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Hidden resonant excitation of photoluminescence in bilayer arrays
of InAs /GaAs quantum dots
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PhotoluminescencéPL) of self-organized quantum dot®Ds9) 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.2@3 American Institute of Physics.
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Carrier relaxation, including tunneling through potential The samples were grown using a solid-source molecular
barriers, represents one of the most fundamental processbsam epitaxy chamber coupled to an ultrahigh vacuum scan-
described by quantum kinetics. Recently, tunneling betweening tunneling microscopéSTM). The structures consist of
layers of semiconductor quantum dd@Ds) has attracted two InAs layers. Each sample was grown on a G&@&1)
attention in view of the development of the growth capability substrate, followed by a 0.am GaAs buffer layer and 10
to realize vertically aligned or stacked QD geometfigslt ~ min annealing at 580°C to provide a nearly defect-free
is also of interest because a good understanding of the diftomically flat surface. The seed QD layer is then grown by
ferent excitation and decay channels of excited states ifepositing 1.8 monolayeiML) of InAs at a growth rate of
multilayer QD structures will have important consequenced-1 ML/s, As, partial pressure of 8 10~ ° Torr, and substrate
for their potential application as emitter or detector arrays. temperature of 500°C. This is followed by 50 ML GaAs

For stacked QD structures, the coupling strength bedeposited on top of the seed QD layer. The second QD layer
tween QD layers is controlled by systematic variation of thewas then added. The InAs deposition coverage in the second
barrier thickness between layers and/or control over the dd@yer was varied from 1.8 to 2.7 ML for different samples
size or composition from one layer to the next. For example!Séd in our measurements. Each sample for optical study
if the barrier is thick enough, the electronic levels in theWas finally capped with a 150 ML GaAs layer. The samples
layers of dots will have carrier recombination in each layerVere structurally characterized by plane-view STM and
separately. However, if the barrier is reduced the carriefross-sectional transmission electron microscOSyEM).
wave function in each dot in one layer can spread beyond th&he PhotoluminescencéPL) was studied in temperature
barrier into an adjacent dot in another layer, and as sucfn9e of 10300 K using the 514.5 nm line of an" Aaser
coupling is established between the levels of QDs in bilayefOr GaAs excitation, a Ti—sapphire laser for WL excitation,
structures. In this case carriers can be photogenerated in&% Well @s a HeNe laser for intermediate energy excitation
given well and tunneling to an adjacent vertically aligned dot'@"9€; thus spanning excitation densities from 0.1 to 20

can occur if the tunneling time is less than the recombinatio Fi h wpical XTEM i f th |
time. In similar manner, by varying the QD size or compo- igure 1a) shows a typica 'mage of the sample

sition, the energy separation between the two tunneling Qﬂv'th 168| and 2.4 MLtc.jegiosgkor;stforlthe sleed Ia?‘;r_r%nl\j .the
layers can be used to control the tunneling probability. second fayer, respectively. statistical analyses o m-

While due attention has been directed toward the cou?9¢> show the resuilting sample to be a weakly vertically

~ 0, i -
pling between closely stacked QD layérs the role of the correlated—509% for 50 ML GaAs spacer thicknestouble

corresponding wetting laygkVL) in such vertically aligned layer QD strugturg, designed with a significantly dn‘fe_rent
: . average QD size in the seed layer compared to that in the
structures has been relatively less explored. In order to dis-

. . L . second layer. The QDs in the second layer are nearly twice
t'!"gu'Sh d_|fferent cont_rlbutlons to the relaxation of photoex—the size of those in the seed layer due to additional deposi-
cited carriers we consider a structure composed of two layer,

. ﬁon, as well as to the influence of the strain field from the
of weakly coupled InAs/GaAs QDs. This geometry allows USgaed laye?1° The STM statistical analysigFig. 1(b)] indi-

to discriminatg between the cou'pling QDs in adjacent Iayer%ates a QD size distribution of*4L.5 nm for the height,
and the coupling between QDs in the seed layer and the Wbo+3 nm for the width, and a dot density of about 4.5

associated with QDs of the adjacent or second layer. X 10 cm~2in the seed layer. The dot density in the second
layer is variable over the range of 2.5%40° cm2,1% de-

dElectronic mail: mxiao@mail.uark.edu pending on the InAs coverage.
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FIG. 1. (a) XTEM image of the bilayer sample with 1.8/2.4 ML InAs depo-

sition on the seed and second layers, respectid@lyl he height distribution
of InAs islands in the single-layer sample with a 1.8 ML InAs deposition.

Difference Spectrum (arb. units) Normalized PL signal

Figure 2 depicts PL spectra of the sample with a second- e 183 1a
layer coverage,) of 2.7 ML measured at different tem- Photon energy (eV)
peratures from 10 up to 160 K. Two characteristic peaksG. 3. (a) PL and(b) PL difference spectra of the sample with 1.8/2.4 ML
centered at 1.07 and at 1.21 eV give evidence of two differinAs deposition on the seed and second layers, respectively, measured at
ent size QD arrays, i.e., the larger base QDs in the secorfiiferent excitation wavelengths.
layer and the smaller base QDs in the seed layer. The tem-
perature variation of the peak magnitudes is consistent with tAs layer havinghw, o~30 meV. Such a characteristic dif-
model for QDs that are vertically aligned between the twoference spectrum was consistently observed for all samples
layers that allows only a small amount of carrier transferused in this study.
from the QDs in the seed layer to the QD ground states inthe  Figure 3a) plots PL spectra of a sample with,=2.4
second Iayei’? Close examination of the data reveals slight ML measured at different excitation wavelengths and at low
modulation of the high-energy tail in the PL spectrum. Thetemperature off =10 K. The substantial dependence of the
shape of this tail cannot be fitted to a Gaussian profile. IrPL spectral shape on the excitation energy is clearly seen.
order to show the deviations from the Gaussian distributionmrhe spectrum, a result of deep excitation in the GaAs sub-
more clearly, the difference spectra are also plotted in Fig. 2strate, resembles the spectrum in Fig. 2. When the excitation
The difference spectra indicate a strong correlation with theanergy approaches the band edge of GaAs, additional peaks
spectra of the second derivative for the measured PL. Therise in the region expected from absorption due to the WL.
energy separations between the adjacent peaks in the diffeThe broad PL feature that appears within 1.42—1.48 eV is in
ence spectrum are notably periodic and coincide with thehe typical WL spectral range for single layer sampfeand
energies of longitudinal opticdL.O) phonons in a strained is due to the unresolved emission from both the seed and the
second InAs WLS.Interestingly, the PL feature at 1.34-1.39
eV also appears in the spectrum and can be assigned to the
recombination of nonequilibrium carriers localized in two-
dimensionalIn,GaAs islands that act together as the second
WL and are only several ML thickl These islands originate
from well width fluctuations in the thin WL. Such two-
dimensional islands predominantly appear in the second
layer because of the rougher GaAs surfegr@wn at 500 °¢
on which the second InAs layer is grown. This is in contrast
to the flat GaAs surfacgrown at 580 °Cused for InAs seed
layer growth. This explanation is consistent with the absence
of a peak at 1.34-1.39 eV as well as the observation of a
sharp peak, rather than the broad peak, in the 1.42—-1.48 eV
range, in the PL spectrum of the 1.8 ML single layer refer-
ence samplé® Even with this broad range of tuning of the
excitation energy, the difference spedtia Fig. 3b)] retain
their shapes. The oscillation period again corresponds to the
known LO phonon energy in InAs. Finally, Fig. 4 shows the

FIG. 2. PL and PL difference spectra measured at different temperatures Ff’L spectrum and the difference spectrum of the sample with

the sample with 1.8/2.7 ML InAs deposition on the seed and second Iayerj?2:1-8 ML, i.e., the InAs coverage for both layers in this

respectively. bilayer structure is basically the same. While the absence of
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18/18ML 1z and the QD states of the seed layer allow multiphonon relax-
E T-10K s ation with a minimal number of actual phonons, i.e., in the
=L & lowest order of perturbation theory.
’§ |18 A recent study of the magneto-optical properties of
al E stacked self-assembled InAs Qfsupports the feasibility
st 18 of this mechanism. In that study, it was shown that the in-
s | :.;. crease in integrated intensity of the QD PL contribution in a
.‘%’ - e magnetic field is completely compensated for by the de-
2T 1s crease in integrated intensity of the GaAs and WL PL bands.
| 1 ;‘;’ In addition, systematic temperature-dependent measurements
1a of PLE spectra from self-assembled InAs/GaAs &also
1 12 13 4 support our explanation by presenting evidence for the inter-
Photon energy (eV) action of discrete QD excited states with a quasicontinuum
FIG. 4. PL and PL difference spectra of the sample with equal InAs depo—Of states that spread just below the WL absorption edge. That
sition (1.8 ML) on seed and second layers. is, similar resonant coupling between discrete states of QDs

and the quasicontinuum states of WL, namely, Fano reso-

nance, supports the mechanism that we used to explain the

a noticeable redshift of the PL spectrum does give evidencggijjations observed in the bilayer QD PL spectra. Hence,
of weak vertical coupling between QDs, the difference speCine quasicontinuum provides an effective channel for carrier

trum, in each case, reproduces the same oscillating charactiynster from the WL states into QD excited states with the
There are several possible reasons for the observed Ogiission of multiple InAs LO phonons.

cillating behavior in the diﬁerence spectra gf these samples | onclusion we have detected an oscillating contribu-

that should be explored. Following Fafatlal” such behav- 00 in the high-energy tail of the QD PL spectrum from the

ior (;ould be due to the symmetric :?md antisymmetric.stategeed layer in a bilayer array of InAs/GaAs QDs. The oscil-
arising from wave function coupling between vertically |54ion contribution is explained in terms of coupling between
coupled QD pairs. However, this mechanism has to be ruleg)ng i, the seed layer and the WL associated with the second
out, because the predicted level splitting for the Structurgyp |ayer. This coupling leads to transfer of excitation from
with such a thick spacer lay€80 ML) is much smaller than e \y)_ to excitation of the seed QDs and excitation of InAs
the energy spacing measured experimentally. Additional pos; 5 phonons. This resonant effect provides hidden resonant
sibilities include that, the observed oscillations might be re—y .itation of PL in the bilayer InGa/GaAs QD system.

lated to the excited states of QDia the seed layer or to the
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