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We present a systematic study of the exciton capture, relaxation, and recombination processes in two-
dimensional quantum-dot superlattic€®D 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.

I. INTRODUCTION layer at 580 °C, the QD’s were formed at 460 °C by depos-
iting 8.8 monolayergsML’s) Ing /Gay gAs. The critical thick-
Stimulated by their potential applications in various elec-ness at which the 2D-3D growth transition occurs was found
tronic devices, the fabrication and characterization of quanto be ~6.6 ML’s. Then, the QD’s were covered by a
tum dots(QD’s) have formed a very active research area~15-nm GaAs cap layer at 400 °C. The sample fabricated at
during the last decade. The physical problems related with ¢he same growth conditions but without the GaAs cap layer
single QD or an ensemble of isolated QD’s have been exterwas used for the atomic force microscophd=M) character-
sively investigated:> At the same time, increasing effort has ization. The AFM image is shown in Fig. 1. The dot diam-
been devoted to the interaction of QD’s, i.e., the coupling ofeter, height, and density are estimated to be 20—30 nm, 1 nm,
two or a large number of QD’5:® Up to now, ordering and and 1.4x 10 cm 2. It is noted that the QD’s have uniform
coupling of QD’s have received intensive studies’ The size and pack closely.
main purpose, needless to say, is to realize quantum-dot su- The TRPL measurements were performed by a Ti:sap-
perlattice§QDSL’s). Theoretically, some superior properties phire laser with a 160-fs pulse width in combination with a
have been predicted for this novel syst¥mt® In experi-  streak camera, providing a time resolution-e10 ps. The
ments, high-density-ordered liGa, AS/GaAs QD arrays experiments were carried out @& K and at different excita-
have been achieved by self-organized epitaxial growttion densities of 0.3, 1, 3, and 30 W/éniThe excitation
using atomic-hydrogen-assisted molecular-beam epitaxgnergy was chosen to be 1.485 eV, which is smaller than the
(H-MBE).*"*® It has been confirmed recently by time-
resolved photoluminescen¢€RPL) that the extended states
or minibands are formed in these QD array4’ It means
that 2D QDSL’s with artificial electronic structures have
been realized. Now we need to find out whether 2D QDSL'’s
behave like quantum wellQW'’s) and how the exciton dy-
namics will be modified as compared to conventional QD’s.
Obviously, the information on the capture, relaxation, and
recombination in 2D QDSL’s can be extracted from the
analysis of the PL transients. In this paper we will present a
systematic study of these processes that provides a deep un-
derstanding of 2D QDSL's. It will be shown that the exciton
dynamics in 2D QDSL’s is completely different from those
in QW’'s and QD’s.

Il. SAMPLE AND EXPERIMENT DESCRIPTION

The 2D QDSL used in this study is the high-density-

ordered 1g ,Ga, ¢As QD array fabricated on a Gaf1)B FIG. 1. AFM image of a high-density-ordered, fSa, gAs QD
substrate by H-MBE. After growing &250 nm GaAs buffer array fabricated on a Ga#&11)B substrate.
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sized that the exciton properties have been drastically
ground miniband changed in the minibands as compared to those in the sub-
bands. It is also analogous to a one-dimensi¢obB) super-
lattice (SL) in which some enlarged QW'’s have been inten-
tionally introduced to detect the carrier transport in the?SL.
The large islands thus act as natural detectors for the exciton
motion in the miniband. Similarly, the ratio of the emission
. from the miniband to that from the large islands
_ (I'pand! lisland €an be used as a measure for the exciton coher-
ence length in the miniband. As long as the exciton coher-
ence length in the miniband is longer than the mean separa-
tion of two large islands, the capture of excitons from the
exciton ground state miniband into the large islands is extremely fast. Actually, it
is a quantum capture process that has been studied in mul-
tiple quantum wellsMQW?’s).?® The capture time is deter-
mined by the quantum transition time between a band state
and a localized state because the transport time to the large
FIG. 2. Physical model describing the electronic structures ofisland can be neglecte@loch wavg. At low temperatures
2D QDSL's. Various decay channels are schematically illustratedand excitation densities when the exciton coherence length is
For simplicity, only the ground miniband is plotted. long, the capture into the large islands is faster than the ra-
diative recombination in the miniband{< r,,). Therefore,
GaAs barrier at 5 K(1.510 eV, in order to exclude the the PL is dominated by the emission from the large islands.
complicated capture process in the barrier. In measuring Pln order to see the emission from the miniband, we need to
decay time as a function of photo energy, a PL spectrum iseduce the exciton coherence length below the mean separa-
usually used as a referent&?! However, the PL spectra tion of the large islands and/or saturate some large islands.
under pulse excitation do not provide any information onApparently, a simple and effective way to change the exciton
rapid radiative recombination. Thus, the PL spectra undecoherence length is to increase excitation density or exciton-
continuous-wavecw) excitation obtained by the 514.5 nm exciton scattering. It has been confirmed that the capture
line of an Ar" laser are used as references. The maximumime increases rapidly with decreasing coherence leffgh.
excitation density P,) was set to be-4 W/cn? which is far  comparison, the recombination time increases in a slower
below the value for the saturation of the QD’s. By insertingrate. As a result, some excitons will have chance to recom-
filters with different transmission, the spectra were recordedine in the miniband before being captured by the large is-
at 4.2 K and at different excitation densities of 0.01, 0.03lands. The emission from the miniband can be observed and

mobility edge

Energy (arb. units)

Space (arb. units)

0.13, 0.25, 0.50, and 1.69. will gradually dominate the PL.
Now we look at the major differences between the free
IIl. PHYSICAL MODEL excitons in the extended states and the bound excitons in the

localized states. First, the free excitons have much stronger

In practice, we cannot avoid the formation of some largepscillator strengtifor much shorter radiative lifetimelue to
islands(large dots originating from the coalescence of small much longer coherence lengthi?>2¢ Second, the nonradia-
dots. In average, approxmately four large islands are founglye procesge.qg., capture into deep defect centevhich can
in an area of X1 um?, giving a mean separation 0f20  pe neglected for the bound excitons is significant for the free
QD’s. As can be seen later, they play important roles inexcitons. Finally, the free excitons interact more effectively
determining the capture and recombination processes. Thergith each other and with phonons. Therefore, we can expect
fore, we need to treat the 2D QDSL as a disordered system sharp increase in the PL intensity and a significant broad-
containing extended states and localized states, as schemaghing of the linewidth in the PL spectra with increasing ex-
cally shown in Fig. 2. The extended states or minibandgitation density if the miniband is populated. In the TRPL
originate from the strong coupling of uniform small QD’s. measurements, we should be able to see a sharp decrease of
The localized states come from the large islands that arghe PL decay time at the mobility edger the bottom of the
excluded from the coupling due to much different size andminiband that separates the extended states from the local-

energy. Although the deviation from a 2D periodic lattice jzed states, as generally found in conventional disordered
can also lead to localization, we think that this kind of local- systems’

ization generally occurs at large islands. We will demon-

strate later that the ordering in our 2D QDSL is much better

than Fhat. in amo_rphous materials. Bgsid_es, we beIie_ve that IV. TRPL MEASUREMENTS

coupling is more important than ordering in the formation of

minibands because extended states or bands can be formedin TRPL measurements, we trace the luminescence whose
even in amorphous materials. intensity is proportional tdN(t)/ 7., , whereN(t) is the num-

In fact, this picture is very similar to a low-density QD ber of excitons in a particular energy state angd is the
array. The energy levels in the low-density QD’s correspondadiative lifetime. Other processes, e.g., feeding or nonradi-
to the localized states while the subbands in the wetting layeative recombination, will influence the luminescence inten-
correspond to the minibands. However, it should be emphasity through changing\(t). For analyzing the PL transients,
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sured at 1 W/ci(the dotted ling The PL spectra under cw exci- ter of the excitons and the absence of the exciton transfer.

tation are provided as references. Note that the blueshift of the peemovvle_ver, a clear t?'“eSh'ft Of, the .peall< energy as ,We" as a
energy and the broadening of the linewidth are accompanied wit§!gnificant broadening of the linewidth is observed in the PL
the sharp decrease of PL decay time. Typical PL transients for théP€ctra above the critical value. A sharp increase in the PL
localized and extended states together with the correspondingitensity is also observeld Remarkably, a sharp<1 meV)
mono- and biexponential fitting results are shown(tih and (c), ~ decrease of the decay time fror.5 ns to~25 ps is found
respectively. at ~1.290 eV. This energy position is attributed to the mo-
bility edge.

Since the localized statéer extended statest different
energy positions have very similar PL transients, two PL
transients, which are typical for the localized states and ex-
tended states, respectively, together with mono- and biexpo-
nential fitting results are given in Figs(8 and 3c).

These experimental observations clearly justify the fact
that the PL at low excitation densities is dominated by iso-
lated large islands and the excitons begin to populate the
miniband with increasing excitation density. Although it is
difficult to compare exactly the exciton densities exciton-
exciton scatteringunder pulse and cw excitations, we have

separately observed the population of the miniband.
The physical model described in the previous section has P y Pop

been verified by TRPL measurements. Figui@® 3hows the
dominant PL decay time as a function of photo energy ob-
tained at 1 W/crh The excitation-dependent PL spectra un-  Obviously, the capture from the miniband into the large
der cw excitation are also provided for references. As disislands should be characterized by the PL rise time of the
cussed earlier, the observation of the emission from théocalized states. The rise times obtained at different excita-
miniband can be realized by increasing excitation densitytion densities are summarized in Fig. 4. A comparison at
Actually, a critical excitation density for the population of E4=1.280€V is shown in the inset. At 1 W/émwhen the

the miniband is always found. Since it depends slightly onexciton coherence length is long, the rise time is as short as
the excitation conditions, e.g., excitation energy, laser spot0—16 ps. Since it is very close to the time resolution, we
size, and sample position, etc., we did not attempt to deterthink that the real capture time at lower excitation densities
mine its accurate value by adding more measuring points. Ishould be much shorter. It is consistent with the quantum
the experiments shown in Fig.a&, the critical excitation capture process assumed in the model. More importantly, the

FIG. 3. (a) PL decay time as a function of photo energy mea-

the following formula derived from a rate equation model
will be used?®

[(t)~exp —t/7q) —exp —t/7)
for monoexponential fitting
I(t)~[exp(—t/Tg) —exp(—t/7,)]
+consX[exp( —t/7qp) —exp(—t/7,)]

for biexponential fitting.

A. Capture
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rise time is found to increase slightly t630 ps at 3 W/crh T
and significantly to 60—80 ps at 30 W/éniThis behavior —O— 1 Wiem2
indicates that the quantum capture is alleviated with de- —O=~3 Wicm?2
creased coherence length by exciton-exciton scattéfing. 80  _A—30wWiem?
This excitation dependence of capture rate is opposite to that
found in uncoupled QD’s. There, the rise time decreases with
increasing excitation density due to the accelerated capture
by Auger-like processes. Although the separation of two

large islands is rather large-20 QD’s), the excitons cap-

tured at different positions can be immediately transferred
into the large islands, justifying the coherent exciton motion '
in the miniband. 2L
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Before talking about the exciton relaxation in the 2D
QDSL, it is helpful to discuss briefly the exciton relaxation Photo Energy (eV)
n C?nve.rtmtc')nal QW.St and QD's. Fort QdW Shpr;]der nonretsc;- FIG. 5. PL rises time of the extended states as a function photo
hant excitations, excitons are generated in hign-energy sta e<,§nergy obtained at different excitation densities. A comparison at
The energy relaxation is accomplished through interactio

. . . . . . rEdet=1.310 eV is presented in the inset. The error bars give the
firstly  with 0.pt'ca| phonons  and f'_na”y with acoustic uncertainties in determining the rise times by fitting.

phonons. While the former process is very fast, the latter

process is rather slow. Since only the excitons at the botto
of the band can recombine radiativelthe requirement of
momentum conservatiofi’ the PL rise time for QW’s under
nonresonant excitations is very slow, typically hundred to

several hundred picoseconts> Besides, it is shortened C. Recombination

significantly with increasing the excitation density, indicat-  Now let us look at the exciton recombination in the mini-
ing that exciton-exciton scattering acts as an effective way t@anq peing a direct characterization of the exciton coherence
relax exc,ess energ’ﬁ. : i length. The PL transients &4.—1.305€V obtained at dif-

In QD's, the exciton relaxation between discrete energyerent excitation densities are illustrated in Fig. 6. At 1
levels is usually not fast. Although the relaxation in SOme\y/cn? the PL transient is composed of a fast decay) of

samples is as fast as several tenths picoseconds, its excitatigg ps and a slow decayrfs) of 2.5 ns. The fast decay is
dependence is similar to that observed in QW’s. Up to now, 3

all of the reported experiments show the same result that the
PL rise time decreases with increasing excitation TeSKE =1485eV
density?®34~*8implying that the Auger effect tends to accel- L 1 308 oV
erate the relaxation. = et .
In our 2D QDSL, the exciton relaxation within the mini-
band is characterized by the PL rise time of the extended
states. In Fig. 5, they are given as a function of photo energy u
for different excitation densities. A comparison &
=1.310eV is presented in the inset. In sharp contrast, the PL
rise time is as short as 15—-20 ps at low excitation densities.
It increases gradually to 25—35 ps at 3 Wcamd to 30—45
ps at 30 W/cr This behavior is completely contrary to that
observed in QW’s and QD’s. It indicates that the effect of
exciton-exciton scattering on relaxation has been dramati-
cally changed in 2D QDSL'’s. The relaxation within the
miniband is governed mainly by the exciton coherence
length in the miniband which decreases rapidly with increas-
ing excitation density. As compared with the change in the -
rise time of the localized states, the change in the rise time of
the extended states is relatively small. It implies that the
reduction of the coherence length in the miniband has less B T&
8
0

rHigh—energy states and the fast recombination in the mini-
band are responsible for this abnormal behavior.

LI B S S S B S St I S S B B S

PL Intensity (arb. units)

influence on the relaxation than on the capture process. In
addition, the rise times for the high-energy states are less
sensitive to excitation density than those for the low-energy
states near the mobility edge. It is also noted that the rise
time for the miniband is slightly longer than that for the large  FIG. 6. PL transients aEg=1.305€V obtained at different
islands. We think that the capture into the large islands fronexcitation densities.
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saturated at 3 W/cfin a short time and immediately at 30 oo ]
W/cn? (cannot be resolvedTherefore, we think that the fast 3000 - mobility edge T=5K ]
decay at 1 W/crhcontains radiative and nonradiative com- E,.=1485eV
ponents that cannot be discriminated. Regardless of the char- 2500
acter of recombination, the fast decay indicates the signifi-
cant delocalization of the wave function. At 3 W/gnihe
nonradiative centeréNRC’s) are saturated in a short time
after excitation. The plateau, which is shorter for high-
energy stategnot shown, originates from the loss of nonra-
diative decay channel. Naturally, the second decdy)(es-
timated to be 50-150 ps is attributed to the radiative
recombination lifetime in the miniband. So is the dominant
decay (;,) at 30 W/cnd, ranging from 90-270 ps. This
assignment is strongly supported by the strong emission _

from the extended states. If the PL decay was dominated by 195 126 127 126 129 150 151 152 153 134 135
nonradiative process as found in conventlonaI. d|§ordered Photo Energy (eV)

systems, e.g., lI-VI ternary compounds, the emission from

the extended states would be very wéaln our 2D QDSL, FIG. 7. Energy dependence of the PL decay time obtained at 1
the emission from the extended states gradually dominateand 30 W/crf.

the PL at high excitation densme§. S dominates the PL with increasing excitation density. Another
Although the radiative recombination lifetimes observedinarpretation arises from the 2D characteristics of the QD-
at 3 and 30 W/crhhave been increased by exciton-excitong| 's. |n 2D QDSL’s, each QD interacts with more neighbor-
scattering, they are about one order of magnitude smallghg QD's, e.g., six nearest QD’s in the closely packed case.
than that reported in isolated QD’s. Limited by the slow PL They are expected to have wider bandwidth as compared to
rise under nonresonant excitations, the fast decay in QW’'4D SL'’s. This point is implied in some experimental results.
can only be observed in resonant excitations. The radiativeor example, the PL peak shifts50 meV (to the center of
lifetime in 2D QDSL’s observed at high excitation densitiesthe miniband as the excitons are localized by exciton-
is comparable or even shorter than that reported in som@Xciton or exciton-impurity scattering or higher barrier
high-quality QW’s under resonant excitatichs’ Therefore, ~ (capped with A} ;{5a ¢oAs).” On the other hand, the large
it demonstrates unambiguously the coherent exciton motioflattice constant” which is approximately equal to the QD
in the 2D QDSL. For incoherent exciton motion dominateddiameter(~25 nm leads to a much smaller first Brillouin
by nonresonant tunneling, the exciton coherence length igone. Therefore, the excitons in QDSL’s are expected to
still limited to the QD diameter and no significant decrease id1ave small effective mas§.As a result, the critical energy
expected for radiative recombination lifetineBesides, the above which the radiative recombination is forbidden can be
PL decay time as a function of photo energy shows a ratheyery large;>* leading to the visible luminescence at high-
gradual change from the long decay time region to the shonergy extended states. Besides, the critical temperature
decay time region, in clear distinction to the sharp transitiorabove which the PL intensity begins to decay with tempera-
observed in the coherent exciton motion described in oufure can also be very lard@lt is responsible for the nearly
case. The slow decayr{s, 73, 74s) in all cases is attrib- constant PL up to a high temperature-e40 K observed in
uted to the recombination in the excited states of some satdf® 2D QDSL(not shown. However, more rigorous experi-
rated large islands. At 30 W/drits relative intensity is very Ments are needed to confirm these important properties.
weak because most of the excitons recombine in the mini- The explanation given above can also interpret the ob-
band due to decreased exciton coherence length. served fast PL rise time of the extended states. Because of
One interesting and remarkable feature is that the radighe large critical energy for radiative recombination, the en-
tive recombination can be observed in a wide energy 50  €rgy relaxation to the radiative recombination region can be
meV from the bottom of the miniband. We offer here two completed by interaction only with optical phonons. The re-
possible explanations. One explanation originates from thé&xation through the emission of acoustic phonons which is
relief of the momentum conversation required for the al-very slow is not necessary, leading to the fast PL rise time.
lowed optical transitions because of the existence of disorder o
in the QD plane, similar to that in amorphous materfils. D. Mobility edge
This consideration can also explain the similar rise times for Now we inspect the energy dependence of the dominant
the miniband and the large islands because the capture caecay time and especially the mobility edge at 1 and 30
occur above the band edge. However, the observation of raA//cn?, as shown in Fig. 7. The mobility edge, which is very
diative recombination from the extended states indicates sharp at 1 Wi/cr) broadens significantly at 30 W/ém
much better ordering than that in amorphous materials. Thdlamely, the exciton-exciton scattering is responsible for the
number of localized states resulting from various disorders ifbroadening. The increase in the decay time of the extended
the 2D QDSL is even much smaller than that in 11-VI ternary states is easily understood to be the reduction of coherence
compounds where the PL is usually dominated by the emislength. However, the mechanism for the decrease in the de-
sion from localized states. Otherwise, it is impossible to cay time of the localized states near to the mobility edge is
see the emission from the extended states which gradualkgelatively complicated. In general, it is ascribed to the Auger
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FIG. 8. PL transient aE 4=1.285 eV measured at 30 W/ém FIG. 9. A comparison of the PL transientsi,~=1.325 eV and

at E4=1.335 eV measured at 30 W/ém
activation of the excitons into the extended states. If it was
true, we should be able to see two decay processes in the RL12 W/cnf when the PL is dominated by the emission from
transients because the exciton density in the extended statgfe large islands. At 0.52 W/chwhen the excitons begin to
decays fast. After the annihilation of the excitons in the exill the miniband, it increases drastically to 1/11.86. It be-
tended states, the exciton-exciton scattering is not effectiveomes 1/3.51 at 1 W/chand reaches 1/1.487 at 2 W/&mt
and a slow decay time should be observed. However, only 3 w/cn?, it is larger than 1(1.342/) and the PL becomes
single decay is observed at all time as shown in Fig. 8dominated by the emission from the miniband. Obviously,
Therefore, we have to consider another mechanism that e sharp increase ihyang/lisiang COINCides exactly with the
usually applied to disordered systems. Even at 30 \Ki/the  sharp increase in the PL intensiit justifies the population
exciton-exciton scattering is not very strong. Its main effectof the miniband in a consistent manner.
is to mix the extended states and localized states near the
mobility edge. From another point of view, the localized
states near the mobility edge are incorporated into the cou-
pling due to the existence of exciton-exciton interaction. In VI. CONCLUSION
order words, these localized states attain some extended fea- ) o
ture and become partially delocalized, resulting in shorter N summary, the capture, relaxation, and recombination
radiative recombination lifetim® As indicated by the pla- Processes in 2D QDSL'’s have been systemically studied by
teau observed at 3 and 30 W/&rthere exists a distribution 1RPL measurements. It has been demonstrated that the cap-
of excitons within different states. At 1 W/éwhen the ture from the miniband into the localized states is a quantum
exciton-exciton interaction is weak, the recombination life-Capture process. In addition, the relaxation within the mini-
time is almost independent of energy. At 30 Wicrwhen L‘_)an'd is fast. The radiative and nonradiative recompmaﬂon
the mobility edge is broadened, the states near the mobilitjfetimes are found to be very short due to the drastic elon-
edge are mixture of extended and localized states. The dec&@tion of exciton coherence length as well as the significant
time is long. At higher energy positions, the states are pur elocallzatu_)n of wave funct_|ons. Besides, some very impor-
extended states, giving rise to a short decay time. Howevefant properties, e.g., relaxation of momentum conservation or
the radiative lifetime is expected to increase with increasingmall exciton effective mass, have been implied in the
wave vector. So the decay time becomes longer again &thique radiative _characterlstlcs of 2_D Q[_)SL’S. Obviously,
high-energy states. As can be seen in Fig. 9, the decay tinfé€ novel properties that are not available in QW's and QD's
at 1.335 eV is longer than that at 1.325 eV where a minimurin@ke 2D QDSL’s attractive for fundamental studies and
value of~90 ps is observed. This behavior, which is distinctPromising for device applications in the near future.
from other processes, justifies the radiative nature of the de-
cay. The strong PL intensity at the high-energy side also
indicates that the decay is dominated by radiative recombi-
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