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Transient luminescence of dense InAsÕGaAs quantum dot arrays
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Carrier transfer between quantum dots~QDs! 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 from 109 to 1013

photons/(pulse3cm2). 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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I. INTRODUCTION

Semiconductor quantum dots~QDs! are of high current
interest, both for understanding the basic physics of qu
zero-dimensional nanostructures and for applications.
properties of nonequilibrium electron-hole pairs localized
QDs are related to those of excitons being confined in spa
fluctuations of a low-dimensional, e.g., quasi-tw
dimensional, confinement potential, a scenario which w
studied extensively during the last decades.1–3 A major dif-
ference between the two systems is the significantly wi
spread of localization lengths and energies in semicondu
QD ensembles as well as the restricted number of avail
QD states. The latter property makes the QD system v
interesting for studies of saturation effects in carrier transp
and under optical excitation.

From the point of view of application, QDs may be use
for optoelectronic devices with improved parameters, suc
reduced lasing thresholds, more robust surfaces, e.g.,
facets, etc. Ensembles with a high areal densityDa of QDs
are required to achieve a sufficiently strong interaction
tween light and the device structure, e.g., in light-emitting
detecting devices. In suchdense QD arrayswith Da
.1010 cm22, the energy and carrier transfer between diff
ent QDs in the ensemble represent processes highly rele
for nonequilibrium carrier dynamics and—thus—affecti
properties such as recombination, tunneling, carrier injec
as well as lasing.4–7

Though there are numerous studies of the optical pro
ties of QD arrays in the literature, carrier transfer proces
in dense QD arrays are not understood in detail. The ph
luminescence properties of dense arrays differ substant
from those of low-density ensembles, partly due to the d
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i-
e

al

s

r
or
le
ry
rt

l
as
ser

-
r

-
ant

n

r-
s

o-
lly
-

tinctly different-bimodal or even multimodal QD size
distribution.8–11 Time-resolved photoluminescence~PL!
studies of dense QD arrays revealed mostly a monoexpo
tial or biexponential decay of PL intensity on a time sca
between several hundreds of picoseconds and sev
nanoseconds.12–14 This exponentialbehavior has been as
signed to PL contributions from ground states of differe
QD sizes and/or to ground- and excited-state contributio
PL decay timestd derived from the observed exponenti
transients have been used to describe the dynamic beh
of the population@ni(t)# of the i th QD. This type of analysis
however, does not account for carrier transfer and coup
between different QDs which should result in finite risetim
of PL emission and/or a substantially modified decay beh
ior. Such issues have remained mainly unexplored. In
paper, we present a detailed investigation of carrier tran
in dense InAs/GaAs quantum-dot arrays. We demonstrate
occurrence of such transfer processes, strongly affecting
overall picosecond PL kinetics, in particular at very low e
citation densities. A range of carrier densities in which int
dot carrier transfer saturates is identified. This transfer
volves transitions from higher-lying ground states of sm
QDs into lower-lying states of larger QDs.

The paper is organized as follows. Experimental te
niques are described briefly in Sec. II. Experimental res
for a wide range of excitation densities are presented
discussed in the main section~III !. We introduce a concep
tually simple model of picosecond carrier kinetics in den
arrays of coupled QDs taking into account radiative and n
radiative relaxation channels. Subsequently, a more soph
cated model is discussed which includes population sat
tion of the QD states and holds also for high excitation lev
or small QD concentrations. Section IV contains som
©2003 The American Physical Society26-1
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conclusions, and is followed by an Appendix with the so
tion of rate equations.

II. EXPERIMENTAL DETAILS

A number of InAs/GaAs QD samples with different InA
layer thicknesses (dInAs) were grown by gas-sourc
molecular-beam epitaxy on semi-insulating~001! GaAs sub-
strates. The samples consist of ten periods of 60
Al0.2Ga0.8As, 30-Å GaAs, 60-Å GaAs:Si (ND52
31018 cm23), 60-Å GaAs, 4-Å to 7-Å InAs, 60-Å GaAs
60-Å GaAs:Si, 30-Å GaAs, and 60-Å Al0.2Ga0.8As, subse-
quently capped with a 50-Å GaAs:Si layer. There a
samples with and without Si doping in the superlattice. T
dot containing layers are sufficiently separated that no
nificant vertical correlation is expected.15 The growth condi-
tions ~growth temperatureTG, dInAs) are chosen to obtain
high-density QDs.16 No systematic difference in the stead
state PL spectra was found for doped and undoped sam
with the same InAs coverage.

Continuous wave~cw! steady-state PL was excited by th
514.5-nm line of an Ar1 laser with excitation densities in th
range from 1 mW/cm2 to 20 W/cm2. Additional details con-
cerning sample growth and characterization, particula
steady state PL, atomic force microscopy~AFM!, and TEM,
have already been reported elsewhere.16–19

Transient PL measurements were performed with s
100-fs pulses from a Ti:sapphire laser (l5732 nm, t
'80 fs, f 582 MHz) allowing population of the InAs QDs
by exciting the GaAs matrix. The PL emitted by the samp
was spectrally dispersed in a 0.25-m monochromator
detected by a synchroscan streak camera equipped wit
infrared enhanced S1 cathode. The overall time resolu
of this detection system was 10 ps. The excitation den
in the experiments was varied between 109 and 2
31013 photons/(pulse3cm2). Both steady-state and time
resolved luminescence experiments were performed a
sample temperature of 10 K.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. PL characterization of the quantum dot arrays

In the following, we mainly present experimental resu
for the sample that is representative for a larger numbe
similar structures havingdInAs51.7760.02 ML, which were
separately grown under slightly different growth condition
The dot sizes distribution derived from in-air AFM measu
ments~see details in Refs. 16 and 17! indicate the presenc
of two different QD families~or dot size modes!, namely,
one with an average base lengthb58 nm and a density o
Da51.731011 cm22, respectively, and another family wit
b514.5 nm andDa5331010 cm22, respectively.

The low-temperature steady-state PL spectrum o
sample withdInAs51.79 ML is shown in Fig. 1. This broad
PL band ~the full width at half maximum is'120 meV)
preserves its spectral shape when the excitation densi
raised at least from 1 to 20 W/cm2. A line-shape analysis o
the low-temperature spectrum shows that the PL signa
well reproduced by a convolution of two Gaussian-shap
04532
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peaks and a third contribution arising from the wetting lay
~dotted lines in Fig. 1!. Considering the size distribution an
areal densities of both QD families, the stronger peak at 1
eV is attributed to the larger number of smaller QDs, hav
an average base length of 8 nm, while the lower-energy
weaker peak at 1.22 eV refers to larger dots withb
514 nm.

To support this assignment, we extended the intensity
pendent PL measurements towards very high excitation d
sities. These measurements were done with pulsed excita
and the results are summarized in Fig. 2. For low excitat
densities, a linear increase of the PL signal with excitation
found, similar to the cw PL measurements. The QD PL
tensity at 1.22 and 1.28 eV begins to saturate at respec

FIG. 1. Steady-state PL spectrum for a sample withdInAs

51.79 ML at T510 K. A line-shape analysis of the low
temperature spectrum proves that the PL signal is a convolutio
two Gaussian-shaped peaks and a third smaller contribution ar
from the wetting layer.

FIG. 2. PL signal magnitude vs excitation atT510 K measured
in various spectral detection windows. The straight lines have
slope 1, and illustrate the linear PL response. For the QD lum
escence, different saturation thresholds are found and ma
by arrows.
6-2
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excitation fluxes of about 531011 and 331012

photons/(pulse3cm2). The ratio of these ‘‘saturation
fluxes,’’ about 1:6, again reflects the ratio of theDa values
for both QD families as determined by the AFM measu
ments. For the GaAs-matrix signal (E51.53 eV) and the
wetting layer luminescence (E51.42 eV), linearity is main-
tained up to 231013 photons/(pulse3cm2). The absence o
saturation for 1.42 and 1.53 eV, i.e., for wetting layer a
GaAs matrix PL, gives additional confirmation that the sa
ration is caused by the limited number of available Q
states.

B. Time-resolved photoluminescence

Time-resolved PL measurements were performed for
ferent detection energies within the broad PL spectrum~Fig.
1! and in a wide range of excitation intensities. Up to ex
tation densities of 1011 photons/(pulse3cm2), the PL emis-
sion at the different detection energies rises within the ti
resolution of our experiment of 10 ps and displays amonoex-
ponentialdecay characterized by a decay timetd . In Fig. 3,
td data determined from a least-square fit of the transie
are summarized for different excitation densities. The val
are almost constant below 1011 photons/(pulse3cm2).
For higher excitation densities@.1011 photons/(pulse
3cm2)# td decreases, nonexponential transients appear,
finally a well-pronounced biexponential decay is observed
least in the spectral region of the QD emission band. In F
3, the largest time constant measured, i.e. the one that is
likely to be governed by ground-state recombination,
marked by full symbols, whereas open symbols of the sa
type denote the additional faster components measured a
same photon energy for high excitation densities.

FIG. 3. PL decay time (td) data determined from a least-squa
fit of transients for various excitation densities. The values are
most constant below 1011 photons/(pulse3cm2). Full symbols
mark the long transients, whereas open symbols denote the f
transients that exclusively appear for high excitation densities.
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It is clearly seen from comparison of Figs. 2 and 3 that
magnitude of the PL signal saturates by two distinctly diffe
ent saturation fluxes at the spectral positions of maximum
two Gaussian-shaped peaks~see Fig. 2!, while the threshold
for the appearance of biexponential decay is the same
both spectral positions~see Fig. 3!. This latter fact can be
ascribed to the intradot relaxation with the participation
excited QD states. However, the presence of faster com
nents in the PL decay related to the excited states does
give evidence of the phononbottleneck existence in
dense QD system, while excited states do not develop a
elevation of cw exciation.

Besides switching from monoexponential to biexponen
decay at higher excitation densities, a strikingly strong
crease of the PL decay time for the QD states is observe
higher excitation densities. Such a behavior is quite unus
in self-assembled QD systems. Indeed, the saturation eff
expected under an elevation of the excitation density ten
produce longer carrier decay times in view of the exclus
principle. However, it can be wrong in a system of strong
coupled QDs with a large range of base lengths. In this la
case, the excited states of large QDs can be energetic
close to the ground states of the small QDs. While the w
functions of the excited states are weakly localized in co
parison with the ground state’s wave functions, the over
of excited- and ground-state’s wave functions for neighb
ing QDs is stronger than the ground state’s wave-funct
overlap. In this case, the saturated states of large QDs
relax through the ground states of smaller QDs. The carr
will escape from large QDs into states with smaller rela
ation time~smaller QDs!, thus providing an effective reduc
tion of the decay time through a complementary chann
This channel of energy relaxation can be of importance
for high-density QD systems.

C. Time-resolved photoluminescence for low excitation
densities

We now present the interesting results measured at v
low excitation densities which give evidence of a finite ri
time of the PL at low detection energies, i.e., for large QD
In Fig. 4~a!, we plot the PL time evolution at a detectio
energy of 1.20 eV for excitation fluxes between 109 and 2
31011 photons/(pulse3cm2). For the lowest excitation den
sities, the PL signal was integrated over about 1011 subse-
quent excitation pulses. The data at low excitation clea
display a maximum shifted to positive times, a behav
which is indicative of a delayed rise to PL. With increasin
excitation density, i.e., saturation of the QD ensemble, t
maximum shifts to shorter times. For the highest density
231011 cm2, the signal rises within the time resolution of 1
ps. As a measure for the delayed rise, we analyzed the
poral position of the maximum PL in each transient by fitti
the whole curve. Figure 4~b! shows this temporal shift of the
PL maximum versus excitation density. The position of t
PL transient peak for 231011 photons/(pulse3cm2) was set
as t50. The line in Fig. 4~b! corresponds to a saturatio
curve with t5t0 /(11I /I 0), with t05300 ps and I 051
31010 photons/(pulse3cm2).
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The delayed rise of PL for weak excitation is consiste
with the model of interdot carrier transfer that considers
ground-state relaxation in a system of coupled QDs. In
model, carriers in the ground state of a QD can relax
radiative recombination giving rise to PL and—in addition
carriers populating the ground states of smaller QDs can
transferred into levels of larger QDs being even lower
energy.8,17 This represents an extra depopulation mechan
for the smaller sized dots and therefore the overall PL de
time td becomes faster for smaller QDs, i.e., for increas
photon energy in the overall PL spectrum. Such a beha
was found in the experiments described above. Corresp
ingly, PL from large QDs exhibits different kinetics: Firs

FIG. 4. ~a! PL transients at 10 K for low and extremely lo
excitation densities. The detection energy is 1.2 eV. The intensit
parameter is given in photons/(pulse3cm2). ~b! Shift of the PL
maximum vs excitation density. The position of the PL transi
peak for 231011 photons/(pulse3cm2) was set to zero.
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there is the population increase caused by accumulatio
carriers that relax from smaller QDs, giving rise to a delay
rise of PL. Second, there is a decrease of the numbe
energy levels below the considered one into which the ca
ers might relax, resulting in longer PL decay times.

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

dni

dt
52

ni

t0
i

2(
j , i

niD j

t t
i j

1(
i , j

njDi

t t
j i

, ~1!

wheret0
i is the total ground-state recombination lifetime

the i th ground state,t t
i j is the interdot carrier transfer tim

betweenEi andEj states, andD j is the density of the~final!
Ej states. Equation~1! has an analytical solution given in th
Appendix that allows a straightforward analysis ofni(t). The
PL decay timetd is now calculated according to

td52ni~ t !
1

dni~ t !

dt

. ~2!

In fact, the proposed rate equations model of Eq.~1! holds
for a dense QD system independent of the number of mo
of its size distribution. The presence of more than one d
tinct dot size distribution within a large QD ensemble16,20,21

can be taken into account simply by introducing addition
Gaussians into Eq.~1!, resulting in several steplike variation
of td with emission energy.18 As a result, we find a stairca
selike spectral dependence of ground-state luminesce
time constantstd described in details in Ref. 18.

A realistic description of carrier dynamics in dense Q
arrays has to include the case of saturation, i.e., situation
which the number of nonequilibrium carriersni reaches the
number of available QD ground statesNj in the j th dot dis-
tribution. In order to include saturation effects, Eq.~1! is to
be modified to

dni

dt
52

ni

t0
i

2(
j , i

ni~Nj2nj !D j

t t
i j

1(
i , j

nj~Ni2ni !Di

t t
j i

.

~3!

The equations of system~3! are nonlinear differential
equations, and do not have an analytical solution. There
the system was solved numerically with the natural assu
tion of a single timet0 for the recombination lifetime in the
i-th ground state and a single timet t for the interdot carrier
transfer. The results are depicted in Fig. 5. The curves sh
the time evolution of PL from the QD system described
Sec. III A wheng5t t /t0 is equal 1. The transients are ca
culated at a photon energy of 1.22 eV, i.e., in the cen
of the lower-energy Gaussian, and different degrees
the ground states filling in the larger QDs. The ‘‘fillin
parameter’’

as

t
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d5
Ni2ni

Ni
~4!

gives the fraction of unoccupied QDs and determines
initial conditions for the carrier relaxation in Eq.~3!. The d
value is determined by the number of large QDs available
the dot size distribution, by the efficiency of carrier trappi
into the QD’s ground state, and by the excitation dens
Depending on these parameters, thed value may vary within
wide limits, from 1 for a completely unsaturated ground-st
system to 0 for a saturated system.

The results displayed in Fig. 5 demonstrate a we
pronounced maximum of the PL transient for weakly fill
QD ground states, e.g., atd50.9, when the radiative recom
bination time (t0) and the carrier transfer time (t t) describ-
ing the interdot coupling are comparable,g;1. If the
d-value approaches 0~the saturation case!, the PL decay is
again close to a single exponential. The exponentially dec
ing parts of the transients, e.g., the 1500–2000 ps rang
Fig. 5, show a roughly constant slope resulting in about
sametd value independent of the initial ground-state fillin
It is evident that saturation rather leads to exponential beh
ior, whereas the PL kinetics in the absence of saturation m
also be described by the simpler model.

It should be noticed here that the only assumption in E
~1! and ~3! is the existence of lower-~upper-!lying states
with respect to a certain statei in ~from! which a carrier can
appear~escape!. Therefore, the model can also be applied
the temporal evolution of the PL in a system without interd
coupling, since the physical meaning oft t could be taken as
an interdot transfer time as well as a nonradiative scatte
time.

Applying this rate-equation model to the actual expe
mental situation, we can explain the details of QD kineti
Indeed, transferring carriers from smaller to larger QDs
sults in a delayed buildup of population in the latter, a b
havior reflected in the PL kinetics. With an increasing ex

FIG. 5. Calculated PL transients for the QD system~Fig. 1!
detected at 1.22 eV, i.e., in the center of the lower energy Gaus
for different degrees of ground state filling in the larger QDs.g
5t t /t0 is a measure for the coupling,g51. The ‘‘filling param-
eter’’ d gives the fraction of unoccupied QDs.
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tation flux, saturation of the popuation in such low-ener
states occurs, leading to a faster rise of PL. This experim
tal result is in full agreement with the predictions of th
rate-equation models. For low excitation, we reach a reg
where a simple model without saturation, i.e., a small filli
factor d, applies~Fig. 5!. For strong excitation, saturatio
leads to a much faster population increase in the emit
QDs and a subsequent monoexponential decay of the
intensity. Applying the simple model for the low-density ca
and usingt05300 ps @Fig. 4~b!#, we derive a value ofg
5t t /t051.3. It is clear that the simple model seems not
be completely adequate to the real system by reason of
strong scattering oft0

i andt t
i j values that can be expected fo

the ground states of small-sized QDs. However, in hig
density QD systems with a strong overlap of the wave fu
tions and a great importance of QD size fluctuations as w
as interdot distances, the individual characteristics of a sin
QD becomes substantially smeared, and an averaging
the relaxation times for both radiative recombination and c
rier transfer in the QD ensemble becomes even of m
physical meaning than those introduced for every isolated~or
free-standing! QD. Taking a valuet0;2.6 ns corresponding
to the PL decay time of the largest QDs where carrier tra
fer is almost absent, one finds an ‘‘averaged carrier trans
time t t.3.4 ns for an individual transfer channel. Note th
the much faster decay of PL from small QDs represents
sum overall possible transfer channels from such QDs in
states at lower energies resulting in a short overall de
time.

A comment should be made on the mechanisms unde
ing interdot carrier transfer. For the strong quasi-ze
dimensional confinement in the InAs/GaAs system and
low sample temperatures in our experiments, activated tra
fer processes over barriers, e.g., by the absorption of op
phonons, can be ruled out. Our results might be interpre
in terms of multiphonon processes at low excitation densi
and in terms of Auger processes at high excitation densit
as has been done for self-assembled InGaAs/GaAs~Ref. 22!
and InAs/GaAs~Ref. 23! QDs. In case of Auger processe
the electron~hole! is assumed to be either immediately ca
tured from the barrier into the QD ground state by transf
ring its energy to a second barrier electron~hole! or the elec-
tron is first captured into an excited QD state by an Aug
process and relaxes down to the QD ground state afterw
gifting its energy partly to a barrier electron or even mo
probably to another electron inside the QD. Basically the
processes have to be involved in the consideration in orde
explain the carrier capture into a single QD and its grou
state population. They can be responsible for the value of
PL rise time, making it excitation density and waveleng
dependent. In our model, the relaxation of the QD grou
states is studied, and their populations serve already as
initial conditions for the set of equations~1!. At this stage of
relaxation~when the formation of rise time is completed!,
the Auger processes as well as the multiphonon proce
become of low efficiency, and the interdot coupling inclu
ing the quantum-mechanical coherency of the interact
state seems to be of great importance. Instead, lateral tun
ing of carriers through barriers between adjacent QDs is c

n,
6-5
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J. W. TOMM et al. PHYSICAL REVIEW B 67, 045326 ~2003!
sidered as the main transfer mechanism.8,24 In Refs. 8 and
24, both lateral tunneling and tunneling between vertica
stacked In0.9Al0.1As ~and InAs! QDs was discussed. For ve
tical tunneling with a well-defined barrier height of 140 me
and barrier thicknesses of 6, 8, and 10 nm, a good agreem
between the measured tunneling times of 130, 370, and
ps and a semiclassical WKB description has been fou
Applying a WKB model with similar barrier parameters
lateral tunneling, for our samples one estimates a tunne
time exceeding 100 ns, in striking contrast to our pres
experiments and the measurements reported in Ref. 8. T
are several factors that might reduce the time constants
lateral tunneling. The lateral barrier height and width und
lie strong statistical fluctuations, requiring an ensemble a
age to calculate the tunneling times. Furthermore, the p
ence of the InAs wetting layer with a continuum
electronic states may reduce the tunneling times. Even at
temperatures, tunneling assisted by acoustic phonons c
enhance the overall transfer rates. In a very recent pape
Kalevichet al.,25 the authors marginally reported on substa
tially decreased interdot transfer times in the case of wea
coupled dots by about four orders of magnitude in contras
QD systems with still isolated dots (Da<531010 cm22).
Since our experimental results prove interdot carrier tran
in our dense system (Da;231011 cm22) at low tempera-
tures, a weak coupling with a decreased interdot transfer t
is expected. This could also account for our as well as Ta
euchi’s~see Ref. 24! results and the observed deviation fro
the simple WKB approximation. A quantitative analysis
such mechanisms requires a fully quantum-mechanical
scription taking into account the QD size as well as the b
rier width and height distribution in such systems. Such
analysis is beyond the scope of this experimental work.

An alternative explanation for a delayed rise of PL can
also derived from the analysis of Eqs.~1! and~3!. From Eq.
~1! it follows that a delayed rise of PL is obtained forg
'1, when the nonradiative or carrier transfer time and
radiative time are comparable; the point is intuitive. Figure
further shows that, even for this situation, during saturat
(d!1) the PL decay again becomes monoexponential. It
be easily seen that at saturation power levels the last
nonlinear terms of Eq.~3! vanish, yielding the rate equatio
for monoexponential decay with a time constant close tot0.
Therefore, a delayed rise of PL can give evidence of so
sort of bottleneck effect, that leads to longer transfer or
laxation times as compared witht0. This seems to be an
important result for relaxation dynamics in the case of de
QD systems. It is also clear that the decrease oftd at high
pumping levels can arise from many-body effects, which
come more important in a dense QD system due to the
that carriers can readily scatter out of the saturated sta
Within the empirical model this depopulation of the lowe
energy states could be treated by adding two similar non
ear terms to rate equations~3! but with opposite signs and
different, shorter scattering timetd* (Pexc) ~which is a func-
tion of laser power for high excitation!. This would lead to
an effective decrease in the PL decay time, as experimen
observed in the spectral range of the QD emission regard
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of QD size. This has little to do with the recombination tim
for higher-energy states~or of smaller dots! being shorter.

Finally, we conclude that a saturation of QD ground sta
takes place. In this case, however, one could expect a l
shape variation of the low-power cw PL on the basis of
saturation of the interdot carrier transfer machanism. A th
ough PL study at extremely low excitation densities~less
than 1 W/cm2) reveals such a modification. Figure 6 show
normalized cw PL spectra for excitation densities
1 mW/cm2, 10 mW/cm2, and 1 W/cm2. It is clearly seen
that increased excitation power leads to an enhanced
energy part of PL spectrum, and a decay of the high-ene
part. We find that the low-energy part reaches the satura
at 1 W/cm2. A further power increase does not change t
line shape in this spectral region. The decay of the PL sig
at the high-energy side of the PL band at very moder
excitation densities leads to a shrinking of the total PL sp
trum. This effect can be assigned, e.g., to a carrier rele
from shallow traps within the wetting layer with subseque
transfer of them to the QDs when the pumping level
creases. When the excitation density reaches 1 W/cm2 no
further change of the PL spectrum is observed.

IV. CONCLUSIONS

In summary, we reported a study of steady-state and t
sient photoluminescence of dense InAs/GaAs quantum
arrays. Our data, taken at a sample temperature of 10 K
consistent with the model of carrier transfer from small
large QDs within the ensemble directly influencing the P
kinetics. For low excitation densities, the low-energy sta
of large QDs display a delayed rise of PL due to the dela
accumulation of carriers transferred from smaller QDs. W
an increasing excitation flux, the carrier population satura
resulting in a fast rise of PL and a monoexponential dec
From a rate equation analysis of the time-resolved data,
derives a time constant of carrier transfer on the order of
ns. Interdot tunneling of carriers is considered the m

FIG. 6. Normalized cw PL spectra for the sample withdInAs

51.79 ML measured at low and extremely low excitation densit
for T510 K.
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transfer mechanism at low temperatures. A theoretical mo
including the interdot coupling is proposed, and shows
qualitative agreement with our data. The behavior fou
here is highly relevant for the physics of dense arrays
coupled QDs.

ACKNOWLEDGMENT

The authors thank the Paul-Drude-Institut in Berlin f
access to their AFM laboratory and especially A. Thamm
assistance. This work was supported by a DFG linkage gr

APPENDIX

Equation~1! can be rewritten in more convenient form

dni

dt
52l ini1(

j 51

i 21

ai j nj . ~A1!

Here are

l i5S 1

t0
i

1 (
j 5 i 11

N
D j

t t
i j D and ai j 5

Di

t t
j i

.

es

er

r-

a-

m
et

04532
el
a
d
f

r
t.

The indexi labeling the levels runs from 1 for the one wit
the highest ground state energy, over allN states considered
The parameterl i determines the excitation decay into th
statei and the correspondingai j value quantifies the energ
transfer from higher energy states.

The solution of system~A1! satisfying the initial condi-
tions ni5ni

0 can be written as follows:

ni5S ni
01(

j 51

i 21

w i j D exp$2l i t%2(
j 51

i 21

w i j exp~2l j t !.

~A2!

The parameters of Eq.~A2! are calculated from the recurren
procedure,

w115n1
0 ,

w i j 5
aji

~l j2l i !
Q i j w j j , i . j , a1150,
Q i j 5H 11 (
m51

n5 i 2 j 21 F ~21!m(
k51

Pmn H T~k,m!)
l 51

m

AlJ G if i> j 12

1 if i , j 12,

~A3!
a

on
ity

. It

to
r-

tter-
Al5
aj r(k,l )

~l j2lr(k,l )!

ar(k,l )r

ajr
,

w i i 5ni
01 (

k51

i 21

w ik ,

Pnm5
n!

m! ~n2m!!
.

HerePnm is the number of combinations fromn elements
by m elements,T(k,m) is the ordering operator that arrang
all integer numbersr(k,l ) within the interval j 11<r(k,l )
< i 21 in descending order for every combination det
mined by the pair (k,m) in Eq. ~A3!, the indexr is equal to
i for max$r(k,l)% in any combination (k,m) and to the pre-
ceding value ofr(k,l ) for every subsequent term in the o
dered product (k,m). Equation~A2! allows a straightforward
analysis ofni(t). Nevertheless, it occurs not very inform
tive in view of the huge number of input parameterst0

i and
t t

i j typical for the ground states of a high-density QD syste
In order to illustrate the characteristic features of QD kin
-

.
-

ics, it is therefore worthy to simplify the system assuming
single time t0 for the recombination lifetime in thei th
ground state and a single timet t for the inter-dot carrier
transfer. In what follows, we point out the physical reas
for such a simplification even in the real case of high-dens
QD arrays. Under this assumption, Eq.~A3! includes the
only modification

Q i j 5H )
l 5 j 11

i 21 S 12
al

l j2l l
D if i> j 12

1 if i , j 12,

~A4!

and it can be easily applied to the transient PL analysis
should be noticed here that the only assumption in Eqs.~1!
and ~3! is the existence of lower~upper! lying states with
respect to a certain statei in ~from! which a carrier can
appear~escape!. Therefore, the model can be applied also
the temporal evolution of the PL in a system without inte
dot coupling since the physical meaning oft t could be taken
as an interdot transfer time as well as a nonradiative sca
ing time.
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