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We report on the photoluminescen@l) measurements of two structurally different CdTe self-assembled
guantum 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>30K), 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.
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[. INTRODUCTION 2D WL thatphysicallyconnects all the QD’s in the ensemble
[see Fig. 19)]. It is important to note that when increasing
The optical properties of excitons confined to semicon-the nominal thickness of |Ga _,As, the QD’s get larger
ductor self-assembled quantum déBD’s) have been stud- but the thickness of the WL remains constihAs a result,
ied very intensively for aimost a decati@mong a variety of ~ at elevated temperatures, transfer of carriers between neigh-
different techniques, photoluminescer(®.) measurements boring QD’s could take place via the uniform WL. It has
performed both on single QI¥s!® and on large QD been shown that thermally induced carrier redistribution
ensembled~?° have provided a detailed understanding of strongly modifies the temperature behavior of PL emission of
how the zero-dimensional confinement in QD’s influencessuch a QD structur#?=2°
the properties of excitons. For instance, it has been demon- In contrast, for QD’s made of II-VI semiconductor com-
strated that, similar to semiconductor quantum welisV's), pounds[such as CdSe/ZnS&efs. 16, 27, and 28r CdTe/
the change of the QD size and of the average distance b&nTe (Refs. 2, 29, and 30, the mechanism of the dot for-
tween QD’s may alter the energies of electronic levels anamation differs from the Stranski-Krastanov mode. As it is
the interaction between neighboring Q¥?%2'These re-  shown in Fig. 1b), in this case, the growth starts from ran-
sults show that morphology of the QD system plays an im-domly distributed 2D platelets, which serve as precursors for
portant role in determining the optical properties of a particuthe QD growth® This unique behavior has been ascribed to
lar quantum structure. stronger diffusion of II-VI materials as compared to IlI-V
Most of the studies have been focused on IlI-V semicon-compounds® Recent results of scanning transmission elec-
ductor self-assembled QD’s, such agGi _,As QD’'s em-  tron microscopyTEM) accompanied by micro-PL measure-
bedded in a GaAs matrix, where QD’s are formed during thements show that both 2D-like and 3D-like objects exist si-
epitaxial growth through a Stranski-Krastanov mddén  multaneously even if only 0.7 monolayeidL's) of CdSe is
this case, as displayed in Fig(al, above a certain critical deposited on the ZnSe substritdemarkably, at this stage
thickness of InGa, _,As layer, a coherent transformation of the growth, no signature of a uniform 2D WL is seen.
from two-dimensional(2D) growth to three-dimensional When adding more CdSe, the average thickness of these 2D
(3D) growth takes place. One of the signatures of theplatelets increases and, at the same time, the 3D QD’s are
Stranski-Krastanov transition is the presence of a uniforngetting larger. Interestingly, however, in the case of 1I-VI
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Qs FIG. 1. (8 Schematic diagram

P WL only of the Stranski-Krastanov growth
mode typical for 1V self-
assembled QD’s. The growth

‘ ‘ ‘ starts from the WL formation,
WL + small QDs then small QD’s are formed, and

with  further increase of the

amount of deposited QD material

WL + large QDs the dots get largeith) Schematic

diagram of QD formation ob-

II-VI QDs served for II-VI semiconductors:

the growth starts from 2D plate-
lets on which small dots are
formed. Then two scenarios are
uniform 2D WL + QDs (CdTe QDs) possible as the growth continues:
either the platelets with QD’s re-

m main isolatedleft) or they form a

uniform 2D WL (right). As the

amount of the deposited QD ma-
terial increases these both sce-
narios end with large isolated

. . ‘ . fully developed QDs QD’s.

semiconductors it is also possible that by changing thalrastically different behavior. In this case we observe three
growth conditions, these 2D platelets may eventually form alistinct temperature regions. At low temperatufeslow 35
uniform 2D layer that connects all the QD’s in the ensembleK) the line shape of the QD emission and the exciton decay
The formation of a 2D wetting layer has been indeed obtime do not depend on the excitation power. Therefore, only
served for CdTe QD’s grown on a ZnTe substi&t&Vith a the dots that arénitially populated by electrons and holes
further increase of the amount of the QD material both scecontribute to the emission. In other words, any redistribution

that are isolated from each other. with no uniform WL Perature range between 35 and 100 K as the excitation power

present in such a structure. This variety of qualitatively dif-decreases, the maximum of the QD emission shifts towards

ferent morphologies characteristic for 11-VI self-assembled/OWE' €nergies. At the same time the linewidth of the QD

QD'’s offers many possibilities for studying the influence of tei(r)r;:sp?cl)(\)/\?e?se:ﬁenggc(:)g/etzh Zugﬁch:;g;gr?’réggmgir‘]";‘igﬁeirneégf'
the structural properties on t,he mechanisms of carrier transré much longer. We interpret these observations as a result of
fer between neighboring QD’s.

: . . thermally induced carrier redistribution between different
In this work we report on optical properties of CdTe self- 5n.g The carrier transfer between the QD's occurs via a 2D
assembled QD's grown with a different nominal CdTe COV-\y| that connects the dots. It is important to note that al-

erage. We show that depending on the amount of QD mat&poygh in this temperature range the emission of QD’s de-
rial deposited, the dots are either isolated from each other q§ends strongly on the excitation power, both the linewidth
connected by the uniform 2D WL. and the energy of the 2D WL emission are unchanged, as is
For the QD sample with a nominal CdTe thickness of 4the decay time. Finally, as the temperature increases further,
ML we find that the PL energy dependence on the temperahe redistribution of carriers between QD’s via the WL is
ture obtained for a QD ensemble is identical with the onesuppressed due to enhanced nonradiative recombination in
measured for single CdTe QD. Regardless of the temperatutae WL itself. As a result, in this temperature range, we find
and excitation power, the emission of this sample reflects thenly a very weak power dependence of both energy and PL
distribution of ground-state energy within the QD ensemblelinewidth of the QD emission. A simple model that takes into
In addition, the measured decay time of the exciton recomaccount thermal activation of carriers originally localized in
bination in these QD’s is constant up to 100 K, and it isQD’s into the WL and their subsequent capture by another
independent of the excitation power. This is the evidence thalot reproduces these experimental observations well. These
the carrier transfer between dots is inhibited and therefore weesults of PL spectroscopy provide a detailed description of
argue there is no uniform WL formed in this structure. In the interdot carrier dynamics in CdTe QD's connected with a
other words, the PL emission of this QD ensemble is deterdNiform WL. Moreover, these measurements enable one to
mined solely by the properties of individual noninteracting d€Scribe by optical means the global morphology of the stud-

QD’s, in agreement with the growth scheme presented®d QD system.
above.

On the other hand, when the nominal thickness of the
CdTe QD layer is equal to 2 ML, both the temperature and Two CdTe/ZnTe QD samples with qualitatively different
the excitation power dependencies of the PL emission shownorphology are studied in this work. They were grown by

e eeees messss@en 2D platelets + small QDs

2D platelets + QDs (CdSe QDs) QDs

-0 —@—

Il. SAMPLES AND EXPERIMENTAL DETAILS
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molecular beam epitaxy ofl00-oriented GaAs substrates
by deposition of 2 and 4 ML of CdTe on top of ZnTe buffer .
layers. The substrate temperature was equal to 280 °C. The
first sample consists of CdTe QD’s superimposed on a 2D ~, [ QDs WL
WL, while the second one contains only fully developed iso-

lated QD’s. From the TEM images we estimated the typical
size (diametey of the CdTe QD's to be 2—4 n&?;*! while
their density approaches *cm™2. Further details of the
growth as well as the optical characterization of these
samples can be found elsewhété!

Continuous-wave PL studies of the large QD ensembles
were carried out in two modes. First, for a constant tempera-
ture of the sample, the excitation power dependence of the o
emission was measured. Second, the temperature depen. 1.95 200 205 210 215 220 225 230

| —o— CdTe QDs without WL (4ML) i
—0— CdTe QDs with WL (2ML)

ts]

uni

| CdTe QDs |
T=4.2K QDs

PL intensity [arb

dence of the PL was studied for a constant excitation power. Energy [eV]
In these experiments the 457-nm line of an argon-ion laser
was used for excitation with a spot size of 2t in diam- FIG. 2. Low-temperature PL spectra of the structures containing

eter. The PL signal was detected by a liquid-nitrogen-cooleddTe QD's with the nominal thickness of 2 Mkquaresand 4 ML
CCD camera after being dispersed by a 0.25-m monochrqeircles. The emission ascribed to QD’s and to the WL is indicated.
mator (grating 1800/mm

The PL measurements of single CdTe QIDrsicro-PL)  carriers between QD's through this uniform WL.
were performed with the laser focused down to a spot size of On the other hand, for the 4-ML CdTe QD’s the PL spec-
1 um in diameter by the use of a microscope objective. Tharum (circleg consists only of a single and relatively broad
sample was mounted in a continuous-flow helium cryostai~70 meV in the full width at half maximujnemission.
and the temperature was changed from 5 to 60 K. The emisiearly, we observe no spectral signature of the well-
sion was collected through the same objective, dispersed bgsolved WL emission for this sample. In addition, the results
a double 1-m monochromatdgratings 2400/mmand de-  of micro-PL show that this whole PL line is composed of
tected by a CCD camera. The spectral resolution of the setufitranarrow emission lines ascribable to exciton recombina-
was about 5QueV. tion in single QD’s3! This suggests that the 4-ML CdTe QD

Recombination dynamics of excitons in the CdTe QD’Ssample contains only fully developed QD’s, which are not
were studied through time-resolved PL by means of timeconnected by the uniform 2D WL. Indeed, recent results of
correlated single-photon counting. A frequency-doubled TiipL excitation spectroscopy performed on this sample have
sapphire laser with 6-ps pulses and a repetition rate of 82hown that there is no 2D continuum of states between QD
MHz at a wavelength of 370 nm was used as an excitatiormission and the ZnTe barriér.The absence of the WL
source. The signal was dispersed by a 0.25-m monochrashould prevent any lateral transfer of carriers between QD's,
mator and detected by a fast microchannel plate photomultiso this QD ensemble should behave as a set of individual
plier tube. The overall temporal resolution of the setup wassolatedQD's. Indeed, the results of power- and temperature-
about 60 ps. dependent PL measurements presented in the next section

support this interpretation.

IIl. LOW-TEMPERATURE PHOTOLUMINESCENCE
CHARACTERIZATION OF QUANTUM DOTS IV. EXPERIMENTAL RESULTS: ENSEMBLE OF

. UANTUM DOTS WITHOUT THE WETTING LAYER
In Fig. 2 we show PL spectra measured for both QD Q

samples al =4.2 K. In spite of the same material combina- In this section the PL properties of the 4-ML CdTe QD
tion (CdTe/ZnTe the spectra of these two QD structures aresample are discussed. Since no spectroscopic evidence of
qualitatively different. The emission of the 2-ML CdTe QD carrier redistribution is found for this sample, the obtained
sample(squareg features two peaks. The high-energy emis-results are interpreted as a direct proof that this sample con-
sion is narrower and more intense while the low-energysists only of QD’s that ar@ot connectedvith a uniform 2D
emission is much broader and somewhat weaker. Invetting layer. This conclusion is consistent with the scheme
micro-PL spectra, when the size of the excitation spot iof the epitaxial growth of 1I-VI QD’s presented above.
reduced down to km in diameter, the low-energy line splits ~ The results of continuous-wave PL obtained for the QD
into the series of ultranarrow individual emission lines with asample with a nominal CdTe thickness of 4 ML are summa-
typical linewidth of 0.1 me\*! Therefore, we assign the low- rized in Fig. 3, where we compare the temperature depen-
energy emission to exciton recombination in CdTe QD’s. Indencies of the PL energy obtained for a single*®and for
contrast, the micro-PL spectrum of the high-energy line doeshe large QD ensemble. For the latter, the data measured at
not feature any structure, the overall shape is unchanged, arldree different excitation powers are shown. Apart from ex-
it remains smooth. We ascribe this high-energy line to the 2Dperimentally determined energi¢gointg we also plot the

WL emission. As shown in the following, for this QD struc- line representing a temperature-induced shift of the CdTe
ture we observe a strong thermally induced redistribution ofRef. 33 band-gap energy. The relatid{(T), scaled in or-
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Temperature [K] FIG. 4. Temporal behavior of the PL intensity measured at

=50 K for the CdTe QD’s with the nominal thickness of 4 ML. The

e ; ) ?ransients obtained for three different excitation powers are shown.
the PL emission energy for a QD ensemtdelid pointg measured . . :
In the inset the detection energy dependence of the exciton recom-

at three different excitation powers and of single CdTe QBjsen Lo - : .
circles. The line represents the CdTe energy band gap shrinkagg'nat'on time aflf =2 K is presented together with the PL spectrum.

induced by the temperature. In the inset the normalized PL spectra

measured at 6 and 120 K for two values of the excitation power ar@mission(see Fig. 2], we would rather exclude the excited

shown. The linegpoints correspond to excitation power equal to 1 states as the origin of the observed energy dependenge of

mW (0.05 mw, multiplied by 20 For the results presented in this work, it is important to note
that the value ofrgr measured for the maximum of the PL

der to account for the quantum confinement in QD’s, de-spectrum is equal to 300 ps and it is insensitive to the tem-
scribes the experimental data very well. In the inset to Fig. Jerature up to around 100 K. Above this valug, starts to

the actual PL spectra of the QD ensemble measured at 6 anigcrease due to nonradiative recombination in Jbshe

120 K normalized to their maximum intensities are pre-dominant nonradiative mechanism responsible for the de-
sented. The solid line®pen symbolscorrespond to excita- crease ofrg and for the reduction of the PL intensity with
tion power of 1 mW(0.05 mW, multiplied by 20 As one  temperature is related to thermal activation of carriers into
can see, the shape of the PL emission does not depend on tit@ ZnTe barrier. In fact, the activation energy determined
excitation power even above 100 K. This observation showsrom the intensity quenching with temperature equals 40
that in this temperature range the exciton recombination ocmev, which approximately corresponds to the heavy-hole
curs only from the dots that are initially occupied by both ¢gnfinement energy in these QD%Importantly, we also
electron and hole and no transfer of the carriers betweefq that for the temperatures below 100 K, the decay time
different QD's takes place. In other words, for all excitation jeasured for the maximum of the PL emission does not
powers and temperatures the measured PL spectrum reﬂe‘aépend on the excitation power. As an example in Fig. 4 we

the energy distribution in the .QD ensemble. The agreement,, temporal behavior of the PL intensity measured for the
between the PL energy of a single CdTe QD and that of th(:r‘naximum of the PL emission at=50 K for three different
QD ensemble demonstrates further that the optical properties

of the ensemble are determined by the properties of singISXC'tt.at'on powers.PAI\_s :(;r th? energ;_es_zt art1d iwewdt_r;st_of the
and isolated QD's. continuous-wave PL, thisy insensitivity to the excitation

The results of time-resolved PL performed for this sampleDOWer IS obsgrved in the whole ,StUd'ed temperature range.
are presented in Fig. 4. As shown in the insefl at2 K the The experlmental results obtained for this _QD sample un-
decay time of exciton recombinationrg) increases for der both con.tlnuous-wave and pulsc_ed .ex0|tat|ons demon-
lower emission energies, as observed in other QCFtrate unamblguously that. the PL emission Qf the .Iarge. QD
systems$*3® probably due to acoustic-phonon-assisted tunensemble is solely determined by the properties of individual
neling between QD’s with different energig&The observed and isolated QD’s. We find no signature of the thermally
r dependence on the emission energy could be also ascrib@gtivated carrier redistribution between different QD’s,
to the presence of excited states in the QD’s. Indeed, as it haghich we ascribe to the absence of a uniform 2D WL in this
been shown for a number of QD systems, the decay time dPD structure. We conclude, in agreement with the model of
the excited states is usually much faster than that of thél-VI QD growth, that the sample with the 4-ML CdTe QD
ground staté. However, in the case of these QD’s the PL layer featuring single PL lingsee Fig. 2 consists only of
excitation measurements of single QD’s have revealed verfully developed isolated QD’s. The absence of the WL in this
intense and narrow lines ascribed to excited states in theample is further supported by recent PL excitation measure-
energy range of about 120 mé¥/Therefore, due to such a ments of this QD sample where no signature of any 2D con-
large energy splittinglarger than the linewidth of the QD tinuum of states has been observéd.

FIG. 3. Comparison between the temperature dependencies
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V. EXPERIMENTAL RESULTS: ENSEMBLE OF i T " T " T

L ——1mw CdTe QDs (2ML)
QUANTUM DOTS WITH THE WETTING LAYER SO0 1 oK

In this section the optical measurements performed for the
QD sample with 2 ML nominal CdTe thickness are pre-
sented. In clear contrast to the previously discussed QD
structure, the results of both continuous-wave and time-
resolved PL experiments obtained for this sample show the
presence of strong thermally induced carrier redistribution
between different QD’s. This intradot carrier transfer is pos-
sible via the 2D wetting layer that connects the dots in the
ensemble. A theoretical model presented in this section fully 10 Bk
supports this interpretation.

PL intensity

2.05 . 2.10 . 2.15 . 2.20 . 2.25 B 2.30
A. Continuous-wave photoluminescence Energy [eV]

The PL measurements of the optical properties of CdTe —
QD’s with a nominal CdTe thickness of 2 ML were carried CdTe QDs (2ML) ]
out in two different regimes: the excitation power was varied F ——100uW T=35K 3
at a fixed temperature, and the data were taken as a function ]
of temperature with a constant excitation power. In Fig. 5 we
show on a semilogarithmic plots the PL spectra taken at con- -
stant temperature df) 4.2 K, (b) 35 K, and(c) 70 K as a
function of excitation power. AT=4.2 K the shape of the
spectrum(its energy and linewidthas well as the relative
intensities between QD- and WL-related emissions remain
unchanged at increasing excitation power. In contrast, at
=35 K, the emission of the QD’s changes dramatically with
power. The strong impact of the excitation power, not found
for the sample with the 4-ML-thick CdTe QD layer, is ob- ) o !
served already ai=35 K, but it is even more pronounced at "% 05 210 2.15 2.20 2.25 2.30
T=70K. We approximated the PL spectra with the sum of Energy [eV]
two Gaussian line shapes so that the power dependencies of
both the energy and the linewidth for QD-and WL-related — T T T T
emissions could be obtained. In Fig. 6 the maximum of the oL T MW CdTe QDs (2ML)
PL emission[Fig. 6(a)] and the PL linewidtH{Fig. 6(b)] is —10uW T=70K
plotted as a function of excitation power for four tempera-
tures. ForT=35K and T=70K, as the excitation power
decreases, the maximum of the QD emission shifts towards &
lower energies, and simultaneously, the PL line gets nar-
rower. More specifically, aT =70 K the PL line ascribed to
the QD emission narrows from 80 to 40 meV when the ex-
citation power is reduced by almost four decades. At the
same time, the energy of the maximum of the QD-related
emission shifts by 80 meV. In contrast to the QD emission,
both the emission energy and the PL linewidth of the 2D WL
emission show essentially no change upon the excitation
power [open points in Figs. @& and Gb)]. The behavior
observed for the WL emission is identical to the results of Energy [GV]
similar measurements performed on strained CdTe/ZnTe o
guantum wells with thicknesses between 1 and 5®n- FIG. 5. EXC|tat|on-power-qlependent PL spectra measured for
terestingly, when the temperature increases to 100 K, the QF'¢ €dTe QD's connected with the WL. The measurements were
PL shows almost no dependence on the excitation powefaied out at@ T=4.2K, (b) T=35K, and(c) T=70K. The
similarly atT=4.2 K. spectra are plotted on a semilogarithmic scale.

As can be seen in Figs(th and Sc), the shape of the confined to QD’s in the WL. Such a process occurs only if
low-energy side of the QD emission is not affected by thethere exists a uniform 2D layer that connects a large number
excitation power; the slope of all spectra is identical. Thisof QD’s.
shows that the excitation power dependence observed for The impact of thermally induced carrier redistribution be-
this sample is a result of thermal activation of the carrieraween QD’s can also be observed in the temperature depen-

sity

PL inten

intensity

—

P

2.05 2.10 2.15 220 225 2.30
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FIG. 6. (a) PL emission energy angh) PL linewidth plotted as FIG. 7. (@) PL emission energy an() PL linewidth plotted as

a function of the excitation power for both QD-relat@wlid points a function of the temperature for QD-related emission. The experi-

and the WL-relatedopen points emissions. The dependencies ob- Mental valuegsolid pointy were obtained for three different exci-
tained at four temperature are shown. tation powers, as indicated. The lines are the result of the calcula-

tion that takes into account the thermally induced -carrier

o o redistribution between QD’s.
dence of the PL emission at a constant excitation power. In

this case we find, similar to other repofts?® that the PL  stripe is the WL. The distance between this stripe and the
energy of the QD ensemble decreases with the temperatushort lines represents the energy spacing between the WL
much faster than that for single QD(see Fig. 33! In addi-  and the particular QD. The QD’s are populated in tifite
tion, the width of the PL line of the QD ensemble showsaccording to the energy distribution within the ensemble.
nonmonotonic behavior: it first decreases, goes through &hen the redistribution of carriers may occat T2), which
minimum, and then starts to incre&Selhe results of these would change the QD occupation and therefore the subset of
experiments are summarized in Fig. 7, where we (dpthe  QD’s that are observed in the emissi@t T3).
PL energy andb) the linewidth of the QD emission as a At low temperaturéFig. 8a)] regardless of the excitation
function of the temperature for several values of the excitapower, the thermal activation of carriers from QD’s to the
tion power. As shown in Fig. 7, we observe that the fasteMWL is inhibited. The recombination takes place only in the
redshift of the PL energy and narrowing of the linewidth aredots that have been initially populated. Since, as we assume,
enhanced for the weaker excitation power. Note that the pathe initial occupation is determined by the energy distribu-
sition of the minimum in the temperature dependence of théion of QD’s, no excitation power dependence of either the
PL linewidth[see Fig. Tb)] occurs at a lower temperature for PL energy or the linewidth is expected. Such a situation is
the weaker excitation. indeed observed &t=4.2 K[see Fig. £a)]. As the tempera-
The qualitative understanding of the continuous-wave Plture increases, the thermal activation of carriers to the WL
results of this QD sample is schematically sketched in Fig. 8becomes possiblgFig. 8b)]. Then, the carriers localized by
where the occupation of QD potentidgihort lines is shown  QD’s with energies close to the WL energy may escape to the
in six different excitation and temperature conditions. TheWL; these QD’s would become empty &2. If these ther-
circles correspond to the occupied QD states and the dashedally activated carriers do not recombine in the \(dither
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B. Model

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

(&) The capture of photocreated carriers from the ZnTe
barrier into the QD'’s takes place only via the 2D WL. Analo-
gously, we neglect a direct carrier escape out of QD’s to the
ZnTe barrier.

(b) The carriers in the WL could either be captured by
QD’s or they recombine radiatively or nonradiatively in the
WL.

(c) Each QD can be populated by only one electron-hole
pair, and the initial QD population is determined by the sta-
tistical distribution of QD ground-state energies within the
ensemble. The energy distribution of QD’s is identical to the
PL spectrum measured a&=4.2 K.

(d) The radiative recombination time of excitons is the
same for all QD’s, and it does not depend on either size or
shape(i.e., the emission energpf QD’s.

(e) The probability of thermal escape from QD to W4
is proportional to exp{ AE/kgT), whereAE is the difference
between the energy of the QD and the energy of the WL.
This value is determined experimentally and it is equal to 50
meV. It is also important to mention that it agrees perfectly
with the activation energy obtained from the temperature de-

FIG. 8. Occupation of the ground states of QD’s connected withpendence of the total intensity of QD emissfon.

the WL as a function of the excitation power at three different
temperatures(a) T=4.2 K, (b) T=70K, and(c) T=100K. The
diagrams at the excitationT(l), redistribution T2), and recombi-
nation (T3) times are shown.

radiatively or nonradiatively they would be eventually cap-

tured by other dots where they recombine. In this regime, for

high excitation powefFig. 8b), left pane] the change in the
energy or the linewidth of the QD emission is small, since

there are no available QD’s states with low energies. In con-

trast, if the excitation power is lowFig. 8b), right pane],

once the carriers are thermally activated to the WL, they are

able to find a QD with much lower emission energy. As a
result, for lower excitation power the recombination at time
T3 occurs from QD’s with narrower energy range. This
simple picture explains the narrowing of the PL line and the
large redshift of the maximum of the QD PL emission ob-
served afT=35K andT=70K (see Fig. 6. The third re-

gime, T=100 K, is shown in Fig. &). Likewise, for the

Under these assumptions, we obtain the following expres-
sions for the number of carriers localized in the QDrg:)
and in the WL 6g), respectively, as normalized to the

sample surfacé®

dng 0
Wzg_anT"‘J:an(E)Y(E)kcnwdE
0
~ [ nelno(E)-ne(E kedE=0, @
dne(E)
dt = —Ne(E)kg—ne(E) ¥(E)kcnw
+ng[Np(E) —ng(E) Jke=0. (2

previous cases, dtl the initial occupation of QD's reflects In these formulasy represents the generation rate for the
the energy distribution in the ensemble. Since the temperazarriers captured by the WL from the ZnTe barrier. Quanti-
ture is relatively high, more QD’s become depopulated dudies np(E) andng(E) represent the density of all QD’s and
to carrier thermal activation to the WL. Here, however, theall occupied QD’s, respectively, with energies betw&emnd
recombination in the WL is much faster than the time re-E+dE. kg is the probability of the radiative recombination
quired for these carriers to be recaptured by the QD’s. As @ the QD. The uniform 2D WL is characterized by the den-

result, they recombinémostly nonradiativel§) in the WL.

sity of available states in the Win(,>ng) and by the prob-

Under such circumstances, no significant influence of thebility that the carrier in the WL is not captured by the QD
excitation power on the PL linewidth and maximum emis-potential 7). Importantly, both nonradiative and radiative
sion energy is expected, as it is indeed observed experimeprocesses in the WL are describedigy. Finally, the redis-

tally (see Fig. 6.

tribution of carriers between QD's is described by the prob-
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ability that the carrier in the WL is captured by the single QD T T T
ke | JW ow¥ opd®r |2, and by the probabilityy that the car- 12001 —e— 3D quantum dots |
rier in the dot is thermally activated into the WL. [ —=— 2D wetting layer
From Eq.(2) one obtains the expression for the number of 1000 T
occupied QD’s within the energy rangg,E+ dE): T ao0
@ B i
NrNp(E)ke o CdTe QDs
e ) e 7 (B ket nke” ® s L=2ML 1
Inserting this expression into E(L), one obtains the follow- § 400 g
ing:
0 nrk2np(E)[ ¥(E)ny—ng] 200 1
g—anT—anCm—J T(CJFD " : E W K R dE=0. [ _ . . . . : :
—= Kt Nrket y(B)nwke % 50 100 150 200
4 T
emperature [K]
In this calculation we describe the distribution of energy
within the QD ensemble with the Gaussian function: FIG. 9. Decay times of the exciton recombination measured as a
function of the temperature for both QD-relaté&drcles and the
no 2 2 WL-related (squares emissions. The excitation power was kept
np(E)= \/—;e(EiEO) 7, constant through the whole temperature range.

with the parameter§, ando being directly determined from than the exciton recombination time and the capture time
the low-temperature PL spectrum. In addition, the QD den{k_* (see model. Therefore, the two latter processes deter-
sity and the recombination time in QD’s are determined eXmine the population of the QD's and any contribution from

perimentally and are equal t0=10" um~2 and 7r=kgz" the spin-flip processes can be neglected.

=300 ps?! Similarly, as in Ref. 24, we set the value kf In conclusion, the comparison between experimental and
=800 GHz. The only fitting parameters were the generatiortalculated results of the continuous-wave PL strongly sup-
rateg and the density of states,,, in the WL. ports the interpretation that the experimentally observed ef-

The results of this fitting procedure are represented by théects are mostly due to thermally induced redistribution of
solid lines in Figs. 7@ and 7b). In the case of medium carriers between QD’s via the uniform 2D wetting layer.
excitation power(100 uW) the values ofg=10kgzny and
nw=4.5x 10" cm~2 were obtained. We note that the density
of states in the WLy, is of the same order of magnitude as
reported in Ref. 24. Taking these values, the temperature The impact of carrier redistribution within the QD en-
dependencies of the PL energy and linewidth were computesemble is also observed in the temporal behavior of the QD
for the excitation power equal to W and 1 mW. Despite emission, as shown in Fig. 9, where the temperature depen-
the simplicity of the model, the calculated values agree welbence of the recombination time of the excitons confined to
with the experimental results. The quantitative corresponCdTe QD’s is presented. Recall that in the case of isolated
dence between the two data sets is observed for the ener@dD’s (that are not connected with a 2D Wlhe value of
dependence on the temperatsee Fig. 7@)] up to T 7r=300 ps was constant up to around 100 K. As can be seen
=70 K, then at higher temperatures the dynamics of the sysn Fig. 9, for the CdTe QD’s connected to the Wiz shows
tem changegrecall the physical model =100 K). Onthe strikingly different behaviot>** While it seems to be
other hand, the calculated behavior of the PL linewidth, al+oughly constant up to 30 K, above that temperature it in-
though slightly different from the experimental results, still creases and then reaches the maximum=a60 K. Further
shows the major trendsee Fig. ™)]. In particular, the cal- increase of the temperature results in a monotonic decrease
culation reproduces the observation that the minimum of thef ;. We note that in the case of QD emission the decay
PL linewidth occurs at lower temperatures for weakly ex-time increases at the temperature range where the carrier
cited QD ensembles. The small discrepancies may be relateddistribution starts to dominate the continuous-wave PL
to the fact that we approximate all the PL spectra withproperties(see Fig. 7.

Gaussian line shapes and that we have not included in the In order to understand this effect in more detail, we per-
calculation the spatial dependence of the QD distribuion formed excitation power-dependent time-resolved PL mea-
the model all the dots are in the same pladeis also im-  surements. In Fig. 10 we show the time evolution of the PL
portant to note that in the model we neglect the influence oemission measured &) T=1.8 K, (b) T=60K, and(c) T

the transitions between the bright and dark states in the=100 K for several excitation powers and for different de-
QD's! This stems from the fact that such a transition re-tection energies corresponding to both QD’s and WL emis-
quires a spin flip of the exciton. Independent measurementsions. The transient PL spectra, plotted in a semilogarithmic
of the spin relaxation time in this QD sample have shownscale, are normalized so as to make the comparison more
that the exciton spin relaxation tinf@lmost equal to 5 ns straightforward. In addition, in Fig. 11 we present the evalu-
(Ref. 40] in these QD’s is by an order of magnitude longer ated decay times together with the respective PL spectra. The

C. Time-resolved photoluminescence
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FIG. 10. Temporal behavior of the PL emission intensity mea- o) =
sured at(a) T=1.8K, (b) T=60K and(c) T=100 K. The data IS {04 >
were obtained for the detection energies corresponding to QD’s and © 8
the WL emissions. In each case the transients were taken at several § (]
excitation power values. § {02
spectra are normalized to the maximum of the WL emission.
Noticeably, afT = 1.8 K[Figs. 1da) and 11a)] the measured A 00
values ofrg for both WL and QD emissions do not depend 2.00 205 210 215 220 225 2.30

on the excitation power. Energy [eV]

Distinctly different situation is seen when the temperature
is raised up to 60 KFigs. 1@b) and 11b)]. In this casesg
of the QD emission strongly increases as the excitation
power decreases. We point out that the increase of the decay FIG. 11. Decay times of the exciton recombination evaluated
time is present for thevhole QD-related emission, although from the transients shown in Fig. 10. In addition the PL spectra
the largest enhancement is observed for the dots with theormalized to the maximum of the WL emission are shown.
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lowest emission energies. At the same time, the valuezof QD'’s that are not connected with a WL, the redistribution of
measured for the WL is insensitive to the excitation powercarriers between QD’s is inhibited. For this structure, where
Following the physical interpretation of the continuous-wavethe nominal thickness of CdTe equals 4 ML, the PL proper-
PL results(Fig. 8), we assign this stronggz dependence to ties of large QD ensembles reflect the behavior of single dots
the carrier redistribution between QD’s through the WL.that are isolated from each other. We demonstrate that for the
More specifically, the observed increase mf for QD’s is  redistribution to occur, the presence of the uniform 2D WL is
due to gradual “feeding” of QD's with the thermally acti- necessary, as observed for CdTe QD’s formed from a CdTe
vated carriers. _ _ _ layer with the thickness equal to 2 ML. The thermally in-
Importantly, the observation of thermally induced carrier g ceq carrier redistribution is demonstrated through detailed
redlstrlbutl_on requires that the tl_me necessary for the aCt'_bower- and temperature-dependent continuous-wave and
vated carrier to find another dot is shorter than the nonrad'ﬁme-resolved PL measurements. We find that at low tem-

?ﬁ;}’ee(r?éerag'atﬂ\f ;gﬁ?;p;agonrgr:ees's';;h%V:/hLe't\s/SE' oTr:]Pih €geratures, where the thermal energy of the carriers localized
i ative p : y the QD’s is small, the initial population of the QD en-

optical properties of the QD’s is indeed seen in Figsicl0 . )
and 11c), where we show the results of time-resolved p Semble determines both the PL spectrum and the PL tempo

obtained aff =100 K. Although still the interdot carrier re- ral behavior. As the temperature increases, the parriers are
distribution via the WL induces some changes of the QDable to'escape .from the dot§ to the 2D W,L' Th|s Process
emission, the influence of this process is significantly reS€Sults in a significant narrowing of the PL linewidth as the
duced. We do not observe a strong redshift of the energy witRXcitation power decreases and in a strong redshift of the
decreasing excitation power nor narrowing PL linewidth€nergy of the PL emission. Furthermore, we observe in a
This shows that the energy distribution of theminescent dramatic increase of the recombination time of the QD-
QD’s does not depend on the excitation power. Thereforéocalized excitons as the excitation power decreases. Finally,
the recombination in the WL prevents the recapture of thédt high enough temperatureseen around 100 Khe nonra-
carriers that have been thermally activated from the QD's. diative recombination in the WL takes over, and the ther-
mally activated carriers do not have enough time to find the
V1. CONCLUSIONS QD before they recombine in the WL. The experimental re-
sults presented in this work demonstrate the significant influ-
To summarize, we have studied the impact of QD mor-ence of the morphology of the particular QD structure on its
phology on the carrier redistribution in the ensembles of selfoptical properties, specifically on the carrier dynamics within
assembled CdTe QD's. In the case of fully developed CdTe QD ensembile.
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