.50 69 2053
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2D WL thatphysicallyconnects all the QD’s in the ensemb
@see Fig. 1~a!#. It is important to note that when increasin
the nominal thickness of InxGa12xAs, the QD’s get larger
but the thickness of the WL remains constant.13 As a result,
at elevated temperatures, transfer of carriers between ne
boring QD’s could take place via the uniform WL. It ha
been shown that thermally induced carrier redistribut
strongly modifies the temperature behavior of PL emission
such a QD structure.22–26

In contrast, for QD’s made of II-VI semiconductor com
pounds@such as CdSe/ZnSe~Refs. 16, 27, and 28! or CdTe/
ZnTe ~Refs. 2, 29, and 30!#, the mechanism of the dot for
mation differs from the Stranski-Krastanov mode. As it
shown in Fig. 1~b!, in this case, the growth starts from ra
domly distributed 2D platelets, which serve as precursors
the QD growth.16 This unique behavior has been ascribed
stronger diffusion of II-VI materials as compared to III-
compounds.16 Recent results of scanning transmission el
tron microscopy~TEM! accompanied by micro-PL measur
ments show that both 2D-like and 3D-like objects exist
multaneously even if only 0.7 monolayers~ML’s ! of CdSe is
deposited on the ZnSe substrate.16 Remarkably, at this stage
of the growth, no signature of a uniform 2D WL is see
When adding more CdSe, the average thickness of these
platelets increases and, at the same time, the 3D QD’s
getting larger. Interestingly, however, in the case of II-
©2004 The American Physical Society25-1
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FIG. 1. ~a! Schematic diagram
of the Stranski-Krastanov growth
mode typical for III-V self-
assembled QD’s. The growth
starts from the WL formation,
then small QD’s are formed, and
with further increase of the
amount of deposited QD materia
the dots get larger.~b! Schematic
diagram of QD formation ob-
served for II-VI semiconductors
the growth starts from 2D plate
lets on which small dots are
formed. Then two scenarios ar
possible as the growth continue
either the platelets with QD’s re
main isolated~left! or they form a
uniform 2D WL ~right!. As the
amount of the deposited QD ma
terial increases these both sc
narios end with large isolated
QD’s.
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semiconductors it is also possible that by changing
growth conditions, these 2D platelets may eventually form
uniform 2D layer that connects all the QD’s in the ensemb
The formation of a 2D wetting layer has been indeed
served for CdTe QD’s grown on a ZnTe substrate.29 With a
further increase of the amount of the QD material both s
narios end up with an ensemble of fully developed 3D QD
that are isolated from each other, with no uniform W
present in such a structure. This variety of qualitatively d
ferent morphologies characteristic for II-VI self-assemb
QD’s offers many possibilities for studying the influence
the structural properties on the mechanisms of carrier tra
fer between neighboring QD’s.

In this work we report on optical properties of CdTe se
assembled QD’s grown with a different nominal CdTe co
erage. We show that depending on the amount of QD m
rial deposited, the dots are either isolated from each othe
connected by the uniform 2D WL.

For the QD sample with a nominal CdTe thickness o
ML we find that the PL energy dependence on the temp
ture obtained for a QD ensemble is identical with the o
measured for single CdTe QD. Regardless of the tempera
and excitation power, the emission of this sample reflects
distribution of ground-state energy within the QD ensemb
In addition, the measured decay time of the exciton reco
bination in these QD’s is constant up to 100 K, and it
independent of the excitation power. This is the evidence
the carrier transfer between dots is inhibited and therefore
argue there is no uniform WL formed in this structure.
other words, the PL emission of this QD ensemble is de
mined solely by the properties of individual noninteracti
QD’s, in agreement with the growth scheme presen
above.

On the other hand, when the nominal thickness of
CdTe QD layer is equal to 2 ML, both the temperature a
the excitation power dependencies of the PL emission s
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drastically different behavior. In this case we observe th
distinct temperature regions. At low temperatures~below 35
K! the line shape of the QD emission and the exciton de
time do not depend on the excitation power. Therefore, o
the dots that areinitially populated by electrons and hole
contribute to the emission. In other words, any redistribut
of carriers between QD’s is inhibited. In contrast, in the te
perature range between 35 and 100 K as the excitation po
decreases, the maximum of the QD emission shifts towa
lower energies. At the same time the linewidth of the Q
emission gets narrower. Furthermore, for the weaker exc
tion powers the decay time of exciton recombination in QD
is much longer. We interpret these observations as a resu
thermally induced carrier redistribution between differe
QD’s. The carrier transfer between the QD’s occurs via a
WL that connects the dots. It is important to note that
though in this temperature range the emission of QD’s
pends strongly on the excitation power, both the linewid
and the energy of the 2D WL emission are unchanged, a
the decay time. Finally, as the temperature increases fur
the redistribution of carriers between QD’s via the WL
suppressed due to enhanced nonradiative recombinatio
the WL itself. As a result, in this temperature range, we fi
only a very weak power dependence of both energy and
linewidth of the QD emission. A simple model that takes in
account thermal activation of carriers originally localized
QD’s into the WL and their subsequent capture by anot
dot reproduces these experimental observations well. Th
results of PL spectroscopy provide a detailed description
the interdot carrier dynamics in CdTe QD’s connected wit
uniform WL. Moreover, these measurements enable on
describe by optical means the global morphology of the st
ied QD system.

II. SAMPLES AND EXPERIMENTAL DETAILS

Two CdTe/ZnTe QD samples with qualitatively differe
morphology are studied in this work. They were grown
5-2
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molecular beam epitaxy on~100!-oriented GaAs substrate
by deposition of 2 and 4 ML of CdTe on top of ZnTe buff
layers. The substrate temperature was equal to 280 °C.
first sample consists of CdTe QD’s superimposed on a
WL, while the second one contains only fully developed is
lated QD’s. From the TEM images we estimated the typi
size ~diameter! of the CdTe QD’s to be 2–4 nm,29,31 while
their density approaches 1012 cm22. Further details of the
growth as well as the optical characterization of the
samples can be found elsewhere.29,31

Continuous-wave PL studies of the large QD ensemb
were carried out in two modes. First, for a constant tempe
ture of the sample, the excitation power dependence of
emission was measured. Second, the temperature de
dence of the PL was studied for a constant excitation pow
In these experiments the 457-nm line of an argon-ion la
was used for excitation with a spot size of 200mm in diam-
eter. The PL signal was detected by a liquid-nitrogen-coo
CCD camera after being dispersed by a 0.25-m monoc
mator ~grating 1800/mm!.

The PL measurements of single CdTe QD’s~micro-PL!
were performed with the laser focused down to a spot siz
1 mm in diameter by the use of a microscope objective. T
sample was mounted in a continuous-flow helium cryos
and the temperature was changed from 5 to 60 K. The em
sion was collected through the same objective, disperse
a double 1-m monochromator~gratings 2400/mm! and de-
tected by a CCD camera. The spectral resolution of the s
was about 50meV.

Recombination dynamics of excitons in the CdTe QD
were studied through time-resolved PL by means of tim
correlated single-photon counting. A frequency-doubled
sapphire laser with 6-ps pulses and a repetition rate of
MHz at a wavelength of 370 nm was used as an excita
source. The signal was dispersed by a 0.25-m monoc
mator and detected by a fast microchannel plate photom
plier tube. The overall temporal resolution of the setup w
about 60 ps.

III. LOW-TEMPERATURE PHOTOLUMINESCENCE
CHARACTERIZATION OF QUANTUM DOTS

In Fig. 2 we show PL spectra measured for both Q
samples atT54.2 K. In spite of the same material combin
tion ~CdTe/ZnTe! the spectra of these two QD structures a
qualitativelydifferent. The emission of the 2-ML CdTe QD
sample~squares! features two peaks. The high-energy em
sion is narrower and more intense while the low-ene
emission is much broader and somewhat weaker.
micro-PL spectra, when the size of the excitation spot
reduced down to 1mm in diameter, the low-energy line split
into the series of ultranarrow individual emission lines with
typical linewidth of 0.1 meV.31 Therefore, we assign the low
energy emission to exciton recombination in CdTe QD’s.
contrast, the micro-PL spectrum of the high-energy line d
not feature any structure, the overall shape is unchanged
it remains smooth. We ascribe this high-energy line to the
WL emission. As shown in the following, for this QD struc
ture we observe a strong thermally induced redistribution
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carriers between QD’s through this uniform WL.
On the other hand, for the 4-ML CdTe QD’s the PL spe

trum ~circles! consists only of a single and relatively broa
~;70 meV in the full width at half maximum! emission.
Clearly, we observe no spectral signature of the we
resolved WL emission for this sample. In addition, the resu
of micro-PL show that this whole PL line is composed
ultranarrow emission lines ascribable to exciton recombi
tion in single QD’s.31 This suggests that the 4-ML CdTe Q
sample contains only fully developed QD’s, which are n
connected by the uniform 2D WL. Indeed, recent results
PL excitation spectroscopy performed on this sample h
shown that there is no 2D continuum of states between
emission and the ZnTe barrier.32 The absence of the WL
should prevent any lateral transfer of carriers between QD
so this QD ensemble should behave as a set of individ
isolatedQD’s. Indeed, the results of power- and temperatu
dependent PL measurements presented in the next se
support this interpretation.

IV. EXPERIMENTAL RESULTS: ENSEMBLE OF
QUANTUM DOTS WITHOUT THE WETTING LAYER

In this section the PL properties of the 4-ML CdTe Q
sample are discussed. Since no spectroscopic evidenc
carrier redistribution is found for this sample, the obtain
results are interpreted as a direct proof that this sample c
sists only of QD’s that arenot connectedwith a uniform 2D
wetting layer. This conclusion is consistent with the sche
of the epitaxial growth of II-VI QD’s presented above.

The results of continuous-wave PL obtained for the Q
sample with a nominal CdTe thickness of 4 ML are summ
rized in Fig. 3, where we compare the temperature dep
dencies of the PL energy obtained for a single QD31 and for
the large QD ensemble. For the latter, the data measure
three different excitation powers are shown. Apart from e
perimentally determined energies~points! we also plot the
line representing a temperature-induced shift of the Cd
~Ref. 33! band-gap energy. The relationE(T), scaled in or-

FIG. 2. Low-temperature PL spectra of the structures contain
CdTe QD’s with the nominal thickness of 2 ML~squares! and 4 ML
~circles!. The emission ascribed to QD’s and to the WL is indicate
5-3
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S. MACKOWSKI et al. PHYSICAL REVIEW B 69, 205325 ~2004!
der to account for the quantum confinement in QD’s, d
scribes the experimental data very well. In the inset to Fig
the actual PL spectra of the QD ensemble measured at 6
120 K normalized to their maximum intensities are p
sented. The solid lines~open symbols! correspond to excita
tion power of 1 mW~0.05 mW, multiplied by 20!. As one
can see, the shape of the PL emission does not depend o
excitation power even above 100 K. This observation sho
that in this temperature range the exciton recombination
curs only from the dots that are initially occupied by bo
electron and hole and no transfer of the carriers betw
different QD’s takes place. In other words, for all excitati
powers and temperatures the measured PL spectrum re
the energy distribution in the QD ensemble. The agreem
between the PL energy of a single CdTe QD and that of
QD ensemble demonstrates further that the optical prope
of the ensemble are determined by the properties of sin
and isolated QD’s.

The results of time-resolved PL performed for this sam
are presented in Fig. 4. As shown in the inset, atT52 K the
decay time of exciton recombination (tR) increases for
lower emission energies, as observed in other
systems,34,35 probably due to acoustic-phonon-assisted t
neling between QD’s with different energies.36 The observed
tR dependence on the emission energy could be also asc
to the presence of excited states in the QD’s. Indeed, as it
been shown for a number of QD systems, the decay tim
the excited states is usually much faster than that of
ground state.1 However, in the case of these QD’s the P
excitation measurements of single QD’s have revealed v
intense and narrow lines ascribed to excited states in
energy range of about 120 meV.32 Therefore, due to such
large energy splitting@larger than the linewidth of the QD

FIG. 3. Comparison between the temperature dependencie
the PL emission energy for a QD ensemble~solid points! measured
at three different excitation powers and of single CdTe QD’s~open
circles!. The line represents the CdTe energy band gap shrink
induced by the temperature. In the inset the normalized PL spe
measured at 6 and 120 K for two values of the excitation power
shown. The lines~points! correspond to excitation power equal to
mW ~0.05 mW, multiplied by 20!.
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emission~see Fig. 2!#, we would rather exclude the excite
states as the origin of the observed energy dependence otR .
For the results presented in this work, it is important to n
that the value oftR measured for the maximum of the P
spectrum is equal to 300 ps and it is insensitive to the te
perature up to around 100 K. Above this value,tR starts to
decrease due to nonradiative recombination in QD’s.37 The
dominant nonradiative mechanism responsible for the
crease oftR and for the reduction of the PL intensity wit
temperature is related to thermal activation of carriers i
the ZnTe barrier. In fact, the activation energy determin
from the intensity quenching with temperature equals
meV, which approximately corresponds to the heavy-h
confinement energy in these QD’s.38 Importantly, we also
find that for the temperatures below 100 K, the decay ti
measured for the maximum of the PL emission does
depend on the excitation power. As an example in Fig. 4
show temporal behavior of the PL intensity measured for
maximum of the PL emission atT550 K for three different
excitation powers. As for the energies and linewidths of
continuous-wave PL, thistR insensitivity to the excitation
power is observed in the whole studied temperature rang

The experimental results obtained for this QD sample
der both continuous-wave and pulsed excitations dem
strate unambiguously that the PL emission of the large
ensemble is solely determined by the properties of individ
and isolated QD’s. We find no signature of the therma
activated carrier redistribution between different QD
which we ascribe to the absence of a uniform 2D WL in th
QD structure. We conclude, in agreement with the mode
II-VI QD growth, that the sample with the 4-ML CdTe QD
layer featuring single PL line~see Fig. 2! consists only of
fully developed isolated QD’s. The absence of the WL in th
sample is further supported by recent PL excitation meas
ments of this QD sample where no signature of any 2D c
tinuum of states has been observed.32

of

ge
tra
re

FIG. 4. Temporal behavior of the PL intensity measured aT
550 K for the CdTe QD’s with the nominal thickness of 4 ML. Th
transients obtained for three different excitation powers are sho
In the inset the detection energy dependence of the exciton rec
bination time atT52 K is presented together with the PL spectru
5-4
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V. EXPERIMENTAL RESULTS: ENSEMBLE OF
QUANTUM DOTS WITH THE WETTING LAYER

In this section the optical measurements performed for
QD sample with 2 ML nominal CdTe thickness are pr
sented. In clear contrast to the previously discussed
structure, the results of both continuous-wave and tim
resolved PL experiments obtained for this sample show
presence of strong thermally induced carrier redistribut
between different QD’s. This intradot carrier transfer is po
sible via the 2D wetting layer that connects the dots in
ensemble. A theoretical model presented in this section f
supports this interpretation.

A. Continuous-wave photoluminescence

The PL measurements of the optical properties of Cd
QD’s with a nominal CdTe thickness of 2 ML were carrie
out in two different regimes: the excitation power was var
at a fixed temperature, and the data were taken as a fun
of temperature with a constant excitation power. In Fig. 5
show on a semilogarithmic plots the PL spectra taken at c
stant temperature of~a! 4.2 K, ~b! 35 K, and~c! 70 K as a
function of excitation power. AtT54.2 K the shape of the
spectrum~its energy and linewidth! as well as the relative
intensities between QD- and WL-related emissions rem
unchanged at increasing excitation power. In contrast, aT
535 K, the emission of the QD’s changes dramatically w
power. The strong impact of the excitation power, not fou
for the sample with the 4-ML-thick CdTe QD layer, is ob
served already atT535 K, but it is even more pronounced
T570 K. We approximated the PL spectra with the sum
two Gaussian line shapes so that the power dependenci
both the energy and the linewidth for QD-and WL-relat
emissions could be obtained. In Fig. 6 the maximum of
PL emission@Fig. 6~a!# and the PL linewidth@Fig. 6~b!# is
plotted as a function of excitation power for four tempe
tures. ForT535 K and T570 K, as the excitation powe
decreases, the maximum of the QD emission shifts towa
lower energies, and simultaneously, the PL line gets n
rower. More specifically, atT570 K the PL line ascribed to
the QD emission narrows from 80 to 40 meV when the
citation power is reduced by almost four decades. At
same time, the energy of the maximum of the QD-rela
emission shifts by 80 meV. In contrast to the QD emissi
both the emission energy and the PL linewidth of the 2D W
emission show essentially no change upon the excita
power @open points in Figs. 6~a! and 6~b!#. The behavior
observed for the WL emission is identical to the results
similar measurements performed on strained CdTe/Z
quantum wells with thicknesses between 1 and 5 ML.39 In-
terestingly, when the temperature increases to 100 K, the
PL shows almost no dependence on the excitation po
similarly at T54.2 K.

As can be seen in Figs. 5~b! and 5~c!, the shape of the
low-energy side of the QD emission is not affected by
excitation power; the slope of all spectra is identical. T
shows that the excitation power dependence observed
this sample is a result of thermal activation of the carri
20532
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confined to QD’s in the WL. Such a process occurs only
there exists a uniform 2D layer that connects a large num
of QD’s.

The impact of thermally induced carrier redistribution b
tween QD’s can also be observed in the temperature de

FIG. 5. Excitation-power-dependent PL spectra measured
the CdTe QD’s connected with the WL. The measurements w
carried out at~a! T54.2 K, ~b! T535 K, and ~c! T570 K. The
spectra are plotted on a semilogarithmic scale.
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dence of the PL emission at a constant excitation power
this case we find, similar to other reports,22–25 that the PL
energy of the QD ensemble decreases with the tempera
much faster than that for single QD’s~see Fig. 3!.31 In addi-
tion, the width of the PL line of the QD ensemble show
nonmonotonic behavior: it first decreases, goes throug
minimum, and then starts to increase.23 The results of these
experiments are summarized in Fig. 7, where we plot~a! the
PL energy and~b! the linewidth of the QD emission as
function of the temperature for several values of the exc
tion power. As shown in Fig. 7, we observe that the fas
redshift of the PL energy and narrowing of the linewidth a
enhanced for the weaker excitation power. Note that the
sition of the minimum in the temperature dependence of
PL linewidth@see Fig. 7~b!# occurs at a lower temperature fo
the weaker excitation.

The qualitative understanding of the continuous-wave
results of this QD sample is schematically sketched in Fig
where the occupation of QD potentials~short lines! is shown
in six different excitation and temperature conditions. T
circles correspond to the occupied QD states and the da

FIG. 6. ~a! PL emission energy and~b! PL linewidth plotted as
a function of the excitation power for both QD-related~solid points!
and the WL-related~open points! emissions. The dependencies o
tained at four temperature are shown.
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stripe is the WL. The distance between this stripe and
short lines represents the energy spacing between the
and the particular QD. The QD’s are populated in timeT1
according to the energy distribution within the ensemb
Then the redistribution of carriers may occur~at T2), which
would change the QD occupation and therefore the subse
QD’s that are observed in the emission~at T3).

At low temperature@Fig. 8~a!# regardless of the excitation
power, the thermal activation of carriers from QD’s to th
WL is inhibited. The recombination takes place only in t
dots that have been initially populated. Since, as we assu
the initial occupation is determined by the energy distrib
tion of QD’s, no excitation power dependence of either t
PL energy or the linewidth is expected. Such a situation
indeed observed atT54.2 K @see Fig. 5~a!#. As the tempera-
ture increases, the thermal activation of carriers to the
becomes possible@Fig. 8~b!#. Then, the carriers localized b
QD’s with energies close to the WL energy may escape to
WL; these QD’s would become empty atT2. If these ther-
mally activated carriers do not recombine in the WL~either

FIG. 7. ~a! PL emission energy and~b! PL linewidth plotted as
a function of the temperature for QD-related emission. The exp
mental values~solid points! were obtained for three different exc
tation powers, as indicated. The lines are the result of the calc
tion that takes into account the thermally induced carr
redistribution between QD’s.
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IMPACT OF CARRIER REDISTRIBUTION ON THE . . . PHYSICAL REVIEW B 69, 205325 ~2004!
radiatively or nonradiatively!, they would be eventually cap
tured by other dots where they recombine. In this regime,
high excitation power@Fig. 8~b!, left panel# the change in the
energy or the linewidth of the QD emission is small, sin
there are no available QD’s states with low energies. In c
trast, if the excitation power is low@Fig. 8~b!, right panel#,
once the carriers are thermally activated to the WL, they
able to find a QD with much lower emission energy. As
result, for lower excitation power the recombination at tim
T3 occurs from QD’s with narrower energy range. Th
simple picture explains the narrowing of the PL line and
large redshift of the maximum of the QD PL emission o
served atT535 K andT570 K ~see Fig. 6!. The third re-
gime, T5100 K, is shown in Fig. 8~c!. Likewise, for the
previous cases, atT1 the initial occupation of QD’s reflect
the energy distribution in the ensemble. Since the temp
ture is relatively high, more QD’s become depopulated d
to carrier thermal activation to the WL. Here, however, t
recombination in the WL is much faster than the time
quired for these carriers to be recaptured by the QD’s. A
result, they recombine~mostly nonradiatively39! in the WL.
Under such circumstances, no significant influence of
excitation power on the PL linewidth and maximum em
sion energy is expected, as it is indeed observed experim
tally ~see Fig. 6!.

FIG. 8. Occupation of the ground states of QD’s connected w
the WL as a function of the excitation power at three differe
temperatures:~a! T54.2 K, ~b! T570 K, and~c! T5100 K. The
diagrams at the excitation (T1), redistribution (T2), and recombi-
nation (T3) times are shown.
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B. Model

In order to describe quantitatively the results
continuous-wave PL experiments, we model the QD str
ture as an ensemble of strongly localized potentials c
nected with a WL characterized by a 2D continuum of stat
This model is based on the one developed by Sanguin
et al.;24 it assumes the following:

~a! The capture of photocreated carriers from the Zn
barrier into the QD’s takes place only via the 2D WL. Anal
gously, we neglect a direct carrier escape out of QD’s to
ZnTe barrier.

~b! The carriers in the WL could either be captured
QD’s or they recombine radiatively or nonradiatively in th
WL.

~c! Each QD can be populated by only one electron-h
pair, and the initial QD population is determined by the s
tistical distribution of QD ground-state energies within t
ensemble. The energy distribution of QD’s is identical to t
PL spectrum measured atT54.2 K.

~d! The radiative recombination time of excitons is th
same for all QD’s, and it does not depend on either size
shape~i.e., the emission energy! of QD’s.

~e! The probability of thermal escape from QD to WL~g!
is proportional to exp(2DE/kBT), whereDE is the difference
between the energy of the QD and the energy of the W
This value is determined experimentally and it is equal to
meV. It is also important to mention that it agrees perfec
with the activation energy obtained from the temperature
pendence of the total intensity of QD emission.29

Under these assumptions, we obtain the following expr
sions for the number of carriers localized in the QD’s (nF)
and in the WL (nR), respectively, as normalized to th
sample surface:38

dnR

dt
5g2nRkT1E

2`

0

nF~E!g~E!kCnWdE

2E
2`

0

nR@nD~E!2nF~E!#kCdE50, ~1!

dnF~E!

dt
52nF~E!kR2nF~E!g~E!kCnW

1nR@nD~E!2nF~E!#kC50. ~2!

In these formulasg represents the generation rate for t
carriers captured by the WL from the ZnTe barrier. Quan
ties nD(E) andnF(E) represent the density of all QD’s an
all occupied QD’s, respectively, with energies betweenE and
E1dE. kR is the probability of the radiative recombinatio
in the QD. The uniform 2D WL is characterized by the de
sity of available states in the WL (nW@nR) and by the prob-
ability that the carrier in the WL is not captured by the Q
potential (kT). Importantly, both nonradiative and radiativ
processes in the WL are described bykT . Finally, the redis-
tribution of carriers between QD’s is described by the pro

h
t
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S. MACKOWSKI et al. PHYSICAL REVIEW B 69, 205325 ~2004!
ability that the carrier in the WL is captured by the single Q
kC}u*CQWCQDd3r u2, and by the probabilityg that the car-
rier in the dot is thermally activated into the WL.

From Eq.~2! one obtains the expression for the number
occupied QD’s within the energy range (E,E1dE):

nF~E!5
nRnD~E!kC

kR1g~E!kCnW1nRkC
. ~3!

Inserting this expression into Eq.~1!, one obtains the follow-
ing:

g2nRkT2nRkCn1E
2`

0 nRkC
2 nD~E!@g~E!nW2nR#

kR1nRkC1g~E!nWkC
dE50.

~4!

In this calculation we describe the distribution of ener
within the QD ensemble with the Gaussian function:

nD~E!5
ns

Ap
e~E2E0!2s2

,

with the parametersE0 ands being directly determined from
the low-temperature PL spectrum. In addition, the QD d
sity and the recombination time in QD’s are determined
perimentally and are equal ton5104 mm22 and tR5kR

21

5300 ps.31 Similarly, as in Ref. 24, we set the value ofkC
5800 GHz. The only fitting parameters were the generat
rateg and the density of states,nw , in the WL.

The results of this fitting procedure are represented by
solid lines in Figs. 7~a! and 7~b!. In the case of medium
excitation power~100 mW! the values ofg510kRnD and
nW54.531017 cm22 were obtained. We note that the dens
of states in the WL,nW , is of the same order of magnitude a
reported in Ref. 24. Taking these values, the tempera
dependencies of the PL energy and linewidth were compu
for the excitation power equal to 10mW and 1 mW. Despite
the simplicity of the model, the calculated values agree w
with the experimental results. The quantitative corresp
dence between the two data sets is observed for the en
dependence on the temperature@see Fig. 7~a!# up to T
570 K, then at higher temperatures the dynamics of the s
tem changes~recall the physical model atT5100 K). On the
other hand, the calculated behavior of the PL linewidth,
though slightly different from the experimental results, s
shows the major trends@see Fig. 7~b!#. In particular, the cal-
culation reproduces the observation that the minimum of
PL linewidth occurs at lower temperatures for weakly e
cited QD ensembles. The small discrepancies may be rel
to the fact that we approximate all the PL spectra w
Gaussian line shapes and that we have not included in
calculation the spatial dependence of the QD distribution~in
the model all the dots are in the same place!. It is also im-
portant to note that in the model we neglect the influence
the transitions between the bright and dark states in
QD’s.1 This stems from the fact that such a transition
quires a spin flip of the exciton. Independent measurem
of the spin relaxation time in this QD sample have sho
that the exciton spin relaxation time@almost equal to 5 ns
~Ref. 40!# in these QD’s is by an order of magnitude long
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than the exciton recombination time and the capture ti
@kC

21 ~see model!#. Therefore, the two latter processes det
mine the population of the QD’s and any contribution fro
the spin-flip processes can be neglected.

In conclusion, the comparison between experimental
calculated results of the continuous-wave PL strongly s
ports the interpretation that the experimentally observed
fects are mostly due to thermally induced redistribution
carriers between QD’s via the uniform 2D wetting layer.

C. Time-resolved photoluminescence

The impact of carrier redistribution within the QD en
semble is also observed in the temporal behavior of the
emission, as shown in Fig. 9, where the temperature dep
dence of the recombination time of the excitons confined
CdTe QD’s is presented. Recall that in the case of isola
QD’s ~that are not connected with a 2D WL! the value of
tR5300 ps was constant up to around 100 K. As can be s
in Fig. 9, for the CdTe QD’s connected to the WL,tR shows
strikingly different behavior.35,41 While it seems to be
roughly constant up to 30 K, above that temperature it
creases and then reaches the maximum atT560 K. Further
increase of the temperature results in a monotonic decr
of tR . We note that in the case of QD emission the dec
time increases at the temperature range where the ca
redistribution starts to dominate the continuous-wave
properties~see Fig. 7!.

In order to understand this effect in more detail, we p
formed excitation power-dependent time-resolved PL m
surements. In Fig. 10 we show the time evolution of the
emission measured at~a! T51.8 K, ~b! T560 K, and~c! T
5100 K for several excitation powers and for different d
tection energies corresponding to both QD’s and WL em
sions. The transient PL spectra, plotted in a semilogarith
scale, are normalized so as to make the comparison m
straightforward. In addition, in Fig. 11 we present the eva
ated decay times together with the respective PL spectra.

FIG. 9. Decay times of the exciton recombination measured
function of the temperature for both QD-related~circles! and the
WL-related ~squares! emissions. The excitation power was ke
constant through the whole temperature range.
5-8
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IMPACT OF CARRIER REDISTRIBUTION ON THE . . . PHYSICAL REVIEW B 69, 205325 ~2004!
spectra are normalized to the maximum of the WL emissi
Noticeably, atT51.8 K @Figs. 10~a! and 11~a!# the measured
values oftR for both WL and QD emissions do not depen
on the excitation power.

Distinctly different situation is seen when the temperat
is raised up to 60 K@Figs. 10~b! and 11~b!#. In this case,tR
of the QD emission strongly increases as the excita
power decreases. We point out that the increase of the d
time is present for thewholeQD-related emission, althoug
the largest enhancement is observed for the dots with

FIG. 10. Temporal behavior of the PL emission intensity m
sured at~a! T51.8 K, ~b! T560 K and ~c! T5100 K. The data
were obtained for the detection energies corresponding to QD’s
the WL emissions. In each case the transients were taken at se
excitation power values.
20532
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FIG. 11. Decay times of the exciton recombination evalua
from the transients shown in Fig. 10. In addition the PL spec
normalized to the maximum of the WL emission are shown.
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lowest emission energies. At the same time, the value otR
measured for the WL is insensitive to the excitation pow
Following the physical interpretation of the continuous-wa
PL results~Fig. 8!, we assign this strongtR dependence to
the carrier redistribution between QD’s through the W
More specifically, the observed increase oftR for QD’s is
due to gradual ‘‘feeding’’ of QD’s with the thermally acti
vated carriers.

Importantly, the observation of thermally induced carr
redistribution requires that the time necessary for the a
vated carrier to find another dot is shorter than the nonr
ative ~or radiative! recombination time in the WL itself. The
influence of the nonradiative processes in the WL on
optical properties of the QD’s is indeed seen in Figs. 10~c!
and 11~c!, where we show the results of time-resolved
obtained atT5100 K. Although still the interdot carrier re
distribution via the WL induces some changes of the Q
emission, the influence of this process is significantly
duced. We do not observe a strong redshift of the energy w
decreasing excitation power nor narrowing PL linewid
This shows that the energy distribution of theluminescent
QD’s does not depend on the excitation power. Therefo
the recombination in the WL prevents the recapture of
carriers that have been thermally activated from the QD’

VI. CONCLUSIONS

To summarize, we have studied the impact of QD m
phology on the carrier redistribution in the ensembles of s
assembled CdTe QD’s. In the case of fully developed C
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