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Lateral carrier transfer in Cd ,Zn,_,S€ZnS,Sg _, quantum dot layers
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Lateral carrier transfer is investigated for single,@u _,Se/Zn$Se _, quantum dot4QD’s) in a high-
density ensemble by time-resolved spectroscopy. Following nonresonant excitation a significant probability of
independent capture of electrons and holes in separate QD’s is observed. The subsequent lateral migration of
carriers between adjacent QD’s leads to a slow decay component of the exciton ground-state luminescence. At
low temperatures the lateral carrier transfer is restricted to phonon-assisted inter-QD tunneling, resulting in
migration times of the order of several nanoseconds. The role of independent carrier capture is suppressed at
high excitation densities or increased temperatures, enabling thermally activated migration.
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[. INTRODUCTION model the average effect on the ensemble properties. For QD
ensembles with densities in excess of about! tth 2, a
Semiconductor quantum dof®D’s) grown epitaxially in  decrease of the decay time on the high-energy slope of the
the Stranski-Krastanow mode on planar substrates are preghotoluminescencéPL) peak was observed and taken as
ently the subject of intense studiThe interest is largely evidence for lateral exciton transfer from smaller to larger
driven by the simplicity of the fabrication of high-density QD’s.>**"**With increasing temperature, thermally activated
ensembles of defect-free QD’s and their application in optoescape to the wetting layer followed by recapture leads to an
electronic devices, like lasers and detectors. A critical aspedfficient redistribution of excitons among the QBestab-
in such applications is the lateral interaction of QD's, beinglishing ultimately a global quasi-Fermi levidl.Obviously,
essential for the carrier mobility within the QD layer and, the transfer of excitons between QD’s can occur only during
thus, the steady-state carrier distribution. At sufficiently lowthe exciton lifetime and, thus, affects the initial decay of the
temperatures and large inter-QD spacings the QD's act a@D luminescence in the subnanosecond redfoH: Exciton
independent recombination centers that are statisticalljransfer cannot account fefowerdecay components extend-
populated: The resulting carrier dynamics and, hence, statising well beyond the exciton life span, which have been ob-
tics do not allow for an equilibrium description based onserved repeatedly for the ground-state luminescence of self-
average occupation numbers and a global quasi-Fermi levedrganized QD's.*8For samples with a single layer of QD’s
Either thermally activated escape followed by recapture osuch a slow component was tentatively attributed either to
tunneling, which requires dense QD ensembles with sufficarrier feeding from tail states in the mator to the co-
ciently low tunnel barriers, might lead to inter-QD carrier existence of two different radiative exciton states, character-
transfer’~® Efficient lateral carrier migration would result in ized by different spectral and temporal characterigtits
the formation of a global Fermi-level and quantum-well like For stacked pairs of asymmetric QD’s such a slow compo-
statistics. nent was attributed to the formation of spatially indirect
As a consequence of the self-organized growth, the QD'excitons?® For colloidal CdSe QD’s(Ref. 21 and alloy-
are neither structurally identical nor homogeneously distrib-disordered CgZn, _,Se/ZnSe quantum weffsspin-flip from
uted, hampering the experimental investigation of thedark to bright exciton states might provide an intrinsic ex-
inter-QD interaction. The electronic coupling between neighplanation for observed PL decay times, that are much longer
boring QD’s has been investigated for vertically stackedthan the radiative bright exciton lifetime.
QD’s,”® for which the separating barrier can be controlled A potential model system for studies of lateral carrier mi-
by modifying the spacer thickness and composition. Stackingration are CgZn, _,Se layers in a Zngsg _, matrix, which
of QD’s, which intentionally differ in size or composition, in suitable samples form a high-density> {0 cm™2)
was exploited for the investigation of energy transfer pro-ensemble of weakly localizing QD’s. Such properties favor
cesseS:® Theoretical investigations predicted electronic inter-QD tunneling and, thus, lateral carrier migration within
coupling for a spacer thickness below about 6 irand fast  the QD layer. Time-resolved experiments show in addition
nonresonant energy transfer was observed for asymmetrio the well-known direct exciton decay a slow decay com-
QD pairs with tunnel barrier widths below about 5 Afn. ponent with time constants of some nanoseconds for the
Note that the energy transfer is nonresonant even for nomground-state luminescence, which is demonstrated to result
nally identical QD pairs due to the asymmetry of the built-in from the bright exciton decay. The results of time-resolved
strain!? cathodoluminescenc@RCL) investigations of single QD’s
The investigation of lateral carrier transfer processesind time-resolved photoluminescenCERPL) experiments
within a dense QD layer is more difficult since neighboringof the ensemble indicate lateral migration of carriers in
QD’s can neither be identified nor isolated. Here, the identithe CdZn, ,Se/Zn§Se_, QD layer due to inter-QD
fication of lateral energy transfer is indirect, requiring to tunneling.
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Il. EXPERIMENTAL w
L T=6K

The investigated samples were grown by low-pressure 3 CdZnSe
metalorganic chemical vapor phase epitaxy, as describec & [ @ns
in Ref. 23. About 1.7 monolayer CdSe were embedded ina £ [ ZnSSe
NS oS58 94 Matrix at a temperature of 350°C. Previous é - (a) LJ\LL
structural and optical investigations indicated a rather com- = Lolmerf i Loasitadi NGy,
plex potential landscape: Pronounced Zn and Cd interdiffu- 245 2.50 2.55 2-5% 2.65 %/-70 2. 80 2.85 290
sion leads to a two-dimensionéD)-like Cd,Zn; _,Se layer nergy (V)
with lateral variations of the Cd concentration on a few-nm jznssel)))) ( =
length scale-creating a high density 10'! cm™?) of QD’s 285 (‘“““‘“ Y —_— . J&y

2.80

wit:;i:_1 g}:ij I?gyf r?e\j(citation(PLE) measurements were done _ ({({{{{@f
s

with a tungsten lamp dispersed by a 0.27-m double-grating® i ? { ) \ &
monochromator as tunable excitation source and a bi-alkal z2.75 g ﬁ *‘,\\\\(Ii 7
photomultiplier in combination with a 0.3-m double-grating @ . ST %@\\}}(éz
monochromator for detection. Spatially resolved cathodolu-'t , 74 éK({ll Lo”
minescencéCL) measurements were performed in a JEOL 2 - ‘At!\(
JSM 840 scanning electron microscope with the sample s \' - {'ﬁ 2°
mounted on the cold finger of a temperature-variable He-fluxtd 265 1= y \\,‘ > \,o‘\%
cryostat and an acceleration voltage of 7 kV. The lumines- : N~
cence light was dispersed by a 0.3-m spectrometer equippe  2-60 - T
with a 2400-grooves/mm grating and detected with a L e L L
N,-cooled back-illuminated Si-CCD, providing for a spectral 260 288 a0 265 27
. . . e etection Energy (eV)
resolution of 290ueV. To study reproducibly individual
QD’s in CL platinum shadow masks were fabricated on the F|G. 1. (a): Temporally and spatially integrated CL spectrum.
samples For TRCL experiments the exciting electron beam n) PLE contour plot. The range of detection energies is marked by
was pulsed by a capacitive beam blanking unit and transientse gray area itta) and the intensity is given on a logarithmic scale.
were recorded by time-correlated single-photon countinglack lines denote on the low-energy side light-hdte and heavy-
with a multichannel-plate photomultiplier. The square shapedhole (hh) resonances of the 2D-like ¢oh, ,Se layer and on
excitation pulse with a length of 7 ns ensured quasi-cw startthe high-energy side LO-phonon resonances due to hot-exciton
ing conditions and the steep switch-off slope did provide forrelaxation.
a time resolution better than 50 ps. TRPL experiments used 4 ) o ]
ps pulses of a cavity-dumped, synchronously pumped dyESPective excnatlo_r(detectlon energy. Th_e band edge of
laser. The repetition rate of 3.8 MHz provided for a sufficientth® Zn§S& ., matrix shows up as a horizontal step at an
wide time window to monitor the slow component. The lu- €xcitation energy of 2.84 eV. The broad steps in the PLE
minescence was spectrally dispersed by a subtractive 0.35 gfficiency at about 2.675 eV and 2.735 eV, which are ob-
double-grating monochromator. The system response had$¢"ved probing the low-energy tail of the QD emission, are
full width at half maximum(FWHM) of 20 ps. z_ittrlbuted to the average energies of the heavy-Itdigand
light-hole (Ih) transitions of the 2D-like C&n,_,Se layer,
respectively. The large FWHM of the excitation resonances
Ill. EXPERIMENTAL RESULTS AND DISCUSSION suggests a considerable spatial variation of the corresponding
transition energies. Indeed, the observation of QD lumines-
A typical luminescence spectrum of the investigatedcence with energies higher than the average hh-transition en-
Cd,Zn, _,Se/Zn§Se _, QD sample is shown in Fig.(d). I ergy suggests the existence of localized states in higher-
addition to the ZngSg _, matrix luminescence at 2.835 eV energy regions of the Gdn, _,Se layer. For those QD’s with
the emission of the QD ensemble appears at 2.615 eV with high-energy emissions the optical results support the capture
FWHM of 60 meV. into the QD’s to compete with lateral migration. On the one
PLE measurements provide information on the electronihand, the PLE spectra show pronounced LO-phonon reso-
properties of the QD’s in the ensemble, in particular, on thenances probing the high-energy tail of the QD PL. Only
exciton localization and the 2D inter-QD coupling in the QD’s, that can be reached directly by LO-phonon scattering
Cd.Zn; _,Se layer. The latter leads to a mobility edge in theare populated efficiently, otherwise lateral migration to
Cd,zn, _,Se layer, which might be identified as the wetting lower-energy regions of the 2D-layer dominates. The period
layer!? Figure 1b) shows a contour plot of the PL intensity of ~31 meV is close to the LO-phonon energy of Zrf3e.
as a function of the detection and excitation energies with th&imilar phonon features have previously been taken as indi-
luminescence intensity given on a logarithmic scale. Thecation for hot exciton relaxation in Ill-V based QD
contour plot was generated from a series of PLE spectraample$® On the other hand, the PL peak shows a blueshift
stepping the detection energy across the inhomogeneousbtf about 30 meV going from nonresonant to near-resonant
broadened PL pedlgray shaded area in Fig(d)]. Horizon-  excitation. The population of the high-energy QD’s is effi-
tal (vertica) cuts correspond to PKPLE) spectra for the cient only for near-resonant excitation.
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FIG. 2. Transient of the QD ensemble showing in addition to the Energy (eV)
initial exciton recombination a slow tail. The transient was taken at
2.62 eV on the maximum of the QD ensemble luminescence. The FIG. 3. Time-integrated CL spectra of a single QD for different

solid line is a fit with a stretched exponential function, as describecEXcitation densities. The excitation densities are given relative to
in the text. the lowest onelp). The spectra are shifted vertically for clarity.

ensemble of QD’s is probed the variation might be attributed
to varying properties of the single QD’s. Further insight into
fhe origin of the slow component requires then the investi-
gation of single QD’s. Figure 3 shows the emission of a
single CdZn,_,Se/Zn§Se _, QD measured through a
low potential barriers between the QD’s lateral ener transigo_nm wide aperture at dlfferent excitation densities. As
P 9y shown beforé? the labeled line groups originate from the

fer Al? tcsgiecsaslelﬁrgirr?e?c(gﬁ(c:f?r;?ls?gnltmogoar:]agasemble of QD,Srecombination of neutral and negatively charged excitofis
with a ground-state transition energy of 2.62 eV is shown inand biexcitons XX). Lowering the excitation density only

Fio. 2. The transient was measured by TRCL intearatin OVeexciton recombination remains, whereby recombination of
9. 2. 2 oy grating Eegatively charged excitongnarked X~) dominates. The
a 6X5 um* sample area. The transients show typically two

clearly distinguished components: A fast initial exponentialpreferential formation of charged excitons is attributed to an

decav and a slow non-exbonential tail. The initial e Onen_unintentionaln—type background in the investigated samples.
ecay 3 Slow n xp : t- initial expe Time-resolved single-QD experiments were performed with
tial decay with a typical time constant,,= 300 ps is attrib-

L . . __an excitation density corresponding to the topmost spectrum
uted to the recombination of excitons formed by the dlrecﬁn Fig. 3, exciting bgth excitF())ns an% biexcitor?s P
gipu:.re of exctltortls_ otr O.f ellefctrct)ﬁ—holz_pt@rs Into tk;)g QtDS Information on the spatial distribution of the slow and fast
€ ime constant 1S typical Tor the radiative recombina Ioncomponent are provided by monochromatic time-delayed

. . y 7 . . .
gf r?XCItfotrEi, |rf1 Sl:%h -Vl EDWSZ- D‘:tf;"ec:] TFéPé- Inrvestlga;c ¢ images of the luminescence intensity across the sample sur-
ons of this ast decay Snow a pronounceg decrease o ce, as depicted in Fig. 4. The detection energy was 2.469

decay time on the high-energy slope of the QD luminescenc '
peak, which can be attributed to lateral exciton transfer pro-8 V and panel¢a), (b), and(c) correspond, respectively, to

cesses between OO Here we concentrate on the slo the in-pulse equilibrium, to the fast recombination of exciton
we Q. : , W W complexes, and to the slow componégtite time windows
non-exponential tail, extending over tens of nanosecond

%re indicated in Fig. @)]. The bright spots in panéd) cor-
which will be shown to result from the lateral migration of e o -
carriers in the Cgzn,_,Se layer. The tail cannot be de- respond to QD’s for which the recombination of one of the

X . ) . ossible exciton complexd§ig. 3) is resonant to the detec-
scribed by a single exponential function but by a so-callecﬁOn energy® As evident from panelb) all these recombina-
stretched exponential orf@:

tion processes exhibit a fast decay. Pafogldemonstrates
that the slow component originates from the same QD’s, al-
1(t)=1oexd — (t/7%)7]. (1) though it is observed only for some of thefmarked by
arrows.

Equation (1) describes a nonseparable superposition of The time-delayed images suggest that the slow compo-
different exponential decay processes, withbeing an ef- nent is observed only for certain exciton complexes. This is
fective time constant an@ the so-called stretching param- confirmed by time-delayed spectra measured for an about
eter. The latter describes the spread of the time constants and0 nm wide aperture, Fig(/). The slow decay component
is 1 for a mono-exponential decay. Probing an ensemble dk observed only for some of the emission lines: Two of the
QD’s as in Fig. 2 the slow component is fitted well by Eq. four emission lines exhibit the fast decay only, while the
(1), yielding effective time constants of about 1.3 ns andother two lines show also the slow tail. Panéds and (c)
stretching parameter8 around 0.6. A stretching parameter show time-delayed spectra corresponding to the fast and
well below one indicates a significant variation of the expo-slow decay components, respectively. The time-resolved ex-
nential time constants in the slow tail. Considering that arperiments on single QD’s demonstrate unambiguously that

The PLE measurement$Fig. 1(b)] show that the
Cd.Zn; _,Se layer presents a complex potential landscap
providing localization sites with a broad spectrum of local-
ization energies, which are generally well below 150 meV.
Considering the high density of QD’s(10'! cm™?) and the
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FIG. 4. Time-delayed monochromatic CL pictures of aubn
x4 um sample area. The pictures show the time-integrated lumi- 259 2.60 261 2.62
nescence during the excitation pulg, during the fast decagb), Energy (eV)
and during the slow decag). Panel(d) depicts an ensemble tran- ) )
sient detected at 2.469 eV and shows the respective time windows F!G- 5. Time-delayed CL spectra showing the temporal evolu-

of the pictures. The arrows mark two QD’s that show the slowtion of four single QD emission lineth). (d) shows the transient
decay component. extracted at 2.61 eV. Dots are measured values, the solid line is a

biexponential fit of the transient. Specte and(c) are taken in the

. time windowsW1 andW2, respectively, demonstrating that the fast
both the fast anq slow Compone_nt (_)rlglnate from the V_eryand the slow decay occur at the same emission energy. The sample
same transition, i.e., the recombination of the same excitofymperature was 6 K.

state. The only possible explanation are two different excita-
tion channels. On the one hand, the direct capture of norproviding experimental access to inter-QD carrier tunneling.
resonantly excited excitons or electron-hole pairs is too fast Figure 6 compares transients with a slow tail for different
to be resolved in the present experiments. The subsequeQiD's. Each of the single-QD transients is fitted well by a
decay of the localized exciton is the fast initial decay in thepjexponential decay with the decay time of the slow compo-
transients, whereby the decay time corresponds to the radigent varying between 2.01 ns and 4.64 ns. Fits by (&y.
tive exciton lifetime. The slow component, on the otheryjeld within the experimental uncertainty stretching param-
hand, indicates obviously a slow feeding process from amters of 1. The mono-exponential character of the slow tail is
intermediate metastable state. The decay time corresponds ¢gnsistent with a well-defined energy transfer process, e.g.,
the lifetime of the intermediate state.

The present results are strikingly different from those re-
cently reported for CdSe/ZnSe QD’s, for which a similar
slow tail was observed in the transiehst was proposed
that the single sharp emission lines observed in spatially re-
solved PL originate from a metastable QD state, whereas the
fast initial decay (-450 ps) is associated with a QD state
that leads to broad luminescence structures of up to several
10 meV halfwidths. This analysis of the experimental results
is in conflict to the general accepted interpretation of the fast
decay time as the radiative lifetime of the localized exci-
tons?’ The TRCL results for single QD’s presented here
suggest that the higher density of emission lines during
the initial fast decay might have prevented the identification
of single emission lines, whereas single lines could be re-

Normalized CL Intensity (arb. units)

1 " " " 1 " "

solved after a delay of some nanoseconds when the num- r & = 19I'ime1:ns) W e w 5w
ber of emission lines is significantly reduced. For the

CdZn, _,Se/Zn§Se , QD structures investigated here  FIG. 6. CL transients of different QD’s. Solid lines are biexpo-
both the fast and slow decay component can be unambigurential fits of the transients. The transients are shifted vertically for
ously attributed to the very same electronic transitionclarity.
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FIG. 7. (a) Transients of the QD luminescence measured byspectrum. The detection energy for the time-resolved measurements
spatially integrated TRCL at three temperatures. The transients weis (a) was 2.615 eV.
taken on the maximum of the QD ensemble luminescence and are
shifted vertically for clarity. Solid lines are fits with stretched ex- of about 17 meV. The activation energy is some measure for
ponential functions(b) Left axis: intensity ratio of the slow and the the height of the tunneling barrier.
fast components as a function of temperature. The solid line is a fit |nformation on the location of the feeding centers within
assuming thermally activated carrier migration, yielding an activathga sample structure is obtained from time-resolved photolu-
tion energy of 17 meV, right axis: temperature dependence of thgninescence experiments, which allow to tune the excitation
effective time constant of the slow component. energy from above barrier excitation to resonant excitation of

the CdZzn,_,Se layer. Figure @ shows the corresponding

between neighboring QD’s. The decay time being at leasevolution of the intensity ratio of the slow and the fast decay
one order of magnitude slower than typical exciton lifetimescomponents. Apparently, the slow component can be excited
indicates the transfer of single carriers, which finally com-resonantly via the C&n; _,Se layer, indicating the feeding
bine to an exciton in a single QD. Obviously, such a slowcenters to be directly connected with this layer. We suggest
carrier-feeding process can only support linear emission prahat the slow component results from the separate capture of
cesses such as the recombination of neutral and charged exectrons and holes in different ¢z&h, ,Se QD’s, followed
citons. Note that the Coulomb blockade reduces the probabiby nonresonant lateral carrier transfer, which eventually
ity of doubly charged QD’s, which would be a precondition leads to the observed localized excitons. Note that the acti-
for the observation of a charged exciton during the slow tailvation energy of 17 meV is consistent with the smaller QD’s
Thus, neutral exciton recombination is expected to dominaté the ensemble to act as feeding centers. The increase of the
the slow tail. relative intensity of the slow component exciting the

In order to estimate the localization energy of the feedingZnS Sg _, barrier might result from additional feeding cen-
centers the temperature dependence of the luminescence dgrs in the Zn$Se, _, barrier. With increasing excitation den-
namics was investigated by TRCL for the QD ensemble, Figsity, the slow component vanishes, as shown in Fig).&\n
7. Panel(a) shows spatially integrated transients for 6 K, 60increasing occupation of the QD’s reduces the number of
K, and 120 K, respectively, each being fitted well by acharged QD’s and, thus, the impact of lateral carrier transfer.
stretched exponential. Pan@dd) shows the temperature de-  Our experimental results are unambiguously explained by
pendence of the intensity ratio of the slow and the fast comlateral energy transfer processes within the,Zd_,Se
ponent(dots as well as of the effective time constarit of  layer, whereby the long time constants result from tunneling
the slow decay componetliamonds$. Increasing the tem- of single carriers between charged QD's, leading eventually
perature above about 20 K the slow component become® the formation of radiative, spatially direct excitons. At low
faster and starts to loose intensity with respect to the faslemperatures, lateral carrier transfer will require phonon-
component, which is consistent with thermally activatedassisted tunneling between, in general, the nonresonant local-
emission of carriers from the feeding centers bypassing thized states of neighboring QD’s. The tunneling rate depends
temperature-independent tunneling. Fitting the intensity ratie@xponentially on the height and width of the lateral barrier
with an Arrhenius-type function yields an activation energybetween such QD pairs as well as on the energy mismatch.
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Schroeteret al®! investigated theoretically energy transfer than 10 ns atT=10 K the dark-bright exciton splitting
between QD and defect states, predicting the required turyould have to be smaller than 150eV. However, both ex-
neling rates in the nanosecond region for barrier thicknessggserimental and theoretical investigations of epitaxial 11-VI
of only a few nanometers. Such barrier widths are in goodQD’s suggest an at least one order of magnitude larger split-
agreement with the large density of the QD’s in theting. Indeed, recent reports support strongly suppressed spin-
Cd,Zn,_,Se layer 10" cm™?) and the small barrier flip processes in self-organized QI%Furthermore, spin-
height further accelerates tunneling. In Ref. 17 a similar slowflip processes from the dark-exciton state would result in an
decay component was reported for InP{Ba ,P QD’s, exponential increase of the decay time of the slow compo-
which, however, occurs only exciting nonresonantly in thenent with decreasing temperature. In contrast, we find the
Galn, 4P matrix. Obviously, lateral carrier transfer betweendecay time to be almost constant below20 K (Fig. 7),
neighboring QD’s in the InP layer is negligible: The compa-which is inconsistent with spin-flip processes but expected
rable large average separation of the QD's in the low-densityor lateral carrier tunneling within the Gan, _,Se layer.
(~10% cm™2) ensemble and the higher tunnel barriers sup-
press inter-QD tunneling. IV. CONCLUSION

Lateral carrier transfer also explains the non-exponential Th er d o high-densi ble of
character of the slow component probing an ensemble o € carrier dynamics ,|n a hig _ensﬂy ensemble 0
QD’s. The statistically varying inter-QD separation, i.e., the ci(erl_XSe/Zn§Se_L_y QD’s has been investigated .by PLE
thickness of the tunneling barrier, will be reflected in theand t.|me-resolved PL and CL measurements. Lumlnesqence
tunneling rate. Thus, for each individual QD-pair an eXpo_transmnts observed both for the QD ensemble and for single

nential slow component is expected, though the tirne_QD’S exhibit two decay components: A fast one with a typi-

constant will vary with the probed QD. This behavior is in- cal time constant of 300 ps that is attributed to the radiative
deed observed probing single QD'’s .as shown in Fig 6decay of exciton complexes formed instantly in the QD’s and

Above about 20 K thermal escape and recapture of charg% slow one of the order of some nanoseconds. The slow

carriers in the QD ensemble becomes faster than phonor(F_omponent is demonstrated to result from a slow feeding of

assisted tunneling, accelerating the slow component the exciton groundstate, which is attributed to lateral carrier
Finally, we noté that slow feeding of the bright exciton migration within the CgZn, _Se QD layer eventually form-

state can occur intrinsically by spin-flip processes when iniN9 the observed exciton in single QD's. At He-temperature

tially the dark exciton state is populated. Indeed, the popu|a|jonresonant _tunnelmg is_the main migration process,
tion of the dark exciton state plays a significant role for thewher_eas at higher temperatures thermally activated transfer
exciton dynamics in colloidal CdSe QDs, accounting fordommates.
low-temperature lifetimes of up to &s.?* The slow compo-

nent of the bright exciton recombination in the self-organized
Cd.Zn,_,Se/Zn§Se _, QDs studied here, however, cannot ~ We thank R. Steingher from Heinrich-Hertz-Institute for
be attributed to the dark exciton state, which lies about Jrofessional e-beam lithography. Part of this work was
meV below the bright oné In order to be consistent with a funded in the framework of Sonderforschungsbereich 296 of
bright exciton lifetime of 300 ps and a spin-flip time of less Deutsche Forschungsgemeinschaft.
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