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Capture, relaxation, and recombination in two-dimensional quantum-dot superlattices
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We present a systematic study of the exciton capture, relaxation, and recombination processes in two-
dimensional quantum-dot superlattices~2D QDSL’s! based on time-resolved photoluminescence measure-
ments. Due to the formation of minibands in 2D QDSL’s, the capture of excitons from the miniband into some
large islands is found to be a quantum capture process. The capture time increases significantly with increasing
excitation density. In addition, the excitons relax rapidly within the miniband. However, the relaxation be-
comes slower at high excitation densities. Furthermore, the fast recombination in the miniband indicates the
drastic elongation of the exciton coherence length and the significant delocalization of the wave functions.
Finally, the observation of radiative recombination over a wide energy region implies the relaxation of mo-
mentum conservation or the small exciton effective mass in 2D QDSL’s. All phenomena suggest that the
exciton dynamics in 2D QDSL’s is governed by the exciton coherence length in the miniband.
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I. INTRODUCTION

Stimulated by their potential applications in various ele
tronic devices, the fabrication and characterization of qu
tum dots ~QD’s! have formed a very active research ar
during the last decade. The physical problems related wi
single QD or an ensemble of isolated QD’s have been ex
sively investigated.1–3 At the same time, increasing effort ha
been devoted to the interaction of QD’s, i.e., the coupling
two or a large number of QD’s.4–6 Up to now, ordering and
coupling of QD’s have received intensive studies.7–13 The
main purpose, needless to say, is to realize quantum-do
perlattices~QDSL’s!. Theoretically, some superior propertie
have been predicted for this novel system.14–16 In experi-
ments, high-density-ordered In0.4Ga0.6As/GaAs QD arrays
have been achieved by self-organized epitaxial gro
using atomic-hydrogen-assisted molecular-beam epit
~H-MBE!.17,18 It has been confirmed recently by time
resolved photoluminescence~TRPL! that the extended state
or minibands are formed in these QD arrays.19,20 It means
that 2D QDSL’s with artificial electronic structures hav
been realized. Now we need to find out whether 2D QDS
behave like quantum wells~QW’s! and how the exciton dy-
namics will be modified as compared to conventional QD
Obviously, the information on the capture, relaxation, a
recombination in 2D QDSL’s can be extracted from t
analysis of the PL transients. In this paper we will presen
systematic study of these processes that provides a dee
derstanding of 2D QDSL’s. It will be shown that the excito
dynamics in 2D QDSL’s is completely different from thos
in QW’s and QD’s.

II. SAMPLE AND EXPERIMENT DESCRIPTION

The 2D QDSL used in this study is the high-densi
ordered In0.4Ga0.6As QD array fabricated on a GaAs~311!B
substrate by H-MBE. After growing a;250 nm GaAs buffer
PRB 610163-1829/2000/61~24!/16847~7!/$15.00
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layer at 580 °C, the QD’s were formed at 460 °C by dep
iting 8.8 monolayers~ML’s ! In0.4Ga0.6As. The critical thick-
ness at which the 2D-3D growth transition occurs was fou
to be ;6.6 ML’s. Then, the QD’s were covered by
;15-nm GaAs cap layer at 400 °C. The sample fabricate
the same growth conditions but without the GaAs cap la
was used for the atomic force microscopic~AFM! character-
ization. The AFM image is shown in Fig. 1. The dot diam
eter, height, and density are estimated to be 20–30 nm, 1
and 1.431011cm22. It is noted that the QD’s have uniform
size and pack closely.

The TRPL measurements were performed by a Ti:s
phire laser with a 160-fs pulse width in combination with
streak camera, providing a time resolution of;10 ps. The
experiments were carried out at 5 K and at different excita-
tion densities of 0.3, 1, 3, and 30 W/cm2. The excitation
energy was chosen to be 1.485 eV, which is smaller than

FIG. 1. AFM image of a high-density-ordered In0.4Ga0.6As QD
array fabricated on a GaAs~311!B substrate.
16 847 ©2000 The American Physical Society



P

on
de

u

ng
e
3

g
ll

un

i
e
te
m
d

s.
a
n

ce
al
n

tte
th
o
rm

D
n
y
h

ally
sub-

n-
.
iton
n
s
er-
er-
ara-
he
, it
mul-
-
tate
arge

th is
ra-

ds.
to

ara-
nds.
ton
ton-
ture

wer
m-
is-
and

ee
the
ger

-

ree
ly
ect
ad-
x-
L
se of

cal-
red

ose

di-
n-
,

o
te

16 848 PRB 61SHENG LAN et al.
GaAs barrier at 5 K~1.510 eV!, in order to exclude the
complicated capture process in the barrier. In measuring
decay time as a function of photo energy, a PL spectrum
usually used as a reference.13,21 However, the PL spectra
under pulse excitation do not provide any information
rapid radiative recombination. Thus, the PL spectra un
continuous-wave~cw! excitation obtained by the 514.5 nm
line of an Ar1 laser are used as references. The maxim
excitation density (P0) was set to be;4 W/cm2 which is far
below the value for the saturation of the QD’s. By inserti
filters with different transmission, the spectra were record
at 4.2 K and at different excitation densities of 0.01, 0.0
0.13, 0.25, 0.50, and 1.00P0 .

III. PHYSICAL MODEL

In practice, we cannot avoid the formation of some lar
islands~large dots! originating from the coalescence of sma
dots. In average, approximately four large islands are fo
in an area of 131 mm2, giving a mean separation of;20
QD’s. As can be seen later, they play important roles
determining the capture and recombination processes. Th
fore, we need to treat the 2D QDSL as a disordered sys
containing extended states and localized states, as sche
cally shown in Fig. 2. The extended states or miniban
originate from the strong coupling of uniform small QD’
The localized states come from the large islands that
excluded from the coupling due to much different size a
energy. Although the deviation from a 2D periodic latti
can also lead to localization, we think that this kind of loc
ization generally occurs at large islands. We will demo
strate later that the ordering in our 2D QDSL is much be
than that in amorphous materials. Besides, we believe
coupling is more important than ordering in the formation
minibands because extended states or bands can be fo
even in amorphous materials.

In fact, this picture is very similar to a low-density Q
array. The energy levels in the low-density QD’s correspo
to the localized states while the subbands in the wetting la
correspond to the minibands. However, it should be emp

FIG. 2. Physical model describing the electronic structures
2D QDSL’s. Various decay channels are schematically illustra
For simplicity, only the ground miniband is plotted.
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sized that the exciton properties have been drastic
changed in the minibands as compared to those in the
bands. It is also analogous to a one-dimensional~1D! super-
lattice ~SL! in which some enlarged QW’s have been inte
tionally introduced to detect the carrier transport in the SL22

The large islands thus act as natural detectors for the exc
motion in the miniband. Similarly, the ratio of the emissio
from the miniband to that from the large island
(I band/I island) can be used as a measure for the exciton coh
ence length in the miniband. As long as the exciton coh
ence length in the miniband is longer than the mean sep
tion of two large islands, the capture of excitons from t
miniband into the large islands is extremely fast. Actually
is a quantum capture process that has been studied in
tiple quantum wells~MQW’s!.23 The capture time is deter
mined by the quantum transition time between a band s
and a localized state because the transport time to the l
island can be neglected~Bloch wave!. At low temperatures
and excitation densities when the exciton coherence leng
long, the capture into the large islands is faster than the
diative recombination in the miniband (tc,t rr ). Therefore,
the PL is dominated by the emission from the large islan
In order to see the emission from the miniband, we need
reduce the exciton coherence length below the mean sep
tion of the large islands and/or saturate some large isla
Apparently, a simple and effective way to change the exci
coherence length is to increase excitation density or exci
exciton scattering. It has been confirmed that the cap
time increases rapidly with decreasing coherence length.24 In
comparison, the recombination time increases in a slo
rate. As a result, some excitons will have chance to reco
bine in the miniband before being captured by the large
lands. The emission from the miniband can be observed
will gradually dominate the PL.

Now we look at the major differences between the fr
excitons in the extended states and the bound excitons in
localized states. First, the free excitons have much stron
oscillator strength~or much shorter radiative lifetime! due to
much longer coherence length.16,25,26Second, the nonradia
tive process~e.g., capture into deep defect centers! which can
be neglected for the bound excitons is significant for the f
excitons. Finally, the free excitons interact more effective
with each other and with phonons. Therefore, we can exp
a sharp increase in the PL intensity and a significant bro
ening of the linewidth in the PL spectra with increasing e
citation density if the miniband is populated. In the TRP
measurements, we should be able to see a sharp decrea
the PL decay time at the mobility edge~or the bottom of the
miniband! that separates the extended states from the lo
ized states, as generally found in conventional disorde
systems.27

IV. TRPL MEASUREMENTS

In TRPL measurements, we trace the luminescence wh
intensity is proportional toN(t)/t rr , whereN(t) is the num-
ber of excitons in a particular energy state andt rr is the
radiative lifetime. Other processes, e.g., feeding or nonra
ative recombination, will influence the luminescence inte
sity through changingN(t). For analyzing the PL transients

f
d.
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the following formula derived from a rate equation mod
will be used:28

I ~ t !;exp~2t/td!2exp~2t/t r !

for monoexponential fitting

I ~ t !;@exp~2t/td1!2exp~2t/t r !#

1const3@exp~2t/td2!2exp~2t/t r !#

for biexponential fitting.

The physical model described in the previous section
been verified by TRPL measurements. Figure 3~a! shows the
dominant PL decay time as a function of photo energy
tained at 1 W/cm2. The excitation-dependent PL spectra u
der cw excitation are also provided for references. As d
cussed earlier, the observation of the emission from
miniband can be realized by increasing excitation dens
Actually, a critical excitation density for the population o
the miniband is always found. Since it depends slightly
the excitation conditions, e.g., excitation energy, laser s
size, and sample position, etc., we did not attempt to de
mine its accurate value by adding more measuring points
the experiments shown in Fig. 3~a!, the critical excitation

FIG. 3. ~a! PL decay time as a function of photo energy me
sured at 1 W/cm2 ~the dotted line!. The PL spectra under cw exc
tation are provided as references. Note that the blueshift of the
energy and the broadening of the linewidth are accompanied
the sharp decrease of PL decay time. Typical PL transients for
localized and extended states together with the correspon
mono- and biexponential fitting results are shown in~b! and ~c!,
respectively.
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density is between 0.12 and 0.52 W/cm2 for cw excitation
and is between 0.3 and 1 W/cm2 for pulse excitation.

Below the critical value, the PL spectral shape is alm
insensitive to excitation density and temperature. In additi
only a long exponential decay of 1.5–2.5 ns is observed
all detectable energy states. It indicates the localized cha
ter of the excitons and the absence of the exciton trans
However, a clear blueshift of the peak energy as well a
significant broadening of the linewidth is observed in the
spectra above the critical value. A sharp increase in the
intensity is also observed.19 Remarkably, a sharp~,1 meV!
decrease of the decay time from;2.5 ns to;25 ps is found
at ;1.290 eV. This energy position is attributed to the m
bility edge.

Since the localized states~or extended states! at different
energy positions have very similar PL transients, two
transients, which are typical for the localized states and
tended states, respectively, together with mono- and biex
nential fitting results are given in Figs. 3~b! and 3~c!.

These experimental observations clearly justify the f
that the PL at low excitation densities is dominated by is
lated large islands and the excitons begin to populate
miniband with increasing excitation density. Although it
difficult to compare exactly the exciton densities~or exciton-
exciton scattering! under pulse and cw excitations, we ha
separately observed the population of the miniband.

A. Capture

Obviously, the capture from the miniband into the lar
islands should be characterized by the PL rise time of
localized states. The rise times obtained at different exc
tion densities are summarized in Fig. 4. A comparison
Edet51.280 eV is shown in the inset. At 1 W/cm2 when the
exciton coherence length is long, the rise time is as shor
10–16 ps. Since it is very close to the time resolution,
think that the real capture time at lower excitation densit
should be much shorter. It is consistent with the quant
capture process assumed in the model. More importantly,

-

ak
th
e

ng

FIG. 4. PL rise time of the localized states as a function ph
energy obtained at different excitation densities. A comparison
Edet51.280 eV is presented in the inset. The error bars give
uncertainties in determining the rise times by fitting.
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rise time is found to increase slightly to;30 ps at 3 W/cm2

and significantly to 60–80 ps at 30 W/cm2. This behavior
indicates that the quantum capture is alleviated with
creased coherence length by exciton-exciton scatterin24

This excitation dependence of capture rate is opposite to
found in uncoupled QD’s. There, the rise time decreases w
increasing excitation density due to the accelerated cap
by Auger-like processes.29 Although the separation of two
large islands is rather large~;20 QD’s!, the excitons cap-
tured at different positions can be immediately transfer
into the large islands, justifying the coherent exciton mot
in the miniband.

B. Relaxation

Before talking about the exciton relaxation in the 2
QDSL, it is helpful to discuss briefly the exciton relaxatio
in conventional QW’s and QD’s. For QW’s under nonres
nant excitations, excitons are generated in high-energy st
The energy relaxation is accomplished through interac
firstly with optical phonons and finally with acoust
phonons. While the former process is very fast, the la
process is rather slow. Since only the excitons at the bot
of the band can recombine radiatively~the requirement of
momentum conservation!,30 the PL rise time for QW’s unde
nonresonant excitations is very slow, typically hundred
several hundred picoseconds.31–33 Besides, it is shortened
significantly with increasing the excitation density, indica
ing that exciton-exciton scattering acts as an effective wa
relax excess energy.32

In QD’s, the exciton relaxation between discrete ene
levels is usually not fast. Although the relaxation in som
samples is as fast as several tenths picoseconds, its excit
dependence is similar to that observed in QW’s. Up to no
all of the reported experiments show the same result that
PL rise time decreases with increasing excitat
density,29,34–36implying that the Auger effect tends to acce
erate the relaxation.

In our 2D QDSL, the exciton relaxation within the min
band is characterized by the PL rise time of the exten
states. In Fig. 5, they are given as a function of photo ene
for different excitation densities. A comparison atEdet
51.310 eV is presented in the inset. In sharp contrast, the
rise time is as short as 15–20 ps at low excitation densit
It increases gradually to 25–35 ps at 3 W/cm2 and to 30–45
ps at 30 W/cm2. This behavior is completely contrary to th
observed in QW’s and QD’s. It indicates that the effect
exciton-exciton scattering on relaxation has been dram
cally changed in 2D QDSL’s. The relaxation within th
miniband is governed mainly by the exciton coheren
length in the miniband which decreases rapidly with incre
ing excitation density. As compared with the change in
rise time of the localized states, the change in the rise tim
the extended states is relatively small. It implies that
reduction of the coherence length in the miniband has
influence on the relaxation than on the capture process
addition, the rise times for the high-energy states are
sensitive to excitation density than those for the low-ene
states near the mobility edge. It is also noted that the
time for the miniband is slightly longer than that for the lar
islands. We think that the capture into the large islands fr
-
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high-energy states and the fast recombination in the m
band are responsible for this abnormal behavior.

C. Recombination

Now let us look at the exciton recombination in the min
band being a direct characterization of the exciton cohere
length. The PL transients atEdet51.305 eV obtained at dif-
ferent excitation densities are illustrated in Fig. 6. At
W/cm2, the PL transient is composed of a fast decay (td1) of
25 ps and a slow decay (td3) of 2.5 ns. The fast decay i

FIG. 5. PL rises time of the extended states as a function ph
energy obtained at different excitation densities. A comparison
Edet51.310 eV is presented in the inset. The error bars give
uncertainties in determining the rise times by fitting.

FIG. 6. PL transients atEdet51.305 eV obtained at differen
excitation densities.
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saturated at 3 W/cm2 in a short time and immediately at 3
W/cm2 ~cannot be resolved!. Therefore, we think that the fas
decay at 1 W/cm2 contains radiative and nonradiative com
ponents that cannot be discriminated. Regardless of the c
acter of recombination, the fast decay indicates the sign
cant delocalization of the wave function. At 3 W/cm2, the
nonradiative centers~NRC’s! are saturated in a short tim
after excitation. The plateau, which is shorter for hig
energy states~not shown!, originates from the loss of nonra
diative decay channel. Naturally, the second decay (td28 ) es-
timated to be 50–150 ps is attributed to the radiat
recombination lifetime in the miniband. So is the domina
decay (td29 ) at 30 W/cm2, ranging from 90–270 ps. Thi
assignment is strongly supported by the strong emiss
from the extended states. If the PL decay was dominated
nonradiative process as found in conventional disorde
systems, e.g., II-VI ternary compounds, the emission fr
the extended states would be very weak.27 In our 2D QDSL,
the emission from the extended states gradually domin
the PL at high excitation densities.

Although the radiative recombination lifetimes observ
at 3 and 30 W/cm2 have been increased by exciton-excit
scattering, they are about one order of magnitude sma
than that reported in isolated QD’s. Limited by the slow P
rise under nonresonant excitations, the fast decay in Q
can only be observed in resonant excitations. The radia
lifetime in 2D QDSL’s observed at high excitation densiti
is comparable or even shorter than that reported in so
high-quality QW’s under resonant excitations.33,37Therefore,
it demonstrates unambiguously the coherent exciton mo
in the 2D QDSL. For incoherent exciton motion dominat
by nonresonant tunneling, the exciton coherence lengt
still limited to the QD diameter and no significant decrease
expected for radiative recombination lifetime.13 Besides, the
PL decay time as a function of photo energy shows a ra
gradual change from the long decay time region to the s
decay time region, in clear distinction to the sharp transit
observed in the coherent exciton motion described in
case. The slow decay (td3 , td38 , td39 ) in all cases is attrib-
uted to the recombination in the excited states of some s
rated large islands. At 30 W/cm2, its relative intensity is very
weak because most of the excitons recombine in the m
band due to decreased exciton coherence length.

One interesting and remarkable feature is that the ra
tive recombination can be observed in a wide energy of;50
meV from the bottom of the miniband. We offer here tw
possible explanations. One explanation originates from
relief of the momentum conversation required for the
lowed optical transitions because of the existence of diso
in the QD plane, similar to that in amorphous materials38

This consideration can also explain the similar rise times
the miniband and the large islands because the capture
occur above the band edge. However, the observation o
diative recombination from the extended states indicate
much better ordering than that in amorphous materials.
number of localized states resulting from various disorder
the 2D QDSL is even much smaller than that in II-VI terna
compounds where the PL is usually dominated by the em
sion from localized states.27 Otherwise, it is impossible to
see the emission from the extended states which gradu
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dominates the PL with increasing excitation density. Anoth
interpretation arises from the 2D characteristics of the Q
SL’s. In 2D QDSL’s, each QD interacts with more neighbo
ing QD’s, e.g., six nearest QD’s in the closely packed ca
They are expected to have wider bandwidth as compare
1D SL’s. This point is implied in some experimental resul
For example, the PL peak shifts;50 meV ~to the center of
the miniband! as the excitons are localized by excito
exciton or exciton-impurity scattering or higher barri
~capped with Al0.10Ga0.90As!.19 On the other hand, the larg
‘‘lattice constant’’ which is approximately equal to the Q
diameter~;25 nm! leads to a much smaller first Brillouin
zone. Therefore, the excitons in QDSL’s are expected
have small effective mass.18 As a result, the critical energy
above which the radiative recombination is forbidden can
very large,25,26 leading to the visible luminescence at hig
energy extended states. Besides, the critical tempera
above which the PL intensity begins to decay with tempe
ture can also be very large.26 It is responsible for the nearly
constant PL up to a high temperature of;40 K observed in
the 2D QDSL~not shown!. However, more rigorous experi
ments are needed to confirm these important properties.

The explanation given above can also interpret the
served fast PL rise time of the extended states. Becaus
the large critical energy for radiative recombination, the e
ergy relaxation to the radiative recombination region can
completed by interaction only with optical phonons. The
laxation through the emission of acoustic phonons which
very slow is not necessary, leading to the fast PL rise tim

D. Mobility edge

Now we inspect the energy dependence of the domin
decay time and especially the mobility edge at 1 and
W/cm2, as shown in Fig. 7. The mobility edge, which is ve
sharp at 1 W/cm2, broadens significantly at 30 W/cm2.
Namely, the exciton-exciton scattering is responsible for
broadening. The increase in the decay time of the exten
states is easily understood to be the reduction of cohere
length. However, the mechanism for the decrease in the
cay time of the localized states near to the mobility edge
relatively complicated. In general, it is ascribed to the Aug

FIG. 7. Energy dependence of the PL decay time obtained
and 30 W/cm2.
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activation of the excitons into the extended states. If it w
true, we should be able to see two decay processes in th
transients because the exciton density in the extended s
decays fast. After the annihilation of the excitons in the e
tended states, the exciton-exciton scattering is not effec
and a slow decay time should be observed. However, on
single decay is observed at all time as shown in Fig.
Therefore, we have to consider another mechanism tha
usually applied to disordered systems. Even at 30 W/cm2, the
exciton-exciton scattering is not very strong. Its main eff
is to mix the extended states and localized states near
mobility edge. From another point of view, the localize
states near the mobility edge are incorporated into the c
pling due to the existence of exciton-exciton interaction.
order words, these localized states attain some extended
ture and become partially delocalized, resulting in sho
radiative recombination lifetime.39 As indicated by the pla-
teau observed at 3 and 30 W/cm2, there exists a distribution
of excitons within different states. At 1 W/cm2 when the
exciton-exciton interaction is weak, the recombination li
time is almost independent of energy. At 30 W/cm2, when
the mobility edge is broadened, the states near the mob
edge are mixture of extended and localized states. The d
time is long. At higher energy positions, the states are p
extended states, giving rise to a short decay time. Howe
the radiative lifetime is expected to increase with increas
wave vector. So the decay time becomes longer agai
high-energy states. As can be seen in Fig. 9, the decay
at 1.335 eV is longer than that at 1.325 eV where a minim
value of;90 ps is observed. This behavior, which is distin
from other processes, justifies the radiative nature of the
cay. The strong PL intensity at the high-energy side a
indicates that the decay is dominated by radiative recom
nation.

V. INTENSITY RATIO OF EXTENDED STATES
TO LOCALIZED STATES

Now we look at the evolution ofI band/I island that reflects
the exciton coherence in the miniband with increasing ex
tation density. The value ofI band/I island is only 1/145.2 at

FIG. 8. PL transient atEdet51.285 eV measured at 30 W/cm2.
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0.12 W/cm2 when the PL is dominated by the emission fro
the large islands. At 0.52 W/cm2 when the excitons begin to
fill the miniband, it increases drastically to 1/11.86. It b
comes 1/3.51 at 1 W/cm2 and reaches 1/1.487 at 2 W/cm2. At
4 W/cm2, it is larger than 1~1.342/1! and the PL becomes
dominated by the emission from the miniband. Obvious
the sharp increase inI band/I island coincides exactly with the
sharp increase in the PL intensity.19 It justifies the population
of the miniband in a consistent manner.

VI. CONCLUSION

In summary, the capture, relaxation, and recombinat
processes in 2D QDSL’s have been systemically studied
TRPL measurements. It has been demonstrated that the
ture from the miniband into the localized states is a quant
capture process. In addition, the relaxation within the mi
band is fast. The radiative and nonradiative recombinat
lifetimes are found to be very short due to the drastic el
gation of exciton coherence length as well as the signific
delocalization of wave functions. Besides, some very imp
tant properties, e.g., relaxation of momentum conservatio
small exciton effective mass, have been implied in t
unique radiative characteristics of 2D QDSL’s. Obvious
the novel properties that are not available in QW’s and QD
make 2D QDSL’s attractive for fundamental studies a
promising for device applications in the near future.
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