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The effects of different rapid thermal annealing temperatures on the optical properties of InAs double
quantum dots (DQDs) grown by molecular beam epitaxy using a partial-capping-and-regrowth process
have been investigated. Improvement of the material quality is indicated by enhanced photoluminescence (PL) intensity and narrower PL linewidth. The blueshift of the PL emission peak with increasing
annealing temperature is due to the interdiffusion of group III atoms during the annealing process,
which is conﬁrmed by the temperature dependence of the PL peak position. Thermal quenching of the
PL intensity is observed at temperature over 110 K, and the main activation energy decreases with
annealing temperature, consistent with a reduced conﬁning potential from the interdiffusion of group
III atoms. All of these results are similar to those of single quantum dots reported in the literature.
& 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Self-assembled quantum dots (SA-QDs) by the Stranski–Krastanow (S–K) growth mode have attracted much attention due to
their interest in both unique atomic-like properties and potential
device applications [1–5]. In quantum information processing, a
key building block of a quantum processor is a quantum gate,
which is used to entangle the states of two quantum bits (qubits)
[6–7]. Recently, a pair of aligned semiconductor QDs has been
used as an optically driven quantum gate [8]. To date, vertically
aligned double QDs (DQDs) have been fabricated by cleaved-edge
overgrowth or the growth of upper SA-QDs on top of lower SAQDs due to the strain ﬁeld around the lower QDs [9–11]. In
principle, lateral DQDs are preferred as they allow a large number
of quantum gates realized in a two-dimensional array. Lateral
DQDs have been successfully fabricated by several growth
methods such as droplet epitaxy or a combination of selfassembly with in situ etching [12,13]. Recently, we have produced
SA InAs DQDs on a GaAs (0 0 1) substrate under As2 overpressure
using a partial-capping-and-regrowth technique by molecular
beam epitaxy (MBE) [14,15].
There are many applications requiring controlled emission
peaks and narrow emission linewidth; for example, DQDs could
be used in quantum computing by putting them into a cavity
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structure. Because it is difﬁcult to tune the resonance energy of
the cavity after fabrication, rapid thermal annealing (RTA) may
become a promising way to tune the emission energy of the DQDs
to match the resonance of the cavity [16]. Moreover, RTA has also
been used to reduce the number of point defects.
In this article, we investigate the effect of the RTA process on
the photoluminescence (PL) spectra of DQDs with various
annealing temperatures. Furthermore, thermal activation of
localized excitons is studied using temperature-dependent PL
spectroscopy for as-grown DQDs and their behavior upon postgrowth rapid thermal treatment.

2. Experimental procedure
All samples are grown on (0 0 1) semi-insulating GaAs
substrates under As2 overpressure by MBE. The growth rates of
GaAs and InAs are 0.6 and 0.01 monolayer (ML) per second,
respectively. After oxide desorption, a 300-nm-thick GaAs
buffer layer is grown at a temperature of 580 1C. Next, with
deposition of 1.8 ML amount of InAs, QDs are formed randomly on
the surface at a temperature of 500 1C. Then, the substrate
temperature is ramped down to 470 1C and the InAs QDs are
capped partially with a 6-ML-thick GaAs layer. Then, additional
0.6-ML-thick InAs is deposited, and DQDs are formed. After
that, a 150-nm-thick GaAs buffer layer is grown. These embedded
DQDs are for PL measurements. The partial-capping-andregrowth process is repeated once more on top of the structure
for AFM measurements. The dot formation is monitored in situ by
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reﬂection high-energy-electron diffraction (RHEED). After growth
the sample is ramped down immediately to room temperature.
The effect of postgrowth RTA, in nitrogen ambient at
temperature of 650, 700, 750, 800 and 850 1C, on the optical
properties of DQDs is investigated. The annealing time is
30 s for each. Unannealed DQD samples are designated as ‘‘asgrown DQDs’’.
The surface morphology is imaged by tapping-mode AFM with
a sharpened SiN tip on uncapped samples. Photoluminescence
spectra are measured in a close-cycle He cryostat at various
temperatures from 9 K to room temperature. A diode-pumped
solid-state laser at 532 nm emission wavelength is used for
excitation, and the collected PL is dispersed by a 0.5 m monochromator and detected by a thermoelectrically cooled InGaAs
photodiode using a standard lock-in detection technique.
The structural property of as-grown DQDs sample is analyzed
by cross-section transmission electron microscopy (TEM). The
TEM measurement is carried out with a 200 kV electron beam on
the sample, which is milled by focused ion beam (FIB) for electron
transparency.

Fig. 2. Cross-sectional TEM image of DQDs using partial-capping-and-regrowth
process.

3. Results and discussion
Fig. 1 shows an AFM image of as-grown DQDs fabricated by
MBE under As2 overpressure. Each as-grown QD in the ﬁrst SA-QD
layer is transformed into a quantum ring after partial-capping
with 6 ML of GaAs. When additional 0.6 ML of InAs is deposited,
DQDs are formed, with the two QDs oriented along the [11̄ 0]
crystallographic direction [14]. The total QD density is
1.1 1010 cm2, consisting of 80% DQDs and 20% single dots. The
average dot height is 4 nm and center-to-center spacing is
22 nm [14].
In order to understand the DQD structure, cross-sectional TEM
is performed, as shown in Fig. 2. We can see the two wetting
layers and proﬁles of DQDs. It is interesting to note that the lower
quantum rings seem to have transformed into DQDs as well. The
structure of the lower DQDs needs further high-resolution TEM
investigations.
Fig. 3 shows low-temperature PL spectra of as-grown and
annealed DQDs (at 650, 750 and 850 1C). The increase in the PL
emission intensity up to 750 1C is most likely a result of curing
of point defects formed from low-temperature growth. For the

Fig. 3. PL spectra at 9 K of as-grown DQDs and samples annealed at different
temperatures of 650, 750 and 850 1C for 30 s.

as-grown DQD sample, the emission peak is 1.198 eV with
a full-width at half-maximum (FWHM) of 61 meV. The peak
position of annealed DQDs at 650, 750 and 850 1C are blueshifted
from the as-grown DQDs by 13, 47 and 102 meV, respectively,
and the FWHM decreases to 59, 42 and 33 meV, respectively.
Both the blueshift and narrowing of FWHM can be explained
by the interdiffusion of In and Ga atoms at the interface between
the InAs QD and the GaAs barrier. Mixing Ga into InAs increases
the energy bandgap inside the individual QDs, while diffusion of
In into the GaAs barrier smoothes the conﬁning potential for
charge carriers. Both of these effects result in the observed blue
shift. The line width of the PL peak is due to inhomogeneous
broadening from QD size distribution. For a given annealing
temperature and the resultant diffusion length, intermixing will
have a stronger effect on the smaller QDs. As the annealing
temperature is increased, the conﬁning potential becomes
shallower, resulting in a narrowing of the inhomogeneous
broadening [16].
Temperature-dependent PL data are measured from 9 to 290 K
with 50 mW incident excitation power from a diode-pumped
solid-state laser at 532 nm. The PL peak energy as a function of
sample temperature is shown in Fig. 4, and ﬁtting curves are
plotted (solid lines) using the Varshni equation [17]
EðTÞ ¼ E0 

Fig. 1. AFM image of as-grown DQDs. The inset is high-contrast image.

aT 2
T þb

(1)

where E(T) and E0 are the peak energies at T and 0 K, respectively,
and a and b are constants. In the case of the annealed sample at
650 1C, the PL data can be ﬁtted well by Eq. (1) with
a=3.6  104 eV/K and b=150 K. These values lie between those
of bulk InAs and GaAs. This further conﬁrms the existence of
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conﬁnement potential barrier. At low temperature, the PL
intensity remains almost constant with temperature, which
indicates that the barriers are relatively high compared to the
value corresponding to the measurement temperature. However,
at the high temperature range, the carriers have high enough
energy to overcome the barrier leading to the quenching of the
luminescence. These curves are ﬁtted by [18–19]
IðTÞ ¼

Fig. 4. The temperature-dependence curves of the PL peak energies of as-grown
DQDs and samples at different annealing temperatures. The solid lines are ﬁtted by
the Varshni equation.

Ið0Þ
1 þ AeEa =kT þ BeEb =kT

(2)

where I(T) and I(0) are the PL intensity at T and 0 K, respectively; A
and B are constants; Ea and Eb are thermal activation energies. For
proper ﬁtting, we need to assume two thermally activated
processes characterized by Ea and Eb. Activation energy Ea,
derived from the slopes of the straight-line portion (150–300 K)
of the curves, is 130 meV for as-grown DQDs and 75 meV for the
sample annealed at 650 1C. Activation energy Eb of all samples,
determined by curve ﬁtting, is in the range 25–30 meV,
independent of annealing temperature. The smaller activation
energy of Eb is attributed to trapped excitons or carriers
thermalizing from localized regions resulting from potential
ﬂuctuation in the QDs. The larger activation energy of Ea of
130 meV for as-grown DQDs is comparable to the difference in
energy (110 meV) between the ground state and the wettinglayer state [20]. The decrease of Ea with increasing annealing
temperature can be interpreted as mostly from a reduction in the
depth of the conﬁning potential caused by interdiffusion of In and
Ga atoms during annealing.
It is noted that the material quality of DQDs is highly improved
after annealing in terms of the reduction of nonradiative
recombination centers leading to enhanced PL intensity.

4. Conclusion

Fig. 5. Integrated PL intensities of as-grown DQDs and thermally annealed DQDs
at 650 and 750 1C as a function of inverse temperature.

interdiffusion between Ga and In during the annealing process.
This is because even though the bandgap of QDs is
dominated by strain and quantum conﬁnement, the conﬁned
energy levels of the QD follow the conduction and valence
band edge of the constituent material. However, the emission
peak energy vs. temperature data generally follow the Varshni
equation only below 100 K. Above 100 K, the emission peak
energy is lower. This can be explained as follows. The Varshni
equation describes the bandgap change in a single dot. When the
temperature increases, the electrons can diffuse more easily to
larger-size, lower-energy QDs, resulting in dominant PL from the
larger QDs.
Fig. 5 shows the PL intensity of as-grown and annealed DQDs
as a function of inverse temperature. At lower temperatures up to
100 K for as-grown DQDs and up to 85 K for annealed samples, the
PL intensity is almost unchanged under a constant ﬂux of
electron–hole pairs generated in the samples and it
monotonically decreases at high temperatures. It is interesting
to note that the quenching temperature in annealed samples
occur earlier compared with as-grown DQDs due to the smaller

The effects of thermal annealing on the optical properties of
lateral DQDs have been investigated. We observe a stronger PL
intensity and narrower linewidth with increasing annealing
temperature up to 750 1C, indicating improvement of the material
quality. We also observe a blueshift of the PL emission peak with
increasing annealing temperature, which is due to the interdiffusion of group III atoms during the annealing process. The
temperature dependence of the PL peak position of annealed
DQDs, which is ﬁtted with Varshni equation, conﬁrms the group
III interdiffusion. Thermal quenching of the PL intensity is
observed at temperature over 110 K. The activation energy is
observed to decrease with annealing temperature, consistent with
a reduced conﬁning potential from the interdiffusion of group III
atoms. Because planar samples are investigated, PL probes
actually an ensemble of nanostructures, consisting of top DQDs
and bottom DQDs (or truncated quantum rings), which are in
contact with the two wetting layers in the GaAs matrix. Thus, all
of the results obtained are similar to those for single QDs reported
in the literature.
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