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Excitation transfer in self-organized asymmetric quantum dot pairs
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Excitation transfer processes within self-organized quantum dot~QD! pairs in bilayer InAs/GaAs QD
samples are investigated. QDs in samples with a 1.74-ML InAs seed layer and a 2.00 ML InAs second layer
are found to self-organize in pairs of unequal sized QDs with clearly discernible ground-state transition energy.
Photoluminescence~PL! and PL excitation results for such asymmetric QD pairs provide evidence for non-
resonant energy transfer from the smaller QDs in the seed layer to the larger QDs in the second layer.
Variations in the optical behavior as a function of the spacer thickness and composition are attributed to the
barrier-dependent tunnel probability. Tunneling times down to 20 ps~36 ML GaAs spacer! are estimated,
depending exponentially on the GaAs spacer thickness.@S0163-1829~98!52640-9#
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The formation of nanoscale coherent islands in hig
strained semiconductor epitaxy has been extensively stu
as a means to generate optically active quantum dots~QDs!.1

One important aspect of such Stranski-Krastanow QDs
strain-driven vertical self-organization2 of island stacks in
multilayered samples, which allows for an increased den
of high-quality QDs and opens new design possibilities
coupled quantum structures. Nevertheless, no systemati
vestigation of excitation transfer processes in such clo
packed QD systems has been reported yet.

First indications for strong electronic coupling as well
excitation transfer processes of stacked InAs/GaAs Q
have been reported for samples with constant depos
amount for each layer.3–6 A systematic lowering of the QD
ground-state transition energy observed in photolumin
cence~PL! spectra of samples with increasing number
InAs layers as well as decreasing spacer thickness~&20 ML!
has been taken as an indication for the formation of coup
QD states.3,4 Although stacked QDs are found to behave li
uncoupled ones for thicker spacers~*36 ML!, excitation
transfer processes have been proposed to explain excit
density dependent PL spectra.6

In this paper, we present structural and optical results
bilayer samples with differing InAs deposition amounts
the first and the second layer. This variable deposit
amount approach leads to vertically stacked pairs of une
sized QDs in which the density of the QDs in the upper la
can be controlled by that of the first layer whereas their
erage size can be made larger by a higher depos
amount.7 The ground-state transition energies of the two c
be clearly distinguished in the PL spectra. Based on the e
tronic structure of the constituents we name such a system
‘‘asymmetric QD pair’’ ~AQDP! in analogy with the exten-
sive work on asymmetric double quantum-well ~QW!
systems.8–11 The PL and PL excitation~PLE! results for
InAs/GaAs AQDPs in such bilayer samples demonstrate
ergy transfer processes and allow estimation of the nonr
nant carrier tunneling time.

The investigated samples with a 1.74-ML InAs seed la
and a 2.00-ML InAs second layer were grown by molecul
beam epitaxy on semi-insulating GaAs~001! substrates. InAs
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was deposited at 500 °C, an As4 partial pressure of 6
31026 Torr, and a growth rate of 0.22 ML s21 as described
in Refs. 2 and 12. For a first set of samples 36-, 45-,
54-ML-thick GaAs spacers were grown at 400 °C usi
migration-enhanced epitaxy~MEE!.12 For a second set o
samples, part of the GaAs spacer was replaced w
Al0.21Ga0.79As which, being almost lattice matched to GaA
preserves the surface strain distribution. After 22-ML ME
GaAs spacer growth, the temperature was increased
610 °C for the deposition of 7-, 16-, or 25-ML
Al0.21Ga0.79As, a 90-s growth interruption, the deposition
7-ML GaAs, and a second 90-s growth interruption, befo
the temperature was decreased to 500 °C for the growt
the second InAs layer. Finally, a 170-ML MEE GaAs ca
was grown at 400 °C. The samples were structurally cha
terized using cross-sectional transmission electron mic
copy ~XTEM!. PL was studied at 6.2 K in a continuous-flo
He cryostat using an Ar1 laser for GaAs excitation, a Ti-
Sapphire laser for wetting layer~WL! excitation and PLE
spectra, and a cooled Ge diode in conjunction with a 0.85
double grating monochromator for detection.

The formation of AQDPs in bilayer InAs/GaAs sample
with different InAs deposition amounts in the seed and s
ond layer is illustrated schematically in Fig. 1~a!.7 For the
1.74/2.00 ML deposition combination the seed and sec
layers provide, respectively, the smaller~SQD! and larger
~LQD! QDs. Figures 1~b! and 1~c! depict XTEM images of
samples with 36-ML spacer without and with@as indicated in
Fig. 1~a!# a 7-ML Al0.21Ga0.79As insertion, respectively. The
investigated samples show a high degree of vertical isl
correlation~>95%! and the island density, controlled by th
seed layer,7 is consistent with that typical for a single laye
1.74-ML InAs sample.13 The lower GaAs/Al0.21Ga0.79As in-
terface appears flat in Fig. 1~c! in agreement with earlier
results,12 showing that for the employed growth conditions
22-ML MEE-grown GaAs spacer completely buries the In
islands in the seed layer and planarizes the growth fro
Finally, the PL results~Fig. 2! indicate that the subsequen
growth of the remaining spacer at 610 °C does not sign
cantly affect the islands in the seed layer.
R10 151 © 1998 The American Physical Society
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Figure 2~a! compares PL spectra of 1.74/2.00 ML InA
deposition AQDP samples with 36-, 45-, and 54-ML Ga
spacers. The PL spectrum of the 36 ML sample show
single, almost Gaussian, peak at 1.102 eV having a full wi
at half maximum of 58 meV. The peak energy is;100 meV
lower than that of QDs in single layer samples12,14with 1.74-
or 2.00 ML InAs deposition grown at the same condition
suggesting the luminescence to originate from the LQDs
the second layer. With increasing spacer thickness an a
tional PL peak becomes evident on the high-energy sid
;1.21 eV, resulting in a clear double peak structure for
54 ML spacer sample. The high-energy peak coincides w
the QD PL peak observed for single layer samples with 1
ML InAs deposition.12 Figure 2~a! shows the transition en
ergy of LQDs to increase~;15 meV! and that of SQDs to
decrease~;10 meV! with increasing spacer thickness. A
though, this might be a consequence of the decreasing e
tronic and/or strain coupling in the AQDPs, we cannot e
clude changes of the average island sizes in the samples
to statistical variations of the QD density in the first laye7

which might vary by about650 mm22.13

The apparent increase in the PL yield of the SQDs w
increasing spacer thickness is attributed to the decrea
electronic coupling and, consequently, decreasing excita
transfer probability in the AQDPs. Replacing part of t

FIG. 1. ~a! Schematic of AQDPs formed in bilayer InAs/GaA
vertically stacked QD samples with variable deposition amo
~Ref. 7!. ~b! and~c! show cross-sectionalg5(200) dark-field TEM
images obtained for 1.74/2.00 ML bilayer samples with 36-M
spacer without and with a 7-ML Al0.21Ga0.79As layer, respectively.
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GaAs spacer with the wider band gap Al0.21Ga0.79As further
increases the tunnel barrier and favors PL from SQDs as s
in Fig. 2~b!. Additionally, a comparison of PL spectra ex
cited in the GaAs barrier~solid lines! and the WL~dashed
lines!15 shows GaAs barrier excitation to favor SQDs. Sin
the WL properties are not affected in the stacking proce6

we assume for the WL excitation case the excitation rates
SQDs and LQDs to be the same. For GaAs barrier excita
case electron-hole pairs are predominantly generated on
substrate side of the InAs layers and, thus, favor excitation
SQDs in the seed layer. This effect becomes more p
nounced for samples with an Al0.21Ga0.79As layer, causing
carriers generated on the substrate~cap! side to excite SQDs
~LQDs!. From the cap thickness and the exciton diffusi
length in GaAs we estimate a ratio of 5:1 for the excitati
rates of SQDs and LQDs in such samples.

Figure 3 compares PLE spectra in the WL region detec
on the ground-state PL of SQDs and LQDs for some of
investigated samples. For samples with pure GaAs space
WL resonance of the first and second InAs layers are in
tinguishable at 1.455 eV, a value typical for single lay
samples.14 The intensity of the WL resonance in the PL
spectra of SQDs decreases with decreasing spacer thick
due to increasing excitation transfer to LQDs. Samples w
Al0.21Ga0.79As layer ~denoted here as WLAl) show an addi-
tional resonance shifted by;15 meV towards higher ener
gies. The WLAl resonance is attributed to the second-lay
WL that is supposedly affected by the Al0.21Ga0.79As layer

t

FIG. 2. Low-temperature PL spectra for 1.74/2.00 ML bilay
samples with various spacer thicknesses without~a! and with ~b!
Al0.21Ga0.79As layer. PL was excited in the GaAs barrier at 2.41 e
~full lines! or the WL at 1.476 eV~dashed lines!.
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being separated by 7 ML of GaAs from the WL. The diffe
ent energy of the WL resonance in the first and second la
provides a means to distinguish the corresponding excita
processes. As shown in Fig. 3, the WL of the seed InAs la
~;1.455 eV! is observed for both SQD and LQD excitatio
but its intensity in the spectra of LQDs decreases with
creasing spacer thickness. In contrast, the WLAl resonance
appears only in the PLE spectra of LQDs, indicating uni
rectional excitation transfer from SQDs to LQDs. Obvious
the carrier dynamics in the WLs is dominated by intralay
carrier capture into localized QD states, being faster tha
ps.16

The inset of Fig. 4 gives a schematic conduction-ba
energy diagram for the 1.74/2.00 ML AQDP structures w
Al0.21Ga0.79As layer. In the following we assume intralaye
and intradot carrier relaxation to be faster than interla
excitation transfer. Thus, excitation transfer originates in
ground state of SQDs with the dwell time denotedtdw . The
ground state lifetimes of SQDs and LQDs are denotedtSQD
andtLQD , respectively. In this simple model, the yield (h tr)
of excitation transfer from SQDs to LQDs is given byh tr
5tSQD/~tSQD1tdw!. Figure 4~a! shows the dependence o
the excitation transfer yieldh tr on the spacer thickness a
estimated from the ratio of the integrated PL intensities
SQDs and LQDs in the spectra shown in Fig. 2, assum
equal or, in the case of GaAs excitation of samples w
Al0.21Ga0.79As layer, a 5:1 ratio of the excitation rates fo
SQDs and LQDs. Theh tr decreases with increasing spac
thickness as well as the addition of an Al0.21Ga0.79As layer
for the same overall spacer thickness. The excitation tran
probability decreases with increasing width and height of
tunnel barrier.

A QD ground-state lifetime of;600 ps has been dete
mined for 1.74-ML InAs single layer as well as consta
deposition amount multilayer samples grown at the sa
conditions.6 Figure 4~b! depicts on a semilogarithmic sca

FIG. 3. Low-temperature PLE spectra detected on the maxim
of the SQD and LQD PL peaks showing the WL resonances.
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the dwell timetdw , derived usingh tr as defined previously
and assumingtSQD5600 ps, versus the spacer thickness. F
a pure GaAs spacertdw increases exponentially from;20 ps
~36 ML spacer! to ;3000 ps~54-ML spacer! with increasing
spacer thickness. The larger relative increase oftdw upon
inclusion of the Al0.21Ga0.79As layer for the 45 ML as com-
pared to the 36 ML spacer sample is attributed to its
creased width of 16 ML compared to 7 ML. The lowh tr
observed for the 54 ML sample with Al0.21Ga0.79As layer
suggests excitation transfer to be negligible.

We note that for the AQDP structures the thre
dimensional shape of the InAs islands makes a definition
a tunnel barrier thickness somewhat arbitrary and that
nonuniformity of the islands leads to statistical variation
We approximate an effective tunnel barrier with the avera
distance between the island tip in the seed layer and
second InAs layer. The upper scales of Figs. 4~a! and 4~b!
give the average effective tunnel barrier thickness taking i
account the average island height of;4.5 nm determined
from atomic force microscope images of uncapped sin
layer 1.74-ML samples.13 The dwell times for the AQDPs
are comparable to those reported for asymmetric dou
GaAs/AlxGa12xAs quantum wells with similar barrie
thickness.10,11

Room-temperature PL measurements~not shown! reveal
for LQDs an excited-state transition at;100 meV above the
ground-state transition, nearly coinciding with the groun

m

FIG. 4. Excitation transfer yieldh tr ~a! and dwell timetdw ~b!
for AQDPs as a function of the spacer thickness. The average
nel barrier thickness is derived assuming an average SQD heig
4.5 nm~see the text!. The inset shows a schematic conduction-ba
energy diagram for AQDPs with an Al0.21Ga0.79As layer.
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state transition of the SQDs. However, as a result of
nonuniformity of self-organized QDs the AQDPs are, in ge
eral, nonresonant. Thus we conclude that the excita
transfer between SQDs and LQDs is a nonreson
multiphonon-assisted tunneling process. The results ar
qualitative agreement with recent calculations that predi17

electron dwell times shorter than 100 ps for QD/deep de
pairs with separations less than;10 nm. We emphasize tha
the actual transfer mechanism, i.e., exciton or separate tr
fer of electrons and holes is not clear yet. In the latter ca
the estimated dwell timetdw would characterize the faste
transfer mechanism, most probably that of electrons, res
ing in the formation of an intermediate, spatially indire
exciton. The low recombination probability and the fini
dwell time for the second carrier~the hole! effectively sup-
press PL from the indirect exciton state. Finally, we assum
the tunneling processes to originate in the SQD ground s
This assumption becomes questionable for the 36-
spacer, for which the estimated dwell time of;20 ps is
shorter than intradot relaxation on a 40-ps time scale.6 In this
case, the estimated dwell time presents only an upper lim

We have presented structural and optical results for a
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class of bilayer stacks of self-assembled QD structures t
involve differing deposition amounts and lead to vertical
self-organized QD pairs, whose density is controlled by t
first-layer deposition amount while the average size of t
second-layer dots is controlled by its deposition amoun7

Such ‘‘asymmetric’’ QD pairs enable studies that provid
insight into excitation transfer processes in self-organiz
QD stacks. Controlling the spacer thickness within the lim
imposed by the need for vertical self-organization2 allows
tuning the carrier dynamics in the SQDs from th
recombination-limited to the excitation transfer-limited re
gime. The estimated dwell times range from;3000 ps for 54
ML down to the few 10 ps region for 36-ML GaAs space
The results suggest that lateral energy transfer in an InA
GaAs QD layer can be observed for areal densities in exc
of ;231011 cm22 and that asymmetric QD pairs may pro
vide a means to circumvent the slowed-down carrier rela
ation in single QDs.

This work was supported by the Office of Naval Re
search, and has also benefited from support from the
Force Office of Scientific Research.
*Present address: Institut fu¨r Festkörperphysik, Technische Univer-
sität Berlin, Hardenbergstrasse 36, 10623 Berlin, Germany.

1W. Seifert, N. Carlsson, M. Miller, M.-E. Pistol, L. Samuelson
and L. R. Wallenberg, Prog. Cryst. Growth Charact. Mater.33,
423 ~1996!.

2Q. Xie, A. Madhukar, P. Chen, and N. P. Kobayashi, Phys. Re
Lett. 75, 2542~1995!.

3N. N. Ledentsov, V. A. Shchukin, M. Grundmann, N. Kirstaedte
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Gösele, inProceedings of the 8th International Conference o
InP and Related Materials~Schwäbisch Gemu¨nd, 1996!, p. 738.
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