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Carrier transfer between quantum d¢@Ds) in very dense InAs/GaAs QD arrays is studied by means of
steady state and time-resolved photoluminescence spanning a wide range of laser power®ftond(td)
photons/(puls& cn?). Carrier transfer involves transitions from the ground state of small QDs into lower
lying states of larger QDs, a relaxation channel that saturates at high excitation densities. The transition from
saturation of the interdot carrier transfer to the unsaturated regime is identified by analyzing the temporal shape
of the luminescence signal for decreasing excitation densities. The rate equation model is proposed to account
the temporal evolution of photoluminescence in dense QD systems. Numerical simulations of the carrier
transfer and relaxation including the interdot coupling are in good agreement with the experimental results.
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[. INTRODUCTION tinctly differentbimodal or even multimodal QD size
distribution®~*  Time-resolved photoluminescencéPL)

Semiconductor quantum dot®Ds) are of high current studies of dense QD arrays revealed mostly a monoexponen-
interest, both for understanding the basic physics of quasiial or biexponential decay of PL intensity on a time scale
zero-dimensional nanostructures and for applications. Thbeetween several hundreds of picoseconds and several
properties of nonequilibrium electron-hole pairs localized innanosecond¥** This exponentialbehavior has been as-
QDs are related to those of excitons being confined in spatiaigned to PL contributions from ground states of different
fluctuations of a low-dimensional, e.g., quasi-two- QD sizes and/or to ground- and excited-state contributions.
dimensional, confinement potential, a scenario which wa®L decay timesry derived from the observed exponential
studied extensively during the last decadiésA major dif-  transients have been used to describe the dynamic behavior
ference between the two systems is the significantly wideof the population n;(t)] of theith QD. This type of analysis,
spread of localization lengths and energies in semiconductdrowever, does not account for carrier transfer and coupling
QD ensembles as well as the restricted number of availablbetween different QDs which should result in finite risetimes
QD states. The latter property makes the QD system vergf PL emission and/or a substantially modified decay behav-
interesting for studies of saturation effects in carrier transporior. Such issues have remained mainly unexplored. In this
and under optical excitation. paper, we present a detailed investigation of carrier transfer

From the point of view of application, QDs may be useful in dense InAs/GaAs quantum-dot arrays. We demonstrate the
for optoelectronic devices with improved parameters, such asccurrence of such transfer processes, strongly affecting the
reduced lasing thresholds, more robust surfaces, e.g., laseverall picosecond PL kinetics, in particular at very low ex-
facets, etc. Ensembles with a high areal denBityof QDs  citation densities. A range of carrier densities in which inter-
are required to achieve a sufficiently strong interaction bedot carrier transfer saturates is identified. This transfer in-
tween light and the device structure, e.g., in light-emitting orvolves transitions from higher-lying ground states of small
detecting devices. In sucldlense QD arrayswith D, QDs into lower-lying states of larger QDs.
>10'°cm™2, the energy and carrier transfer between differ- The paper is organized as follows. Experimental tech-
ent QDs in the ensemble represent processes highly relevaniques are described briefly in Sec. Il. Experimental results
for nonequilibrium carrier dynamics and—thus—affecting for a wide range of excitation densities are presented and
properties such as recombination, tunneling, carrier injectiomiscussed in the main sectighl ). We introduce a concep-
as well as lasing-’ tually simple model of picosecond carrier kinetics in dense

Though there are numerous studies of the optical propemrrays of coupled QDs taking into account radiative and non-
ties of QD arrays in the literature, carrier transfer processegsdiative relaxation channels. Subsequently, a more sophisti-
in dense QD arrays are not understood in detail. The photazated model is discussed which includes population satura-
luminescence properties of dense arrays differ substantiallifon of the QD states and holds also for high excitation levels
from those of low-density ensembles, partly due to the disor small QD concentrations. Section IV contains some
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conclusions, and is followed by an Appendix with the solu- N
tion of rate equations.

Il. EXPERIMENTAL DETAILS

A number of InAs/GaAs QD samples with different InAs
layer thicknesses d(,n) Were grown by gas-source
molecular-beam epitaxy on semi-insulatif@1) GaAs sub-
strates. The samples consist of ten periods of 60-A
Al GaygAs, 30-A GaAs, 60-A GaAs:'Si Np=2
x 10" cm™?), 60-A GaAs, 4-A to 7-A InAs, 60-A GaAs,
60-A GaAs:Si, 30-A GaAs, and 60-A AlGa, sAs, subse-
quently capped with a 50-A GaAs:Si layer. There are
samples with and without Si doping in the superlattice. The - - - >
dot containing layers are sufficiently separated that no sig- 12 13 14 15
nificant vertical correlation is expectédThe growth condi_— Photon energy (eV)
tions (growth temperatur@ g, d;,as) are chosen to obtain
high-density QD<® No systematic difference in the steady- FIG. 1. Steady-state PL spectrum for a sample s
state PL spectra was found for doped and undoped samplesl.79 ML at T=10 K. A line-shape analysis of the low-
with the same InAs coverage. temperature spectrum proves that the PL signal is a convolution of

Continuous wavécw) steady-state PL was excited by the two Gaussian-shaped peaks and a third smaller contribution arising
514.5-nm line of an A laser with excitation densities in the from the wetting layer.
range from 1 mW/crhto 20 W/cn?. Additional details con-
cerning sample growth and characterization, particularlypeaks and a third contribution arising from the wetting layer
steady state PL, atomic force microscqgy¢M), and TEM,  (dotted lines in Fig. L Considering the size distribution and
have already been reported elsewhérée? areal densities of both QD families, the stronger peak at 1.28

Transient PL measurements were performed with subeV is attributed to the larger number of smaller QDs, having
100-fs pulses from a Ti:sapphire lasek%£732 nm, r an average base length of 8 nm, while the lower-energy and
~80 fs, f=82 MHz) allowing population of the InAs QDs weaker peak at 1.22 eV refers to larger dots with
by exciting the GaAs matrix. The PL emitted by the samples=14 nm.
was spectrally dispersed in a 0.25-m monochromator and To support this assignment, we extended the intensity de-
detected by a synchroscan streak camera equipped with @endent PL measurements towards very high excitation den-
infrared enhanced S1 cathode. The overall time resolutiosities. These measurements were done with pulsed excitation
of this detection system was 10 ps. The excitation densit@nd the results are summarized in Fig. 2. For low excitation
in the experiments was varied between®i1@nd 2 densities, a linear increase of the PL signal with excitation is
X 10'3 photons/(puls& cn?). Both steady-state and time- found, similar to the cw PL measurements. The QD PL in-
resolved luminescence experiments were performed at t@nsity at 1.22 and 1.28 eV begins to saturate at respective
sample temperature of 10 K.

PL intensity (arb.units)

10°

Ill. EXPERIMENTAL RESULTS AND DISCUSSION 107

A. PL characterization of the quantum dot arrays z 10°

In the following, we mainly present experimental results £ 10°

for the sample that is representative for a larger number of g

similar structures havingd,,as=1.77+0.02 ML, which were 5; 10

separately grown under slightly different growth conditions. ‘s 10°

The dot sizes distribution derived from in-air AFM measure- § 2

ments(see details in Refs. 16 and )lindicate the presence g 10

of two different QD families(or dot size modes namely, & 10'

one with an average base lendik-8 nm and a density of 100 F

D,=1.7x10" cm 2, respectively, and another family with 1

b=14.5 nm andD,=3x 10" cm™?, respectively. 107 = '1"015 ' '1"011' ' '1"012' ' '1"019', ' '1'014

1
The low-temperature steady-state PL spectrum of a 0

sample withd,ps=1.79 ML is shown in Fig. 1. This broad
PL band (the full width at half maximum is~120 meV) FIG. 2. PL signal magnitude vs excitation®t 10 K measured
preserves its spectral shape when the excitation density i various spectral detection windows. The straight lines have the
raised at least from 1 to 20 W/@mA line-shape analysis of slope 1, and illustrate the linear PL response. For the QD lumin-
the low-temperature spectrum shows that the PL signal igscence, different saturation thresholds are found and marked
well reproduced by a convolution of two Gaussian-shapedby arrows.

Intensity (photons/(pulsexcm? ))
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It is clearly seen from comparison of Figs. 2 and 3 that the
magnitude of the PL signal saturates by two distinctly differ-
ent saturation fluxes at the spectral positions of maximums of
two Gaussian-shaped pealsge Fig. 2, while the threshold
for the appearance of biexponential decay is the same for
both spectral positiongsee Fig. 3. This latter fact can be

2000

1500 |- ascribed to the intradot relaxation with the participation of
a X excited QD states. However, the presence of faster compo-
2 nents in the PL decay related to the excited states does not
&~ 1000 [ give evidence of the phononbottleneck existence in our

dense QD system, while excited states do not develop at the
elevation of cw exciation.

Besides switching from monoexponential to biexponential
decay at higher excitation densities, a strikingly strong de-
crease of the PL decay time for the QD states is observed at
higher excitation densities. Such a behavior is quite unusual
o b S TR in self-assembled QD systems. Indeed, the saturation effects
10°  10° 10" 102 10" expected under an elevation of the excitation density tend to
produce longer carrier decay times in view of the exclusion
principle. However, it can be wrong in a system of strongly

FIG. 3. PL decay time4,) data determined from a least-square coupled QDs with a large range of base lengths. In this latter
fit of transients for various excitation densities. The values are alcase, the excited states of large QDs can be energetically
most constant below #bphotons/(pulsgcn?). Full symbols close to the ground states of the small QDs. While the wave
mark the long transients, whereas open symbols denote the fastfinctions of the excited states are weakly localized in com-
transients that exclusively appear for high excitation densities.  parison with the ground state’s wave functions, the overlap

of excited- and ground-state’s wave functions for neighbor-
excitation fluxes of about %10 and 3x10% ing QDs is stronger than the ground state’s wave-function
photons/(pulsgcn?). The ratio of these “saturation overlap. In this case, the saturated states of large QDs can
fluxes,” about 1:6, again reflects the ratio of the values relax through the ground states of smaller QDs. The carriers
for both QD families as determined by the AFM measure-Will escape from large QDs into states with smaller relax-
ments. For the GaAs-matrix signaE€1.53 eV) and the ation time(smaller QD$, thus providing an effective reduc-
wetting layer luminescenceE(= 1.42 eV), linearity is main- tion of the decay time through a complementary channel.
tained up to 2 10" photons/(pulse ci?). The absence of 1his channel of energy relaxation can be of importance just
saturation for 1.42 and 1.53 eV, i.e., for wetting layer andfor high-density QD systems.
GaAs matrix PL, gives additional confirmation that the satu-
ration is caused by the limited number of available QD
states.

500 -

Intensity (photons/(pulse cmz))

C. Time-resolved photoluminescence for low excitation
densities

We now present the interesting results measured at very
low excitation densities which give evidence of a finite rise

Time-resolved PL measurements were performed for diftime of the PL at low detection energies, i.e., for large QDs.
ferent detection energies within the broad PL spect(Big. In Fig. 4(@), we plot the PL time evolution at a detection
1) and in a wide range of excitation intensities. Up to exci-energy of 1.20 eV for excitation fluxes betweer? Ehd 2
tation densities of 18 photons/(puls&cn?), the PL emis- X 10™ photons/(puls& cn?). For the lowest excitation den-
sion at the different detection energies rises within the timesities, the PL signal was integrated over about! Kubse-
resolution of our experiment of 10 ps and displays@noex- quent excitation pulses. The data at low excitation clearly
ponentialdecay characterized by a decay timge In Fig. 3, display a maximum shifted to positive times, a behavior
74 data determined from a least-square fit of the transientwhich is indicative of a delayed rise to PL. With increasing
are summarized for different excitation densities. The valuegxcitation density, i.e., saturation of the QD ensemble, this
are almost constant below Yphotons/(puls&cn?). maximum shifts to shorter times. For the highest density of
For higher excitation densitieg >10' photons/(pulse 2x 10 cn?, the signal rises within the time resolution of 10
x cnm?)] 74 decreases, nonexponential transients appear, ans. As a measure for the delayed rise, we analyzed the tem-
finally a well-pronounced biexponential decay is observed aporal position of the maximum PL in each transient by fitting
least in the spectral region of the QD emission band. In Figthe whole curve. Figure(#) shows this temporal shift of the
3, the largest time constant measured, i.e. the one that is md8t. maximum versus excitation density. The position of the
likely to be governed by ground-state recombination, isPL transient peak for  10** photons/(pulsg cn?) was set
marked by full symbols, whereas open symbols of the samast=0. The line in Fig. 4b) corresponds to a saturation
type denote the additional faster components measured at tearve with t=t,/(1+1/lg), with t;=300 ps andl,=1
same photon energy for high excitation densities. X 10° photons/(puls& cn?).

B. Time-resolved photoluminescence
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there is the population increase caused by accumulation of
carriers that relax from smaller QDs, giving rise to a delayed

rise of PL. Second, there is a decrease of the number of
energy levels below the considered one into which the carri-
ers might relax, resulting in longer PL decay times.

For weak excitation density of the QD ensemble and un-
der the assumption that the carrier relaxation rate from an
energy level in a QD is proportional to the number of vacant
lower-energy levels in adjacent QDs, the rate equation for a
particular quantum levedt; can be written as

dn; n; nD; niD;
SST a2 ot o (1)

S I O S B

PL intensity (arb. units)

where 73 is the total ground-state recombination lifetime in
the ith ground states{ is the interdot carrier transfer time
betweenE; andE; states, and®; is the density of thefinal)

E; states. Equatiofll) has an analytical solution given in the
Appendix that allows a straightforward analysiseft). The
PL decay timery is now calculated according to

0 500 1000 1500 1
t(ps) - —n
T4 nl(t)dni(t) .
300 T

@)

200 for a dense QD system independent of the number of modes
- of its size distribution. The presence of more than one dis-
I tinct dot size distribution within a large QD ensentfi@
can be taken into account simply by introducing additional
Gaussians into Ed1), resulting in several steplike variations
100 of 74 with emission energ}? As a result, we find a stairca-
I\ selike spectral dependence of ground-state luminescence

time constantsy described in details in Ref. 18.
A realistic description of carrier dynamics in dense QD

, T . 12 arrays has to include the case of saturation, i.e., situations in
10 10 10 10 which the number of nonequilibrium carriens reaches the
Intensity (photons/(pulse cm™)) number of available QD ground statiis in the jth dot dis-
tribution. In order to include saturation effects, Ef) is to
FIG. 4. (a) PL transients at 10 K for low and extremely low phe modified to
excitation densities. The detection energy is 1.2 eV. The intensity as
parameter is given in photons/(puisen?). (b) Shift of the PL ni(N; =)D,
maximum vs excitation density. The position of the PL transient : > LU
peak for 2< 10** photons/(puls& cn?) was set to zero. dt o 1< 7 i< 7l

l\ﬁ In fact, the proposed rate equations model of @gholds

Delay time of the PL maximum (ps)

0 4—rrrm
10°

% n; ni(Nj_nj)Dj+

()

The delayed rise of PL for weak excitation is consistent
with the model of interdot carrier transfer that considers the The equations of systenB) are nonlinear differential
ground-state relaxation in a system of coupled QDs. In ouequations, and do not have an analytical solution. Therefore
model, carriers in the ground state of a QD can relax bythe system was solved numerically with the natural assump-
radiative recombination giving rise to PL and—in addition— tion of a single timery for the recombination lifetime in the
carriers populating the ground states of smaller QDs can bieth ground state and a single timefor the interdot carrier
transferred into levels of larger QDs being even lower intransfer. The results are depicted in Fig. 5. The curves show
energy®!’ This represents an extra depopulation mechanisrthe time evolution of PL from the QD system described in
for the smaller sized dots and therefore the overall PL decagec. Ill A wheny= 7,/714 is equal 1. The transients are cal-
time 74 becomes faster for smaller QDs, i.e., for increasingculated at a photon energy of 1.22 eV, i.e., in the center
photon energy in the overall PL spectrum. Such a behavioof the lower-energy Gaussian, and different degrees of
was found in the experiments described above. Correspondhe ground states filling in the larger QDs. The “filling
ingly, PL from large QDs exhibits different kinetics: First, parameter”
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tation flux, saturation of the popuation in such low-energy
states occurs, leading to a faster rise of PL. This experimen-
tal result is in full agreement with the predictions of the
rate-equation models. For low excitation, we reach a regime
where a simple model without saturation, i.e., a small filling
factor 8, applies(Fig. 5. For strong excitation, saturation
leads to a much faster population increase in the emitting
QDs and a subsequent monoexponential decay of the PL
intensity. Applying the simple model for the low-density case
and usingty=300 ps[Fig. 4b)], we derive a value ofy
=7./79=1.3. It is clear that the simple model seems not to
o' L be completely adequate to the real system by reason of the
i Ly strong scattering of, and ' values that can be expected for
500 1000 1500 the ground states of small-sized QDs. However, in high-
1 (ps) density QD systems with a strong overlap of the wave func-
tions and a great importance of QD size fluctuations as well
FIG. 5. Calculated PL transients for the QD systéffig. 1) as interdot distances, the individual characteristics of a single
detected at 1.22 eV, i.e., in the center of the lower energy Gaussia@D becomes substantially smeared, and an averaging over
for different degrees of ground state filling in the larger QBs. the relaxation times for both radiative recombination and car-
=7/7 is @ measure for the coupling;=1. The “filling param-  rier transfer in the QD ensemble becomes even of more

10°

PL intensity (arb.units)

eter” & gives the fraction of unoccupied QDs. physical meaning than those introduced for every isolé&ted
free-standing QD. Taking a valuery~ 2.6 ns corresponding

N; —n; to the PL decay time of the largest QDs where carrier trans-

- N; (4 fer is almost absent, one finds an “averaged carrier transfer”

time 7,>3.4 ns for an individual transfer channel. Note that

gives the fraction of unoccupied QDs and determines theéhe much faster decay of PL from small QDs represents the
initial conditions for the carrier relaxation in E(B). The §  sum overall possible transfer channels from such QDs into
value is determined by the number of large QDs available irstates at lower energies resulting in a short overall decay
the dot size distribution, by the efficiency of carrier trappingtime.
into the QD’s ground state, and by the excitation density. A comment should be made on the mechanisms underly-
Depending on these parameters, éhealue may vary within  ing interdot carrier transfer. For the strong quasi-zero-
wide limits, from 1 for a completely unsaturated ground-statedimensional confinement in the InAs/GaAs system and the
system to O for a saturated system. low sample temperatures in our experiments, activated trans-

The results displayed in Fig. 5 demonstrate a well-fer processes over barriers, e.g., by the absorption of optical
pronounced maximum of the PL transient for weakly filled phonons, can be ruled out. Our results might be interpreted
QD ground states, e.g., &= 0.9, when the radiative recom- in terms of multiphonon processes at low excitation densities
bination time @) and the carrier transfer timer) describ- and in terms of Auger processes at high excitation densities,
ing the interdot coupling are comparable~1. If the as has been done for self-assembled InGaAs/GR&$ 22
é-value approaches @he saturation cagethe PL decay is and InAs/GaAsRef. 23 QDs. In case of Auger processes,
again close to a single exponential. The exponentially decaythe electron(hole) is assumed to be either immediately cap-
ing parts of the transients, e.g., the 1500—2000 ps range itured from the barrier into the QD ground state by transfer-
Fig. 5, show a roughly constant slope resulting in about theing its energy to a second barrier electfbiole) or the elec-
samery value independent of the initial ground-state filling. tron is first captured into an excited QD state by an Auger
It is evident that saturation rather leads to exponential behayprocess and relaxes down to the QD ground state afterward,
ior, whereas the PL kinetics in the absence of saturation magifting its energy partly to a barrier electron or even more
also be described by the simpler model. probably to another electron inside the QD. Basically these

It should be noticed here that the only assumption in Eqsprocesses have to be involved in the consideration in order to
(1) and (3) is the existence of lowertupperjlying states explain the carrier capture into a single QD and its ground-
with respect to a certain staitén (from) which a carrier can  state population. They can be responsible for the value of the
appearescapg Therefore, the model can also be applied toPL rise time, making it excitation density and wavelength
the temporal evolution of the PL in a system without interdotdependent. In our model, the relaxation of the QD ground
coupling, since the physical meaning Bfcould be taken as states is studied, and their populations serve already as the
an interdot transfer time as well as a nonradiative scatteringnitial conditions for the set of equatiori). At this stage of
time. relaxation (when the formation of rise time is complejed

Applying this rate-equation model to the actual experi-the Auger processes as well as the multiphonon processes
mental situation, we can explain the details of QD kinetics.become of low efficiency, and the interdot coupling includ-
Indeed, transferring carriers from smaller to larger QDs reing the quantum-mechanical coherency of the interacting
sults in a delayed buildup of population in the latter, a be-state seems to be of great importance. Instead, lateral tunnel-
havior reflected in the PL kinetics. With an increasing exci-ing of carriers through barriers between adjacent QDs is con-
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sidered as the main transfer mechanfsthin Refs. 8 and 1.0 F

24, both lateral tunneling and tunneling between vertically A

stacked lg Al 4As (and InAg QDs was discussed. For ver- > o8 L

tical tunneling with a well-defined barrier height of 140 meV s

and barrier thicknesses of 6, 8, and 10 nm, a good agreement S i

between the measured tunneling times of 130, 370, and 850 o6}

ps and a semiclassical WKB description has been found. a A

Applying a WKB model with similar barrier parameters to °

lateral tunneling, for our samples one estimates a tunneling _&’ 041 ; . ~]
time exceeding 100 ns, in striking contrast to our present g i 7 TmW/em .
experiments and the measurements reported in Ref. 8. There so02f 4 T 10 mW/em

are several factors that might reduce the time constants for =z —1 W/em®
lateral tunneling. The lateral barrier height and width under- 0.0 T

lie strong statistical fluctuations, requiring an ensemble aver- 1.15 1.20 1.05 1.30 1.35
age to calculate the tunneling times. Furthermore, the pres-
ence of the InAs wetting layer with a continuum of
electronic states may reduce the tunneling times. Even at low FIG. 6. Normalized cw PL spectra for the sample withjas
temperatures, tunneling assisted by acoustic phonons coutd1.79 ML measured at low and extremely low excitation densities
enhance the overall transfer rates. In a very recent paper bgr T=10 K.
Kalevichet al,?® the authors marginally reported on substan-
tially decreased interdot transfer times in the case of weaklyf QD size. This has little to do with the recombination times
coupled dots by about four orders of magnitude in contrast tdor higher-energy state®r of smaller dotsbeing shorter.
QD systems with still isolated dotsDg=<5x 10" cm™?). Finally, we conclude that a saturation of QD ground states
Since our experimental results prove interdot carrier transfetakes place. In this case, however, one could expect a line-
in our dense systemD(,~2x 10" cm?) at low tempera- Shape variation of the low-power cw PL on the basis of the
tures, a weak coupling with a decreased interdot transfer timgaturation of the interdot carrier transfer machanism. A thor-
is expected. This could also account for our as well as Tackough PL study at extremely low excitation densitigsss
euchi's(see Ref. 24results and the observed deviation from than 1 W/cnd) reveals such a modification. Figure 6 shows
the simple WKB approximation. A quantitative analysis of Normalized cw PL spectra for excitation densities of
such mechanisms requires a fully quantum-mechanical del mW/enf, 10 mW/cnf, and 1 W/cr. It is clearly seen
Scription tak|ng into account the QD size as well as the bathat increased excitation power leads to an enhanced low-
rier width and height distribution in such systems. Such arfnergy part of PL spectrum, and a decay of the high-energy
ana'ysis is beyond the Scope of this experimenta| work. part. We f|nd that the |0W'energy pal’t I’eaCheS the Saturation
An alternative explanation for a delayed rise of PL can beat 1 W/cnf. A further power increase does not change the
also derived from the analysis of Eq4) and(3). From Eq. line shape in this spectral region. The decay of the PL signal
(1) it follows that a delayed rise of PL is obtained for ~ at the high-energy side of the PL band at very moderate
~1, when the nonradiative or carrier transfer time and the€Xcitation densities leads to a shrinking of the total PL spec-
radiative time are comparable; the point is intuitive. Figure 5trum. This effect can be assigned, e.g., to a carrier release
further shows that, even for this situation, during saturatiorirom shallow traps within the weiting layer with subsequent
(8<1) the PL decay again becomes monoexponential. It caffansfer of them to the QDs when the pumping level in-
be easily seen that at saturation power levels the last twéeases. When the excitation density reaches 1 Wism
nonlinear terms of Eq(3) vanish, yielding the rate equation further change of the PL spectrum is observed.
for monoexponential decay with a time constant closegto
Therefore, a delayed rise of PL can give evidence of some
sort of bottleneck effect, that leads to longer transfer or re-
laxation times as compared witty. This seems to be an  In summary, we reported a study of steady-state and tran-
important result for relaxation dynamics in the case of densgient photoluminescence of dense InAs/GaAs quantum dot
QD systems. It is also clear that the decreaseqoét high  arrays. Our data, taken at a sample temperature of 10 K, are
pumping levels can arise from many-body effects, which beconsistent with the model of carrier transfer from small to
come more important in a dense QD system due to the fadarge QDs within the ensemble directly influencing the PL
that carriers can readily scatter out of the saturated stateginetics. For low excitation densities, the low-energy states
Within the empirical model this depopulation of the lowest- of large QDs display a delayed rise of PL due to the delayed
energy states could be treated by adding two similar nonlinaccumulation of carriers transferred from smaller QDs. With
ear terms to rate equatio®) but with opposite signs and a an increasing excitation flux, the carrier population saturates,
different, shorter scattering timef (Pexo (Which is a func-  resulting in a fast rise of PL and a monoexponential decay.
tion of laser power for high excitationThis would lead to From a rate equation analysis of the time-resolved data, one
an effective decrease in the PL decay time, as experimentallgerives a time constant of carrier transfer on the order of 3.5
observed in the spectral range of the QD emission regardlesss. Interdot tunneling of carriers is considered the main

Photon energy (eV)

IV. CONCLUSIONS
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transfer mechanism at low temperatures. A theoretical modélhe indexi labeling the levels runs from 1 for the one with
including the interdot coupling is proposed, and shows ahe highest ground state energy, overNitates considered.
gualitative agreement with our data. The behavior foundThe parametei; determines the excitation decay into the
here is highly relevant for the physics of dense arrays obtatei and the corresponding; value quantifies the energy
coupled QDs. transfer from higher energy states.
The solution of systenfAl) satisfying the initial condi-
ACKNOWLEDGMENT tions ni=n? can be written as follows:
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n; +21 @ij
=

i—-1
exp{_)\it}_gl @ij exq_)\jt).
(A2)

APPENDIX

Equation(1) can be rewritten in more convenient form as The parameters of E4A2) are calculated from the recurrent

d i1 procedure,
n.
d_tlz_)\ini‘f'jzl aijnj. (Al)
N 0
®11= Ny,
Here are e
N
1 D; D; a.
A==+ L and aj=—. N LI~ S R -
| ( o ) b P i 7 8=l
n=i—j—-1 Pmn m
1+ 2 (=)™ i Tkm]] A } if i=j+2
= e =] =1 (A3)
1 ifi<j+2,
|
Aokl Ap(kl)r ics, it is therefore worthy to simplify the system assuming a
A|=()\._)\' ) a single time 7, for the recombination lifetime in théth
I RelkD Ir ground state and a single timg for the inter-dot carrier
i-1 transfer. In what follows, we point out the physical reason
ei= ni0+ 2 Giks for such a simplification even in the real case of high-density
k=1 QD arrays. Under this assumption, E@\3) includes the
| only modification
n!
an:m!(n—m)!' i-1
) o ( ——) if i=j+2
HereP,,is the number of combinations fromelements O =19 1=i+1 Nj— N (A4)
by m elementsT(k,m) is the ordering operator that arranges 1 if i<j+2,

all integer numberg(k,l) within the intervalj + 1<p(k,l)

<i—1 in descending order for every combination deter-ang it can be easily applied to the transient PL analysis. It
mined by the pairk,m) in Eq. (A3), the indexr is equal to  should be noticed here that the only assumption in Ebs.

i for maXp(k|)} in any combination K,m) and to the pre- and (3) is the existence of lowefuppei lying states with
ceding value ofp(k,l) for every subsequent term in the or- respect to a certain staiein (from) which a carrier can
dered productK, m). Equation(A2) allows a straightforward appear(escapg Therefore, the model can be applied also to
analysis ofn;(t). Nevertheless, it occurs not very informa- the temporal evolution of the PL in a system without inter-
tive in view of the huge number of input parametefsand  dot coupling since the physical meaningmfcould be taken

7 typical for the ground states of a high-density QD systemas an interdot transfer time as well as a nonradiative scatter-
In order to illustrate the characteristic features of QD kinet-ing time.
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