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Hidden resonant excitation of photoluminescence in bilayer arrays
of InAs ÕGaAs quantum dots
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Photoluminescence~PL! of self-organized quantum dots~QDs! in bilayer InAs/GaAs structures is
studied with a fixed seed layer and spacer, but variable second-layer coverage. Careful line shape
analysis reveals modulation in the high-energy tail of the seed-layer PL spectrum. The
oscillation-like behavior is reproducible with variations in both the temperature and optical
excitation energy. These oscillations are attributed to carrier relaxation through inelastic phonon
scattering from the wetting layer to the QD excited states. ©2003 American Institute of Physics.
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Carrier relaxation, including tunneling through potent
barriers, represents one of the most fundamental proce
described by quantum kinetics. Recently, tunneling betw
layers of semiconductor quantum dots~QDs! has attracted
attention in view of the development of the growth capabil
to realize vertically aligned or stacked QD geometries.1–4 It
is also of interest because a good understanding of the
ferent excitation and decay channels of excited states
multilayer QD structures will have important consequen
for their potential application as emitter or detector array

For stacked QD structures, the coupling strength
tween QD layers is controlled by systematic variation of
barrier thickness between layers and/or control over the
size or composition from one layer to the next. For examp
if the barrier is thick enough, the electronic levels in t
layers of dots will have carrier recombination in each lay
separately. However, if the barrier is reduced the car
wave function in each dot in one layer can spread beyond
barrier into an adjacent dot in another layer, and as s
coupling is established between the levels of QDs in bila
structures. In this case carriers can be photogenerated
given well and tunneling to an adjacent vertically aligned d
can occur if the tunneling time is less than the recombina
time. In similar manner, by varying the QD size or comp
sition, the energy separation between the two tunneling
layers can be used to control the tunneling probability.

While due attention has been directed toward the c
pling between closely stacked QD layers,5–9 the role of the
corresponding wetting layer~WL! in such vertically aligned
structures has been relatively less explored. In order to
tinguish different contributions to the relaxation of photoe
cited carriers we consider a structure composed of two la
of weakly coupled InAs/GaAs QDs. This geometry allows
to discriminate between the coupling QDs in adjacent lay
and the coupling between QDs in the seed layer and the
associated with QDs of the adjacent or second layer.

a!Electronic mail: mxiao@mail.uark.edu
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The samples were grown using a solid-source molec
beam epitaxy chamber coupled to an ultrahigh vacuum sc
ning tunneling microscope~STM!. The structures consist o
two InAs layers. Each sample was grown on a GaAs~001!
substrate, followed by a 0.5mm GaAs buffer layer and 10
min annealing at 580 °C to provide a nearly defect-fr
atomically flat surface. The seed QD layer is then grown
depositing 1.8 monolayer~ML ! of InAs at a growth rate of
0.1 ML/s, As4 partial pressure of 831026 Torr, and substrate
temperature of 500 °C. This is followed by 50 ML GaA
deposited on top of the seed QD layer. The second QD la
was then added. The InAs deposition coverage in the sec
layer was varied from 1.8 to 2.7 ML for different sample
used in our measurements. Each sample for optical st
was finally capped with a 150 ML GaAs layer. The samp
were structurally characterized by plane-view STM a
cross-sectional transmission electron microscopy~XTEM!.
The photoluminescence~PL! was studied in temperatur
range of 10–300 K using the 514.5 nm line of an Ar1 laser
for GaAs excitation, a Ti–sapphire laser for WL excitatio
as well as a HeNe laser for intermediate energy excita
range, thus spanning excitation densities from 0.1 to
W/cm2.

Figure 1~a! shows a typical XTEM image of the samp
with 1.8 and 2.4 ML depositions for the seed layer and
second layer, respectively. Statistical analyses of XTEM
ages show the resulting sample to be a weakly vertic
correlated~;50% for 50 ML GaAs spacer thickness! double-
layer QD structure, designed with a significantly differe
average QD size in the seed layer compared to that in
second layer. The QDs in the second layer are nearly tw
the size of those in the seed layer due to additional dep
tion, as well as to the influence of the strain field from t
seed layer.3,10 The STM statistical analysis@Fig. 1~b!# indi-
cates a QD size distribution of 461.5 nm for the height,
2063 nm for the width, and a dot density of about 4
31010 cm22 in the seed layer. The dot density in the seco
layer is variable over the range of 2.5– 431010 cm22,10 de-
pending on the InAs coverage.
6 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Figure 2 depicts PL spectra of the sample with a seco
layer coverage (D2) of 2.7 ML measured at different tem
peratures from 10 up to 160 K. Two characteristic pea
centered at 1.07 and at 1.21 eV give evidence of two dif
ent size QD arrays, i.e., the larger base QDs in the sec
layer and the smaller base QDs in the seed layer. The t
perature variation of the peak magnitudes is consistent wi
model for QDs that are vertically aligned between the t
layers that allows only a small amount of carrier trans
from the QDs in the seed layer to the QD ground states in
second layer.10 Close examination of the data reveals slig
modulation of the high-energy tail in the PL spectrum. T
shape of this tail cannot be fitted to a Gaussian profile
order to show the deviations from the Gaussian distribut
more clearly, the difference spectra are also plotted in Fig
The difference spectra indicate a strong correlation with
spectra of the second derivative for the measured PL.
energy separations between the adjacent peaks in the d
ence spectrum are notably periodic and coincide with
energies of longitudinal optical~LO! phonons in a strained

FIG. 1. ~a! XTEM image of the bilayer sample with 1.8/2.4 ML InAs depo
sition on the seed and second layers, respectively.~b! The height distribution
of InAs islands in the single-layer sample with a 1.8 ML InAs depositio

FIG. 2. PL and PL difference spectra measured at different temperatur
the sample with 1.8/2.7 ML InAs deposition on the seed and second la
respectively.
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InAs layer havinghvLO'30 meV. Such a characteristic dif
ference spectrum was consistently observed for all sam
used in this study.

Figure 3~a! plots PL spectra of a sample withD252.4
ML measured at different excitation wavelengths and at l
temperature ofT510 K. The substantial dependence of t
PL spectral shape on the excitation energy is clearly se
The spectrum, a result of deep excitation in the GaAs s
strate, resembles the spectrum in Fig. 2. When the excita
energy approaches the band edge of GaAs, additional p
arise in the region expected from absorption due to the W
The broad PL feature that appears within 1.42–1.48 eV is
the typical WL spectral range for single layer samples,10 and
is due to the unresolved emission from both the seed and
second InAs WLs.3 Interestingly, the PL feature at 1.34–1.3
eV also appears in the spectrum and can be assigned to
recombination of nonequilibrium carriers localized in tw
dimensional~In,Ga!As islands that act together as the seco
WL and are only several ML thick.11 These islands originate
from well width fluctuations in the thin WL. Such two
dimensional islands predominantly appear in the sec
layer because of the rougher GaAs surface~grown at 500 °C!
on which the second InAs layer is grown. This is in contra
to the flat GaAs surface~grown at 580 °C! used for InAs seed
layer growth. This explanation is consistent with the abse
of a peak at 1.34–1.39 eV as well as the observation o
sharp peak, rather than the broad peak, in the 1.42–1.48
range, in the PL spectrum of the 1.8 ML single layer ref
ence sample.10 Even with this broad range of tuning of th
excitation energy, the difference spectra@in Fig. 3~b!# retain
their shapes. The oscillation period again corresponds to
known LO phonon energy in InAs. Finally, Fig. 4 shows th
PL spectrum and the difference spectrum of the sample w
D251.8 ML, i.e., the InAs coverage for both layers in th
bilayer structure is basically the same. While the absenc

of
rs,

FIG. 3. ~a! PL and~b! PL difference spectra of the sample with 1.8/2.4 M
InAs deposition on the seed and second layers, respectively, measur
different excitation wavelengths.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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a noticeable redshift of the PL spectrum does give evide
of weak vertical coupling between QDs, the difference sp
trum, in each case, reproduces the same oscillating chara

There are several possible reasons for the observed
cillating behavior in the difference spectra of these samp
that should be explored. Following Fafardet al.2 such behav-
ior could be due to the symmetric and antisymmetric sta
arising from wave function coupling between vertica
coupled QD pairs. However, this mechanism has to be ru
out, because the predicted level splitting for the struct
with such a thick spacer layer~50 ML! is much smaller than
the energy spacing measured experimentally. Additional p
sibilities include that, the observed oscillations might be
lated to the excited states of QDs6 in the seed layer or to the
energy level clusters7 arising from the removal of the orbita
degeneracy of the bound states in the QDs. However, s
these energy level clusters are not evenly spaced and
excitation intensity used in our PL experiments was
enough to substantially populate excited states, we conc
that neither the complicated structures of the QD’s exci
states nor quantum-size effects can give a regular oscilla
behavior in the PL difference spectrum as observed in
samples described here.

On the other hand, our data give strong evidence of In
LO-phonon participation in the relaxation of excited carrie
in the QD seed layer.12,13 We associate the observed oscill
tions in the difference spectra with resonant decay of an
cited level in the WL of the second layer with simultaneo
excitation of a QD in the seed layer and generation of sev
LO phonons. The energy position ofnth peak maximum
hnn

max in the difference spectrum would then be determin
to be hnn

max5hnWL2nhnLO-phonon, where n is an integer.
Thus, basically one could expect the manifestation of pe
separated by the InAs LO-phonon energy, in the differe
spectrum all across the QD PL broadened peak of the s
layer. Our assumption that the WL responsible for reson
excitation of QDs in the seed layer is related to the sec
QD layer is based on the following arguments: First, mod
lation of the high-energy PL tail was not observed in t
single layer structures. Second, the QDs in the seed l
definitely couple the states in the second layer in spite of
weakness of this coupling. The temperature behavior of
PL spectra~Fig. 2! proves such coupling.10 Third, the energy
differences between the WL states of the second QD la

FIG. 4. PL and PL difference spectra of the sample with equal InAs de
sition ~1.8 ML! on seed and second layers.
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and the QD states of the seed layer allow multiphonon re
ation with a minimal number of actual phonons, i.e., in t
lowest order of perturbation theory.

A recent study of the magneto-optical properties
stacked self-assembled InAs QDs14 supports the feasibility
of this mechanism. In that study, it was shown that the
crease in integrated intensity of the QD PL contribution in
magnetic field is completely compensated for by the
crease in integrated intensity of the GaAs and WL PL ban
In addition, systematic temperature-dependent measurem
of PLE spectra from self-assembled InAs/GaAs QDs15 also
support our explanation by presenting evidence for the in
action of discrete QD excited states with a quasicontinu
of states that spread just below the WL absorption edge. T
is, similar resonant coupling between discrete states of Q
and the quasicontinuum states of WL, namely, Fano re
nance, supports the mechanism that we used to explain
oscillations observed in the bilayer QD PL spectra. Hen
the quasicontinuum provides an effective channel for car
transfer from the WL states into QD excited states with
emission of multiple InAs LO phonons.

In conclusion we have detected an oscillating contrib
tion in the high-energy tail of the QD PL spectrum from th
seed layer in a bilayer array of InAs/GaAs QDs. The osc
lation contribution is explained in terms of coupling betwe
QDs in the seed layer and the WL associated with the sec
QD layer. This coupling leads to transfer of excitation fro
the WL to excitation of the seed QDs and excitation of In
LO phonons. This resonant effect provides hidden reson
excitation of PL in the bilayer InGa/GaAs QD system.

The authors acknowledge financial support by ONR a
the NSF ~through Grant Nos. PHY-0099496 and DMR
0080054! and by a DFG grant.
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