Journal of the Korean Physical Society, Vol. 53, No. 4, October 2008, pp. 21002104

Photoluminescence Characteristics of Self-Aligned InGaAs
Quantum Dots Fabricated by Using Atomic Layer Epitaxy
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We report the structural and the photoluminescence (PL) characteristics of spontaneously aligned
InGaAs/GaAs quantum dots (QDs) that are self-assembled by using atomic layer epitaxy (ALE).
Atomic force microscopy clearly identi ed that isolated QDs became more closely coupled and
spontaneously aligned to a one-dimensional chain-like structure by simply increasing the nominal
InGaAs coverage with no introduction of multiple layer stacking. The asymmetric PL spectra
were analyzed by using a superposition of two main contributions due to di erent QD modes
and the strong redshift behavior observed in the temperature dependence might be attributed to
a distinctive property in very closely coupled ALE-grown QDs that is due to carrier tunneling
occurring in company with thermal carrier transfer.
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I. INTRODUCTION

Due to their defect-free nature, self-assembled quantum dots (QDs) have given rise to great interest in
the eld of semiconductor research and technology.
At present, much basic research is exploring their exotic phenomena [1{3] and in parallel, related technology is rushing to apply QDs to next-stage devices, like QD-based laser diodes, infrared photodetectors, single-photon emitters, single-electron devices
and various other devices [4{7]. As a part of efforts to improve controllability and performance of the
QD-based devices, many experimental techniques to
achieve well-ordered QDs have been tried on a variety of processed substrates, such as vicinal surfaces,
patterned substrates with nanoscale holes/trenches or
mesas, masked templates and substrates with straincontrolling layers [8{17]. Representative achievements
are the 3-/2-dimensional (3D/2D) arrayed QD structures of strain-engineered PbSe/PbEuTe superlattices [8]
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and InAs/InGaAs heterosystems using patterned stressor mesas [9]. As an alternative approach to realizing
regularly arrayed QDs, in recent years, the self-alignment
of QDs has been extensively studied by controlling the
growth parameters and/or the strain-modulating layers [8{14]. Some research groups have attempted the
multilayer stacking procedure to induce a built-in strain
anisotropy by introducing growth interruption or in-situ
annealing at the initial stages of the capping process [15{
17]. They showed that the multilayer stacking procedure
made it possible to spontaneously align randomly distributed QDs into a form of QD chains and that the
capping condition was very critical in the QD alignment.
In this study, simply by increasing the nominal QD
coverage with no introduction of multilayer stacking
procedure, we have fabricated laterally self-aligned InGaAs/GaAs QD structures by using the atomic layer
epitaxy (ALE) technique. The atomic force microscopy
(AFM) images demonstrate structural changes evolving
from isolated QDs to spontaneously coupled or aligned
QD modes with increasing InGaAs coverage. The optical characteristics of three kinds of samples with di erent
QD mode are analyzed by using the excitation-power and
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Fig. 1. A series of (a) 3D AFM images (1  1 m2 ) and
(b) their height pro les drawn along the aligned direction of
[110] for three QD samples with di erent InGaAs coverages.


the temperature dependences of the photoluminescence
(PL) spectra.
II. EXPERIMENT

A series of three In Ga1 As (x = 0.4) QD samples
with di erent QD coverages were grown in the ALE mode
in a solid-source molecular-beam epitaxy (MBE) chamber on just-(001) oriented semi-insulating GaAs substrates. Elemental sources of In, As, Ga and As were alternatively supplied in sequence to achieve ALE growth.
All the sample structures prepared for this experiment
consisted of a couple of layers. The top QD layer was uncapped for taking AFM images and the bottom QD layer
was buried in a GaAs spacer designed for PL measurements. A 0.3-m GaAs bu er layer was prepared by using a standard MBE technique at 540 C with a growth
rate of 13 nm/min, where the As/Ga beam-equivalent
pressure (BEP) ratio was 18.75 (15/0.8  10 6 Torr).
First, the bu ered substrate was slowly cooled down to
495 C, then, the bottom QDs, the GaAs spacer layer (50
nm) and the top QDs were grown in sequence. During
InGaAs QD formation, the durations were 5-5-1-5 seconds for a cycle of In-As-Ga-As, where7 the beam uxes
of In/Ga and As were 1.3/4.0  10 Torr and 1.0 
10 5 Torr, respectively. In this study, a series of samples
with three di erent nominal InGaAs coverages of 7.2,
9.6 and 14.4 MLs were grown by using the number of
In-As-Ga-As periods as 6, 8 and 12 cycles, respectively.
The QD formation was con rmed by monitoring the
2D-to-3D transition of the re ection high-energy electron
di raction (RHEED) pattern and the QD image was ex
situ taken by AFM at room temperature. In the PL
x

x

Fig. 2. PL spectra taken from three QD samples with
di erent InGaAs coverages at (a) 15 K and (b) 300 K and
showing very strong emission with asymmetric spectral proles.

experiments, a visible-near-infrared monochromator system was utilized, together with an excitation source of
Ar-ion laser (514.5 nm) and a closed-cycle He refrigerator (15 K). The power dependence was carried out in
the range of nominal powers of 0.5 { 50 mW at a temperature of 15 K and the temperature dependence was
measured in the range of 15 { 300 K at 50 mW. The
PL signals were detected by using a cooled InGaAs photodetector (0.8 { 1.6 m) and were recovered by using a
lock-in ampli er.
III. RESULTS AND DISCUSSION

Figure 1 presents a series of (a) 3D AFM images (1
samples with di erent InGaAs coverages of 7.2, 9.6 and
14.4 MLs. The image clearly shows that, as the nominal coverage increases, isolated QDs become more closely
coupled and spontaneously align to form chain-like 1D
structures. QDs are apt to line up into a coupled or a
chained form with a preferential direction of [110] and
the alignment of QDs is gradually extended up to al-

 1 m2 ) and (b) their height pro les for three QD
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Fig. 3. Power dependences of PL spectra for three QD
samples with di erent InGaAs coverages.

most 1 m in length, as in the 14.4-ML sample. The
AFM image reveals a remarkable contrast in the QD appearance, which can be classi ed into four kinds of QD
modes: small and large QD (SQD, LQD) isolated from
each other, coupled QD (CQD) linked by a few QDs and
aligned QD (AQD) like chains. From the PL spectra,
to be presented later (Figures 2-5), it seems that each
sample is predominated by two analogous modes, that
is, SQD+LQD, LQD+CQD and CQD+AQD in the 7.2-,
9.6- and 14.4-ML samples, respectively.
The cross-sectional views of the QD modes can be seen
in Figure 1(b), which were drawn along the aligned direction of [110] on each AFM image. The diameter-height
pro le shows
that, with increasing coverage, the average QD diameter decreases from around 90 to 60 nm
due to coupling, but the average height increases a little from 4.6 to 5.5 nm. These features imply that the
additional coverage does not participate in diameter enlargement, but mainly contributes to coupling to make
the QDs align laterally. The preferential alignment to a
direction of [110] may be strongly related with adatom
migration on an anisotropic surface, which was introduced earlier to explain the lateral ordering of multilayered In Ga1 As (x < 0.2) QDs [15,16]. If the extremely low growth rate of ALE and the small lattice
mismatch of the In0 4Ga0 6-QD/GaAs (a=a  3 %)
system are taken into account, the signi cant alignment
x

x

:

:

o

of QDs shown in the present samples may be attributed
to the adatom migration length on a highly anisotropic
(2  4)-reconstructed As-rich surface being enhanced, as
shown in the in-situ RHEED pattern.
The PL spectra for three QD samples taken at 15 K
and 300 K are compared in Figures 2(a) and (b), respectively. All spectra show very strong emission and
spectral pro les are extremely asymmetric. The lack of
a power-dependent behavior of the PL spectra, as shown
in Figure 3, veri es that the asymmetric shape is not
due to excited states but to ground states of di erent
QD modes. The 15-K spectra with quite di erent line
shapes show that the high-energy contribution gradually
moves to low energy, as the QD coverage (or the QD coupling order) becomes larger. It is interesting that all 300K spectra are very similar in line shape to that for the
14.4-ML sample with well-aligned QDs. If the doublepeak behavior seen in the 15-K PL spectra is considered, two kinds of predominant QD modes exist in each
sample. Though a couple of decomposed curves (dotted lines) drawn in Figure 4(a) show minor mis ts due
to extremely asymmetric PL pro les, a series of peaks,
obtained from double-peak Gaussian ts, clearly gives
distinctive values that re ect the QD modes due to the
coverage. As denoted on each spectrum of Figure 4(a),
three pairs of PL peak energies (E1, E2) are plotted as a
function of the nominal coverage of InGaAs QDs in Figure 4(b). (E1 = 1.226, 1.130, 1.084 eV for SQD, LQD,
CQD; E2 = 1.142, 1.071, 1.027 eV for LQD, CQD, AQD.)
This graph indicates that the two energy values of the
same mode for two di erent samples are in good agreement within an error of 0.01 eV. That is, E2 = 1.142
eV (7.2-ML) and E1 = 1.130 eV (9.6-ML) for LQD; E2
= 1.071 eV (9.6-ML) and E1 = 1.084 eV (14.4-ML) for
CQD. This supports that QDs evolve from an isolated
to an aligned mode by increasing the coverage and that
two major QD modes coexist in each sample.
Figure 5(a) presents three sets of PL spectra that
straightforwardly show the energy positions and the relative intensities of two peaks for various temperature.
Figure 5(b) presents plots for the corresponding energies
(symbols with solid lines) and
Varshni's curves (dotted
lines), E (T) = E (0) { [ T2 /(T + )], as an expression
for the bandgap energy. Here, the parameters used for
the present In4 Ga1 As (x = 0.4) QD system, ( ; ) =
(5.443  10 eV/K, 285 K), were estimated from Vegard's law by using the tabulated values for binary InAs
and GaAs [18]. The 0-K bandgap energy, E (0), is a
kind of tting parameter for a speci c QD mode and is
obtained by adjusting the experimental values to each
curve. While the lowest energy peak (E2 for AQD in the
14.4-ML sample) obeys quite well the empirical curve,
all the other peaks begin to digress down from the corresponding functional forms at temperatures above 50 K.
The redshift digression is well known not to be found
in single-mode QDs, but is quite frequently observed in
a variety of multi-modal QD ensembles [19]. This is
normally explained by the thermal carrier redistribution
g
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Fig. 4. (a) PL peak energies (E1, E2) for two predominant
QD modes analyzed by using a double-peak Gaussian t and
(b) three pairs of PL peak energies (E1, E2) plotted as a
function of the nominal coverage of InGaAs QDs.

among QDs with di erent sublevels through the wetting
layer as a carrier transfer channel. The stronger redshifts
shown in Figure 5(b), compared to that of regular QDs,
may be attributed to a distinctive property in closelypacked high-density ALE-grown QDs that is due to the
carrier tunneling occurring in company with the thermal
transfer between adjacent QDs or QD modes. At the
present stage, the origin of the strong redshift behav-

al.
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Fig. 5. (a) Temperature-dependent PL spectra taken from
three QD samples with di erent InGaAs coverages and (b)
plots for PL peak energies (solid lines with symbols) as a function of temperature. The dotted lines in (b) are the Varshni
functional curves expressing the corresponding bandgap energies.

ior is quite dicult to discuss in detail because of the
mode complexity of ALE-grown QD structures. We expect that a decay-time analysis by using time-resolved
PL spectroscopy for each QD mode may give further information on the redshift anomaly.
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IV. SUMMARY

In summary, we fabricated laterally self-aligned InGaAs QDs by using ALE with no introduction of a multilayer stacking procedure and we discuss their structural
and optical characteristics by using AFM images and PL
spectra, respectively. We found that isolated QDs became more closely coupled and spontaneously aligned to
form chain-like 1D structures simply by increasing the
nominal InGaAs coverage. The QD pro les were classi ed into four kinds of modes: SQD, LQD, CQD and
AQD and two predominant modes coexisted in each sample. The asymmetric PL spectra, which were analyzed by
using double-peak Gaussian t showed no power dependence, but a strong temperature dependence. Except for
the lowest energy peak (E2 for AQD in 14.4-ML sample),
all the other peaks showed a strong redshift behavior digressing from Varshni's empirical curves at temperatures
above 50 K which was due to the carrier tunneling and
the thermal transfer between analogous QD modes.
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