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Self-assembled InGaAs/GaAs quantum-dot chains (QDCs) laterally aligned by QDs have been
fabricated by using a multilayer stacking technique. In order to investigate the self-aligning behaviors of the QDs induced by the layer stacking, we vary the number of stacks and the growth
temperature in the ranges of 1 – 15 periods and 500 – 540 ◦ C, respectively. Atomic force microscope (AFM) images and photoluminescence (PL) spectra reveal that the lateral alignment of QDs
is enhanced due to extended length caused by an increased stack period, but severely degrades
into film-like wires at temperatures above a critical growth temperature. Introducing an optimized
two-step capping procedure, we have demonstrated one-dimensional serpentine QDCs consisting of
a single row of coupled QDs whose length is over a few µm and which show strong PL emission at
room temperature.
PACS numbers: 68.65.Hb, 78.67.Hc, 81.07.Ta
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Many experimental techniques to obtain well-ordered
QDs have been applied to a variety of processed substrates, such as vicinal surface, patterned substrates
with nanoscale holes/trenches or mesas, masked templates, and substrates with strain-controlling layers [10–
19]. Recently, Springholz et al. [18] and Lee et
al. [19] nicely demonstrated a possibility of crystallike 2D-/3D-arrayed QD structures by using strainengineering superlattices and patterned stressor mesas
in the PbSe/PbEuTe and the InAs/InGaAs systems,
respectively. In recent years, as an alternative access
to realize regularly arrayed QDs, the self-alignment of
QDs has been extensively studied by controlling the
growth parameters and the strain-modulating layers [14–
17]. Some research groups have attempted the multilayer
stacking technique to induce a built-in strain anisotropy
by introducing growth interruption or in-situ annealing
at the initial stages of the capping process [16,17]. They
found that isolated QDs were spontaneously aligned into
the form of a QD chain (QDC) during the multilayer
stacking procedure and that the capping procedure was
very critical in the QD alignment.
In this research, we have studied how QD alignment
evolves with the number of stacks and with the growth

I. INTRODUCTION
Owing to strong confinements of the electron and
the hole wave functions attributed to atom-like zerodimensional (0D) features, self-assembled quantum dot
(QD) systems have attracted tremendous interest not
only in the exploration of exotic properties [1] but also
in the application of practical devices, such as QD-based
laser diodes [2, 3], infrared photodetectors [4, 5], singlephoton emitters [6], single-electron devices [7], and other
various devices [8, 9]. Spontaneous QD formation technology is generally known to be confronted now with a
formidable challenge in controllability and reproducibility due to the complexity of the growth kinetics. In addition, the site-controlled QD technique using patterned
substrates rests upon fundamental limits of unavoidable lithographical accessibility and considerable defects.
Of current interest is, therefore, the fabrication of selfassembled QD structures with further improved uniformity in the dimension and the distribution, which is necessary to realize practical QD-based devices.
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temperature to obtain a better understanding of the
growth kinetics by analyzing the structural and the optical characteristics of self-assembled InGaAs/GaAs QDs.
The atomic force microscope (AFM) images directly
showing the structural evolution and the photoluminescence (PL) spectra revealing the energy shift behaviors
are discussed in association with the shapes of aligned
QDs modulated by the growth parameters. Finally, we
demonstrates 1D self-aligned serpentine QDCs consisting of a single row of coupled QDs of a few µm with
strong PL emission even at room temperature, which
are achieved by using a two-step GaAs capping process
including a growth interruption (GI).

ting layer (WL) of 6.0 MLs in the present InGaAs/GaAs
system. The structural and the optical characteristics
were analyzed by using AFM images and PL spectra, respectively. PL measurements were performed by using
a typical visible-to-near-infrared monochromator system
with an Ar-ion laser (514.5 nm) and a closed-cycle He refrigerator (10 K). The nominal laser power used in this
study was typically 50 mW, and the luminescence signals
were detected and recovered by a thermoelectric-cooled
InGaAs photodiode (0.8 – 1.6 µm) and a lock-in amplifier. The epitaxial growth procedures and the basic
properties for similar QD heterostructures have been reported elsewhere [20,21].

II. EXPERIMENTAL PROCEDURE

III. RESULTS AND DISCUSSION

The formation of self-assembled Inx Ga1−x As(x =
0.5)-QD/GaAs was carried out on a semi-insulating
GaAs just-(100) substrate by the molecular beam epitaxy (MBE) technique in the Stranski-Krastanow (S-K)
mode. The growth was initiated from the GaAs buffer
layer with a thickness of 0.2 µm at a temperature of 570
◦
C, and the QD formation and the GaAs capping were
conducted in sequence on the buffer layer at lower temperatures of 500 – 540 ◦ C. The equivalent thickness of
InGaAs was 7.5 monolayers (MLs), and the growth rates
were 0.8 ML/s and 0.4 ML/s for the InGaAs and the
GaAs, respectively. The As beam-flux was normally in
the range of 1 – 2 × 10−5 Torr, and the V/III beamequivalent pressures (BEPs) were 10 and 25 for the InGaAs and the GaAs growths, respectively.
All the samples had basically the same layer profile
except for the variations in the parameters, which will
be described. First, two series of InGaAs-QD/GaAs heterostructures were prepared for growth optimization; one
is four samples grown at a temperature of 500 ◦ C with
different numbers of stacks of 1 – 15 periods (excluding a
surface QD layer for AFM measurement), and the other
is five samples with a 15-period stack grown at different temperatures of 500 – 540 ◦ C. In each stack, GI was
applied for 10 s for every 3 MLs during the first 30-ML
GaAs capping, and the remaining 30 MLs were deposited
without GI to complete an entire cap layer (CL) of 60
MLs. Two additional QD structures were fabricated by
using a modified recipe based on the optimized growth
procedure. In this case, a 3-ML GaAs was deposited just
after QD formation at 510 ◦ C, and the GI procedure was
introduced for 30 s and 120 s, followed by capping of 54
MLs at an increased temperature of 540 ◦ C. For all the
samples, the layer stacking was consecutively repeated
for 15 periods, and, finally, the surface QD layer was
formed on the top of the structure with no CL for AFM
analysis.
The 2D-3D transition of the reflection high-energy
electron diffraction (RHEED) patterns showed that
spontaneous formation of QDs began to occur on a wet-

The surface AFM images (1 × 1 µm) of QD ensembles
for a series of samples with different periods of stacks
are demonstrated in Fig. 1. As the number of stacks
increases up to 15 periods, initially isolated QDs begin to spontaneously align in a specific direction, and
the alignment length gradually increases. The average
height/diameter and the areal density for isolated QDs
(P = 1 sample) are approximately 6 nm/45 nm and 5
× 1010 cm−2 , respectively. Though it is a little complicated to determine the exact dimensions of aligned QDs
because of the closely linked configuration, the AFM
profiles give a rough trend that the height initially increases (∼ 7 nm) with the alignment of QDs and decreases slightly with increasing number of stacks. However, the diameters of the QDs have almost no variation
within an error of ±10 %. We understand that the height
reduction may be due to a decrease in residual strain arising during the multilayer stacking process, as normally
observed in vertically aligned QD structures [22].
Fig. 2 presents (a) room-temperature (300 K) PL
spectra and (b) corresponding peak energies plotted in
terms of the number of stacks for the same samples as
used for the AFM measurements. Even at 300 K, the
PL spectra show strong emissions with two dominant
peaks, a low-energy peak (LEP) at ∼ 0.87 eV and a
high-energy peak (HEP) ranging from 1.14 to 1.18 eV.
If we take into account that the LEPs are almost fixed

Fig. 1. Surface AFM images (1 × 1 µm) of QD ensembles for a series of samples with different periods of stacks.
As the number of stacks increases, initially isolated QDs begin to spontaneously align along a specific direction, and the
alignment length gradually increases.
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Fig. 3. Surface AFM images (1 × 1 µm) for a series of
samples grown at different growth temperatures. The structural features of aligned QDs are dramatically changed by
increases in the growth temperature. While adjacent QDs
begin to be closely coupled below 520 ◦ C, the aligned QDs
rapidly degrade into thick wires at 530 ◦ C and transform into
film-like wires with domain boundaries at 540 ◦ C.

Fig. 2. (a) Room-temperature PL spectra and (b) corresponding peak energies plotted as a function of the stack
period. The PL spectra show strong emissions with two dominant peaks, the WL peak at ∼ 0.87 eV and the QD peak
ranging from 1.14 to 1.18 eV.

at (0.87 ± 0.01) eV and that the value of 0.87 eV is
somewhat higher than the bandgap energy (Eg ) of bulk
Inx Ga1−x As(x = 0.5) (Eg = 0.75 eV, 300 K), the LEPs
can be attributed to the InGaAs WLs (6.0 MLs) behaving as quantum wells. (Here, we have used the equation
Eg (eV) = 0.36 + 0.505(1 − x) + 0.555(1 − x)2 for a
ternary Inx Ga1−x As system [23].) The spectral aspect
of the HEPs is fairly distinctive. The single-period (P =
1) structure consisting of only isolated QDs has a singlet
peak at 1.174 eV. However, the others show doublet-like
peaks with a shoulder whose energy position is exactly
the same as that, 1.174 eV of the P = 1 sample, while
the main peaks slightly move to higher energy, to 1.115
eV, 1.119 eV, and 1.140 eV for P = 5, 10, and 15, respectively. This indicates that two kinds of QDs exist;
one is aligned QDs that generate the main peaks, and
the other is isolated QDs that are responsible for the

shoulder peaks. We understand that the blue shift of
the main peaks results from the height reduction, as discussed for the AFM profiles. It is meaningful to note
that the aligned QDs do not show any 1D behavior, at
least in the PL emission. This implies that the lateral
alignment is not so tightly bound as to reveal a carrier
tunneling effect in the 1D coupled QDs.
The surface AFM images (1 × 1 µm) for the other series of samples grown at different growth temperatures
are shown in Fig. 3. The structural features of the
aligned QDs are dramatically changed by increases in the
growth temperature. The QD size increases and adjacent
QDs begin to be closely coupled at low temperatures below 520 ◦ C, which gives rise to enlarged linewidth for
the 1D aligned QDs. Contrarily, the aligned QDs rapidly
degrade into a shape of thick wires and transform into
film-like wires with domain boundaries at high temperature over 520 ◦ C. The structural evolution observed in
the present experiment indicates that the optimal temperature for well self-aligned QDs with no degradation is
approximately 510 ◦ C and that the dynamic coalescence
of QDs and the interdiffusion process between InGaAs
QD/WL and GaAs CL become stronger above a critical
temperature of 520 ◦ C.
Fig. 4(a) shows the PL spectra (300 K) taken from the
same series of samples as imaged in Fig. 3, and Fig. 4(b)
shows a graph of the peak energies plotted as a function
of substrate temperature. The spectra show two separated peaks similar to those of Fig. 2(a), but two distinguishing features occur with increasing temperature.
The first is the red-to-blue shift of the HEPs originating
from the aligned QDs, and the second is the quenching
behavior of the LEPs due to InGaAs WLs. The HEPs
gradually move to low energy, from 1.142 eV to 1.105 eV,
below 520 ◦ C, which is opposite to the high-energy shift
(0.874 – 0.970 eV) of the LEPs, which also show a rapid
reduction of the PL intensity. At temperatures higher
than 520 ◦ C, the LEPs disappear, and the HEPs suddenly move toward higher energy, moving to 1.300 eV at
540 ◦ C. As Fig. 3 clearly shows, these behaviors can be
simply explained by the shape of aligned QDs changing
with increasing temperature. The red shift of HEPs is a
reflection of the width enlargement of the aligned QDs,
and the abrupt blue shift is caused by the collapse of
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Fig. 4. (a) Room-temperature PL spectra and (b) corresponding peak energies plotted as a function of substrate
temperature. The spectra show two separated peaks and a
couple of distinguishing features, the red-to-blue shift of the
QD peaks and the quenching behavior of the WL peaks.

the QDs. In addition, we understand that the blue shift
and the quenching of the LEPs may possibly be due to
gradual thinning of WLs resulting from interdiffusion between the InGaAs WL and the GaAs CL.
It seems to be a little strange that the positions of
the HEPs for the film-like wires that transformed from
the degraded QDs appear at very high energy in comparison with those of normal WLs. Since it is generally
true in high-temperature growth that thermal diffusion
becomes effective and intermixing process is activated
at the QD heterointerfaces, we can expect interdiffusion
among the InGaAs QD, the WL, the GaAs CL that can
possibly produce film-like InGaAs wires with lower Incompositions near the interface. A simple calculation
of the thickness of the intermixed layer was tried by
using the PL peak position as the bandgap energy of
an InGaAs bulk. The Eg -x relationship for a ternary
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Fig. 5. (a) AFM images (1 × 1 µm) for two samples with
GI times of 30 s (left) and 120 s (right) and (b) corresponding
room-temperature PL spectra. The figures definitely show 1D
aligned QDCs with a serpentine shape, which are extended
over a few µm. Both PL spectra demonstrate strong luminescence from the QDCs. The luminescence reveals a blue shift
in the emission energy and a reduction in the FWHM at the
larger GI time.

Inx Ga1−x As system [23] gives x = 0.16 (Eg = 1.146 eV)
and x = 0.06 (Eg = 1.300 eV) for the samples grown
at 530 ◦ C and 540 ◦ C, respectively. Assuming that the
Inx Ga1−x As (x = 0.5) QD/WL with a coverage of 7.5
MLs simply mixes with the GaAs (x = 0) CL of a certain
thickness at the heterointerface, we estimate thicknesses
of the intermixed GaAs layer to be approximately 16
MLs and 55 MLs for the 530 ◦ C and the 540 ◦ C samples,
respectively. Comparing these values with the nominal
thickness of the deposited GaAs CL (60 MLs), we can
see that diffusion of the InGaAs QD/WL spreads over
the full coverage of GaAs CL at a high temperature of
540 ◦ C.
The alignment of QDs has been confirmed to be very
sensitive to the period of the stacks and to the growth
temperatures of the QDs and the CLs. In particular,
we have found that the GaAs capping procedure, including GI, is the most crucial one for improving QD alignment. Thus, on the basis of the results obtained from
the present study, we have designed a two-step capping
process as an optimized recipe; the first step is a cap
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growth of 3-ML GaAs performed just after the QD formation at a low temperature (510 ◦ C), and the next step
is the completion of the remaining 54-ML CL at a raised
temperature (540 ◦ C) after GI of a specific time. Fig.
5(a) presents AFM images of samples with GI times of
30 s (left) and 120 s (right), and Fig. 5(b) illustrates
the corresponding 300-K PL spectra. The profiles definitely demonstrate 1D aligned QDCs with a serpentine
shape, which are extended over a few µm. The linear
densities of the QDs and the QDCs are in ranges of 30
– 40 dots/µm and 4 – 5 chains/µm, respectively. The
enlarged images in the insets show that the QDC fabricated with a long GI time (120 s) is linearly coupled by a
series of single QDs, in contrast to the QDC consisting of
two rows of QDs for a short GI time (30 s). This implies
that the migration time is another important parameter
in the 1D self-alignment of QDs.
The PL spectra show strong luminescence from QDCs
with the WL emission being around 0.8 eV, and a blue
shift of 0.03 eV (1.138 → 1.168 eV) with a reduced full
width at half-maximum (FWHM) of 40 meV (180 → 140
meV) is observed with increasing GI time. As the AFM
images show, the blue shift and the reduced FWHM may
originate from a narrowing effect in the linewidth of the
QDCs, which gives rise to an additional quantum confinement along the direction perpendicular to the alignment axis. Further study is necessary for a more detail
understanding of the relations between the self-alignment
mechanisms and the growth parameters and the characteristics of aligned QDs and QDCs.

IV. SUMMARY AND CONCLUSIONS
Laterally self-aligned InGaAs/GaAs QDs were fabricated by using the multilayer stacking technique. For
the growth optimization, first of all, the evolutions of the
structural and the optical behaviors of the self-aligned
QDs with the stack period and the growth temperature
were analyzed by using AFM images and PL spectra, respectively. We found that the lateral alignment of QDs
was enhanced by increasing the number of stacks, but became severely degraded above a critical growth temperature of 520 ◦ C, and that the GaAs capping process was
very crucial to QD alignment. Introducing an optimized
two-step capping procedure, we were able to obtain 1D
self-aligned QDCs which had a serpentine shape consisting of a single row of coupled QDs and whose length
extended over a few µm. The QDCs became single-lined
with increasing GI time due to migration enhancement,
and the PL spectra revealed a blue shift in the emission energy that might possibly be due to an additional
quantum-confinement effect along the direction perpendicular to the alignment axis of the QDCs. In conclusion,
the two-step capping process introduced in multilayer
stacking is promising technique for 1D self-alignment of
QDCs as an alternative to regularly arrayed QDs.
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