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Be-induced island formation in CdSéZnSe heterostructures: Ensemble versus single dot studies
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We present photoluminescen¢@L) studies on quantum islands formed below the critical thickness for
Stranski-Krastanow growth by a well-defined incorporation of Be nucleation centers in CdSe/ZnSe hetero-
structures. The occurrence of spectrally narrow, individual photoluminescence peaks in spatially resolved PL
spectra and a significant enhancement of the recombination lifetime clearly indicate the presence of zero-
dimensional states. A direct comparison of temperature-dependent single dot measurements with optical stud-
ies on quantum dotQD) ensembles demonstrates an efficient coupling between individual QD’s at elevated
temperatures.

Low-dimensional semiconductor structures have attractetemperature-dependent PL measurements of individual QD’s
a lot of interest stemming from both the fact that a variety ofand of QD ensembles, a thermally activated transfer between
physical properties like electron-hole-interaction, recombinathe dots is clearly proved.
tion rate, or exciton-phonon interaction, can be manipulated The samples under investigation consist of CdSe sub-
by reducing the dimensionality of the system, and the largenonolayers(nominal thickness 0.4 ML sandwiched be-
application potential of semiconductor nanostructdrés. tween a 100-nm ZnSe buffer and a 20-nm ZnSe capping
Currently, research is strongly focused on self-assemblel@iyer. Prior to the growth of CdSe by migration-enhanced
quantum dots(QD’s) being ideal candidates for realizing €pitaxy, the ZnSe starting surface has been exposed to Be
quasi-zero-dimensional  systems with  high quantumand a subsequent delay under Se flux leads to a formation of
efficiency® While above a critical thickness the formation BeSe centers, which are expected to act as nucleation sites
of self-organized QD’s occurs via Stranski-Krastanowfor the following CdSe depositiofsampleA). As a refer-
growth -4 4 distinct island formation takes place even for €C€; & nominally identical sample was grown without Be
sub-ML insertions of CdSe in ZnS&.However, it is still €XPosuresampleB) and in addition, a sample with a nomi-

rather challenging to control or even to manipulate the dof1a| CdSe layer thickness of 3 ML, i.e., above the critical

formation, the size dispersion, the density, or the lateral Or'_[h|ckness for self-assembled growth, was prepared for com

dering of single-layered epitaxially grown QD’s. Current ap- ggzwﬁéfgyplec)- Details about the growth are reported

%rgagzezér;g?éﬁ';he'?]o:tlafkls(;e:jacl,lty|2rdé?iggda20t eeTlsngIes In order to get experimental access to individual dots,
! d u d leai ng | | def y_{é, V\Il . square mesas with lateral extensiansdown to 50 nm were
Induced nucleation on crystal defect sit€sor selective 5,0 by electron-beam lithography and wet-chemical

0
growth on patterned substratés. o , , etching?® For cw PL studies, the samples were excited by an
Such a long-range lateral ordering is of particular interest,,,_ar*_ion laser. focussed to a spot size of about 2.

as from the application point of view, not only the propertieSThe PL emission was dispersed by a 0.32-m Jobin-Yvon
of individual dots, but also the interaction between the dotsy,onochromator with an 1800-nim grating and detected by
eSpeCially at elevated tempel’atures, is of fundamental ImpOQ Charge Coup|ed dEVIC(QCD) camera. The Spectra| resolu-
tance. Indeed, experimental studies on InAs/GaAs dot enion of the setup is about 0.15 meV. For the time-resolved
sembles reveal a significant transfer of electron-hole pairgxperiments, the samples were excited by a frequency-
between the dots, resulting in an anomalous temperature déioubled titanium-sapphire laser with a pulse length of 1.5 ps.
pendence of both the photoluminesce(ieke) energy and the  After spectral dispersion in a monochromator, the PL signal
PL linewidth?* However, a direct comparision between was recorded using a streak camera with a subsequent CCD
single dots and dot ensembles is still missing. Such a comsamera. An overall time resolution of the system of about 10
parison gives us the chance to understand the photolumineps is obtained.
cence properties of a QD ensemble in more detail by sepa- Figure 1 presents PL measurements for the sub-ML
rating the involved interaction processes from intrinsic dotsamplegnominal thickness 0.4 ML) without (left) and with
properties. (centej Be treatment in comparison to a CdSe/ZnSe refer-
In this paper we investigate Be-induced CdSe islands bgnce structure witld,,omina™=3 ML (right). Various degrees
using time-resolved and spatially resolved PL measurementsf spatial resolution as defined by different mesa sizes are
In order to demonstrate the manipulation of QD formation,indicated in the figure. The shape of the PL signal of the
nominally identical samples grown with and without the in- structure grown without Be is virtually independent on the
corporation of Be sites are studied. By comparingspatial resolution, i.e., there are no signs for the formation of
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FIG. 1. Sequence of spatially resolved PL spectra for nominally 0.4 ML CdSe embedded in ZnSe barriers(sfthaad with(centey
Be exposure before CdSe growth. For comparison, the PL spectra of a reference structure with a nominal CdSe thickness of 3 ML is shown
on the right part of the figure. The mesa size, corresponding to the degree of spatial resolution, is indicated in the figure.

QD islands. This suggests an almost homogeneous two- The three-dimensional exciton confinement in sandpie
dimensional morphology of the Cn)Se layer with a cor- further supported by the temperature dependence of the ex-
responding quantum-well-like density of stafésThis is  citonic lifetime (see inset of Fig. 2 While thermal escape of
supported by the relatively small full-width at half-maximum carriers leads to a decrease of the lifetime at high tempera-
(FWHM) (~5 meV) of the PL signal. Due to the fact that tures (T>120 K) a constant lifetime up td~120 K is

the excitonic Bohr radius in these structures is small as comebtained. In addition, no decrease of the PL intensity is
pared to the extension of the smallest mesa, no significarfbund up to 120 K, i.e., the experimentally obtained lifetime
lateral quantization is expected, unlike what is observed inirectly reflects the radiative recombination rate in the QD’s.
etched I11-V nanostructures of similar siZéln contrast, the  This temperature-independent regime of the radiative life-
sample exposed to Be before the CdSe growth reveals a sigme again supports the presence af-ike density of states,
nificantly enhanced inhomogeneous broadening (FWHM.e., the existence of zero-dimensional excit6h&.~2°It may

~20 meV) for the 25um mesa, shifted by about 140 meV be an interesting point that in the case of InAs/GaAs QD’s an
to the red. Moreover, the broad emission line of the largeexciton lifetime independent on temperature is typically only
mesa breaks up into distinct single lines with a typicalobtained for temperatures below about 50 K. At elevated
FWHM of about 150 ueV, limited by the spectral resolution temperatures, an increase of the lifetime is found, indicating
of our setup. These narrow features can be attributed to the significant occupation of higher dot staf&&?

recombination of single, quasi-zero-dimensional excitons in It is therefore necessary to study transfer processes of
individual QD’s. An analogous dependence of the PL signakxcitons within a QD ensemble in more detail by comparing
on the mesa size is found for the sample wihyminai  temperature-dependent PL measurements of QD ensembles
=3 ML (right). This comparison is strong evidence for the with experimental data obtained for an individual QD. Figure
Be-induced formation of QD islands, although the detailed3 shows the PL emission energy of sam@las a function of
shape and composition of the islands is not yet clear. Our
conclusions are further supported by x-ray-diffraction mea-

surements on similar structur&s. = 150 % 100 3
The influence of Be-nucleation sites on the formation of 1 g %o 0 2

QD islands becomes also evident in time-resolved PL mea ] g o 2

surements. Figure 2 shows the spectrally integrated transier2 T =0 . ! é

behavior of the PL emission of the submonolayer structures&’ — 8 I;',{‘é.%”’@ 01 =

with (diamond$ and without(circles Be nucleation centers. & 0 50 100 150 200 250

While the rise time of about 20 ps is identical for both = T(K)

samples, indicating an efficient carrier relaxation into the lu- E

minescent QD ground state, the decay times differ strongly.g .

We observe a significantly enhanced radiative lifetime for 1l 0_4M_W‘

the Be-exposed sampke (7=205 ps) as compared to the Cd(Be)Se/ZnSe

reference sampl® (7=100 ps). This further supports the L L

formation of QD islands, as can be understood by the fol- 0 100 200 300 400 500
lowing arguments: If the excitons are three-dimensionally Time (ps)

confined in real space, the excitonic wave functiok gpace

is delocalized. This significant contribution of optically for-  FIG. 2. Spectrally integrated PL signal of samplsand B
bidden k components reduces the radiative recombinatiorversus time. The temperature dependence of the lifetime and inten-
rate with increasing spatial confineméfit. sity of sampleB is depicted in the inset.
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2315 - fluctuations(“natural dots™). There, the temperature shift of
2310] -0 m Single Dot the PL energy at low temperature is expected to be smaller
) 000 00 © Dot Ensemble than Varshni’'s law, a consequence of a successive occupa-

< 2.3051 o, Moy tion of free-exciton states with increasing temperature.
@ 2300 o The FWHM of the PL signal of both the dot ensemble
3 o) (open circlesand the single Q¥filled squaresis plotted for
ig 22951 WEag o various temperatures in the bottom part of Fig. 3. Starting
W 2290 ol ™ 00 from a FWHM of 41 meV afT=2 K, the FWHM of the
2985 "._A %o ensemble signal decreases up to about 60 K. This is in agree-
ment with the interpretation discussed above: A transfer of
2280 T30 40 60 B0 100120140180 electron-hole pairs to QD’s with lower energy should result
T(K) in a distinct linewidth narrowing because only a part of the
dot ensemble contributes to the PL signal. Increasing the
5.0 50 temperature further, phonon scattering and redistribution
45] ®m Single Dot ° lss come into play, causing an increase qf the FWHM. The ob-
40| o DotEnsemble __ lq servation of a pronounced minimum in the FWHM can be
explained in the same way as the additional redshift of the
= 35 m O 144 = QD ensemble as a function of temperature. Note, that up to
E 3.0 % o 142 E T=120 K, both recombination lifetime and PL intensity re-
= 25 Vo "o lao = main constant, indicating negligible nonradiative recombina-
% 2.0 ° u 38 tion, i.e., the transfer of electron-hole pairs between indi-
1.5+ n 136 vidual dots does not affect the quantum efficiency of the dot
1.0{ GEE 9,0 © 13 ensemble.
S The temperature dependence of a single QD, on the other
0 20 40 60 80 100120140160 hand, is completely different as shown in Fig. 3. Unlike the
T(K) dot ensemble, the FWHM of the single QD PL signal exhib-

its a monotonic increase with temperature due to exciton-
phonon scattering. Comparing the data to the temperature-
dependent PL linewidth of the quasi-two-dimensional
reference(sampleB), no significant difference was found
temperature. The dotted line indicates the temperaturev-v'th'n the experimental resolution, i.e., there is no indication

induced redshift of the band gap as expected by Varshni’gf a change in the exciton-phonon coupling in self-

law 3! In contrast to the single QD, where the energy shift ofassembled QD’s as compared to reference guantum wells.

the PL signal virtually follows Varshni’s relation, the red- In summary we have shown that Be sites deposited on

shift of the PL energy of the QD ensemble is at moderateZnSe prior to the growth of CdSe submonolayers can act as

nucleation centers for CdSe islanding. This was confirmed
temperatures T~50—-100 K much stronger than expected . : ;
. N ) . - T by spatially resolved and time-resolved photoluminescence
by a simple fit with Varshni’'s equation. Similar findings, spectrosco Temperature-dependent measurements on an
although not yet reported for 11-VI QD’s, have been obtained b Py b P

for InNAs/GaAs QD’s and explained in terms of exciton trans—gns,irz?ézr?f C%?ﬂi;g,{g:??ﬁ;?&l t:ngﬁpegrrr]\g%se cl)ir:l ;\/I\::gtlﬁ
fer processes between the QD’s within the enserfiblt y 9y

. . f the photoluminescence signal is governed by a transfer of
low temperatures, the QD’s are occupied homogeneously af-_ . . . , X .
o : excitons between neighboring QD’s. Thus, despite the dis-
ter the laser excitatioft while at elevated temperatures,

electron-hole pairs from relatively small QDige., at the crete density of states and the temperature-independent life-
high-energy sige of the PL sigr)ai?/e able to escab’e the QD time below 120 K, excitons in neighboring individual QD’s
thermally, and after a transfer process via wetting layer oFan interact. This results in an anomalous behavior of the PL

barrier states, the carriers are captured in neighboring QD’Snergy and PL finewidth of the dot ensemble with increasing

with lower effective band gap, i.e. dots that are larger Oremperature in contrast to a phonon-induced broadening of

contain more Cd. This exchange process leads to a reducti&ﬂe FWHM in a single QD.

of the PL energy of the exciton ensemiflie addition to the

redshift of the band gapwvith temperature. It has to be em-  We gratefully acknowledge the expert technical assistance
phasized here that this temperature behavior is completelyf M. Emmerling and the financial support of the Deutsche
different than what is usually observed for quantum wellsForschungsgemeinschatft in the frame of the Sonderforschun-
containing localization centers due to size or compositiorgsbereich 410.

FIG. 3. PL energytop) and full-width half-maximum(bottom)
of PL signal for an ensemble of CdSe QDi&pen circlegin com-
parison to a single QDfull square$ as a function of temperature.
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