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We have investigated photoluminescence (PL) spectra taken from a series of self-assembled
InAs/GaAs quantum-dot (QD) heterostructures with different InAs coverages by performing
excitation-power and temperature dependence measurements. The PL spectra exhibit a well-defined
doublet-like QD peak with invariable energy positions regardless of the coverage attributed to a bimodal size distribution of small and large QDs. The power-dependent PL spectra show that the
high-energy peak is composed of two contributions, one from the excited state of large QDs and the
other from the ground state of small QDs, and the power dependence of high-energy peak becomes
stronger with increasing the amount of InAs. This indicates that, in as-grown InAs QD ensembles
grown under optimum growth conditions with appropriate InAs coverages, there can exist a specific
bimodal size distribution consisting of large and small QD groups whose sizes are fixed, but whose
numbers vary with the amount of InAs.
PACS numbers: 78.55.Cr, 78.67.Hc
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energy observed in InAs QDs, Brusaferri et al. [14] presented some experimental evidence on the multimodal
QD size distribution and the thermally activated carrier
transfer between neighboring QDs with different sizes.
Lee et al. [15] reported a double-peak PL spectrum
associated with a bimodal size distribution in in-situ
annealed InAs QD sample, which was in obvious contrast with the single-peak emission in as-grown sample.
They also reported that the QD size bifurcated during
annealing. Kissel et al. reported a strong dependence
of the size distribution on the growth temperature and
the InAs coverage [16], and they confirmed the carrier
transfer mechanism proposed by Brusaferri et al. [14].
A few anomalous behaviors, which are associated with
the bimodal size distribution and which appear in the
excitation-power- and temperature-dependent PL spectra still remain as points of issue, and the thermal redistribution of photocarriers has been discussed as a dominant mechanism for these anomalous behaviors [14,17–
21].
In the present study, we investigate some distinctive
features associated with the size distribution observed in
the PL spectra of a series of as-grown InAs QD ensembles with different InAs coverages. The analysis is made
on the excitation-power and temperature dependences
of doublet-like PL spectra consisting of low-energy and

I. INTRODUCTION

In recent years, quantum dots (QDs) and their related
heterostructures utilized by using a self-assembling technique have been receiving considerable attention as potential nanoscale semiconductors applicable to QD-based
optoelectronic devices such as laser diodes [1], optical
memory [2], infrared photodetectors [3,4]. By virtue of
their zero-dimensional features and the strong confinement of the electron and the hole wave functions in QDs,
the structures have emerged as technologically important
systems not only in device applications but also in basic
research. Although a number of efforts have been expended on (InGa)As QD structures to clarify their physical and electronic characteristics by using a variety of
theoretical and experimental approaches [5–21] during
the last decade, unusual behaviors associated with the
QD size distribution are still rather unsettled.
Some distinctive behaviors have been observed in the
photoluminescence (PL) spectra of QD ensembles with
bimodal or multimodal size distributions by many research groups. Based on the multi-peak PL spectra and
the sigmoidal temperature dependence of the emission
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high-energy peaks attributed to the bimodal size distribution of large and small QD groups. We present a
schematic view illustrating the evolution of a bimodal
size distribution of QD ensembles which indicates an adjustment of the numbers of large and small QD groups
with no rearrangement of the overall size distribution.

II. EXPERIMENTAL PROCEDURES
For the PL spectroscopic study of the effects due to
bimodal size distribution in QD ensembles, a series of
single-layered InAs-QD/GaAs heterostructures with different InAs coverages were grown by using a molecular
beam epitaxy (MBE) system (RIBER 32P). All strucutures basically had the same layer profile except for
the equivalent thickness of the InAs for size control of
the QD ensemble. The samples were grown under the
same growth conditions, and InAs QDs were fabricated
by using the self-assembling technique of the StranskiKrastanow (S-K) mode. The growth was initiated at a
temperature of 560 ◦ C for the GaAs buffer layer with
a thickness of 0.3 µm, and the InAs QD formation was
conducted on the GaAs layer at 480 ◦ C. Three different QD structures with equivalent InAs thicknesses of
2.0, 2.5, and 3.0 monolayers (MLs) were prepared and
completed with a 25-nm-thick undoped GaAs layer. The
growth rates of the GaAs and the InAs layers were 12.4
nm/min and 1.4 nm/min, respectively, and the V/III
beam-equivalent pressure (BEP) was approximately 25.
The dot formation was identified by observing the 2dimensional-to-3-dimensional (2D-3D) transition in the
reflection high-energy electron diffraction (RHEED) pattern. The details of the epitaxial growth and the basic
properties have been reported elsewhere [4–8].
The QD profile was confirmed by using the surface
image observed with an atomic force microscope (AFM)
and the cross-sectional view observed with a transmission electron microscope (TEM) in previous studies [4,
6, 7]. The PL measurements were performed by using
a typical visible-to-near-infrared monochromator system
(f = 3/4 m) with an Ar-ion laser (λ = 514.5 nm) and
a closed-cycle He refrigerator (10 K). Excitation-powerand temperature-dependent PL spectra were taken in the
nominal output power range of 1 ∼ 110 mW and the
temperature range of 15 ∼ 250 K, and the luminescence
signal was detected and recovered by a liquid-nitrogencooled Ge detector and a lock-in amplifier.

III. RESULTS AND DISCUSSION
Figure 1 shows representative PL spectra for three
kinds of self-assembled InAs QD ensembles with different InAs coverages of 2.0, 2.5, and 3.0 MLs taken at
a temperature of 15 K with an excitation power of 20

Fig. 1. Representative PL spectra for three kinds of selfassembled InAs QD ensembles with different InAs coverages
of 2.0, 2.5, and 3.0 MLs taken at temperature of 15 K with
an excitation power of 20 mW. All spectra exhibit a doubletlike feature and can be decomposed into two dominant peaks,
one centered at 1.085 eV and the other at 1.165 eV within an
error of +/−0.005 eV.

mW. All spectra exhibit a doublet-like feature and can
be decomposed into two dominant peaks, one centered
at 1.085 eV and the other at 1.165 eV. As the InAs coverage is increased, the PL intensity of the low-energy
peak (1.085 eV) becomes stronger, but that of the highenergy one (1.165 eV) becomes relatively weaker, there
are no variations in the energy positions within an error
of (+/−0.005 eV. This suggests that the QD ensembles
have a bimodal size distribution consisting of two size
groups of large/small QDs or that the QD ensembles
have a single size distribution with a pair of states, a
ground state and an excited state. In order to identify
the exact nature of the doublet peak, we investigated the
excitation-power and temperature dependences of the PL
spectra.
Three sets of excitation-power-dependent PL spectra
obtained from QD samples with InAs coverages of (a)
2.0 MLs, (b) 2.5 MLs, and (c) 3.0 MLs are presented
in Fig. 2. All spectra show two well-defined PL peaks
with invariable energy positions pinned at 1.085 eV and
1.165 eV, even at high excitation power. While the 2.0ML spectra (a) show almost no power dependence, the
3.0-ML ones (c) reveal a strong dependence. In other
words, for the 2.0-ML sample, there is almost no change
in the intensity profile of each spectrum with increasing excitation power, but the high-energy peak for the
3.0-ML spectra gradually grows and becomes distinctive.
Based on the power-dependent behaviors of the PL spectra shown in Fig. 2, it is clear that the high-energy peak
is involved with not only a ground state (major in the 2.0ML spectra) but an excited state (major in the 3.0-ML
spectra). On the assumption that the low-energy peak
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Fig. 3. Plots for the PL intensity ratios of high-to-lowenergy peaks, I[E1 (L)+E0 (S)]/I[E0 (L)], as functions of the
excitation power. The curves show that the 2.0-ML sample
has the smallest change with increasing excitation power, corresponding to the least number of large QDs, and the change
becomes larger as the InAs coverage is increased up to 3.0
MLs.

Fig. 2. Three sets of excitation-power dependent PL spectra (15 K) taken from QD samples with InAs coverages of
(a) 2.0 (b) 2.5, and (c) 3.0 MLs. All spectra show two welldefined PL peaks with invariable energy positions pinned at
1.085 eV and 1.165 eV. While the 2.0-ML spectra (a) show
almost no power dependence, the 3.0-ML ones (c) reveal a
strong dependence. The 2.5-ML sample (b) with an intermediate coverage of InAs has just a weak dependence at the
middle of the two profiles.

(1.085 eV) is due to the ground state [E0 (L)] of large
QD group [15,20], we can conclude that the high-energy
peak (1.165 eV) is composed of two contributions, one
from the excited state [E1 (L)] of large QDs and the other
from the ground state [E0 (S)] of small QDs, as denoted
in Fig. 1. On the other hand, the 2.5-ML sample (b)
with an intermediate coverage of InAs has only a weak
excitation-power dependence inbetween the two profiles
for 2.0 MLs (a) and 3.0 MLs (c) on the PL intensity. This
means that the numbers of large and small QDs are comparable; thus, the high-energy peak is overlapped by the
competing intensities of the excited state [E1 (L)] and the
ground state [E0 (S)]. Here, it is adequate to mention the
non-Gaussian waveform of the high-energy peak on the
higher energy side. Taking into account that the behavior is most severe in the 2.0-ML sample with a majority
of small QDs, we believe that the non-Gaussian profile

located near 1.26 eV (15 K) is caused by an excited state
of small QD group [E1 (S)]. It, therefore, seems that for
both large and small QDs in all the QD ensembles used
in this study, there exists a pair of conduction-band sublevels corresponding to PL emission energies of 1.085 and
1.165 eV [15,16].
A quantitative approach was tried to analyze the bimodal size distribution by using the relative intensities
of PL peaks. Figure 3 shows three plots for the PL intensity ratios of the high-energy peak to the low-energy
peak, I[E1 (L)+E0 (S)]/I[E0 (L)], as functions of the excitation power. In general, the PL spectra give information
on the excited-state transition under high-power excitation because the number of electron-hole pairs (EHPs)
is enhanced with increasing excitation power and the excited state can be occupied by excess electrons left over
from filling the ground state. Thus, the excitation-power
dependence of the intensity ratio reflects a contribution
from an excited state [E1 (L)] due to the large QD group
in this study, and the incremental change in the ratio
shown in Fig. 3 may offer a criterion on the number of
QDs involved in the excited-state transition. The curves
indicate that the 2.0-ML sample with the smallest increment (almost no power dependence in Fig. 2) contains
the least number of large QDs and that the number of
large QDs becomes higher as the InAs coverage increases
up to 3.0 MLs. Figure 4 is a schematic sketch illustrating
the evolution of a bimodal size distribution in the three
QD ensembles with increasing InAs coverage from 2.0 to
3.0 MLs. While the 2.0-ML (3.0-ML) sample consists
of mostly small (large) QDs, the numbers of large and
small QDs are comparable in the 2.5-ML sample.
An additional behavior supporting the bimodal size
distribution in QD ensembles can be found in the tem-
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Fig. 4. Schematic sketch illustrating the evolutions of a
bimodal size distribution in three QD ensembles with InAs
coverages of 2.0, 2.5, and 3.0 MLs. While the 2.0-ML or
3.0-ML sample consists mostly of small or large QDs, respectively, the numbers of large and small QDs are comparable
in the 2.5-ML one.

perature dependence of the PL spectra. Three series
of temperature-dependent PL spectra taken from QD
samples with InAs coverages of (a) 2.0, (b) 2.5, and (c)
3.0 MLs are presented in Fig. 5. With increasing temperature, all spectra show a typical red shift of the PL
peak energies, which is mainly due to thermal expansion
of the lattice constant and electron-phonon scattering,
as in bulk semiconductors. However, a distinctive feature appears in the peak intensity for the 2.5-ML sample. Compared to the intensity of the high-energy peak,
that of low-energy peak is fairly weak at low temperatures, but grows with increasing temperature up to 150
K, and finally becomes stronger than the high-energy
peak at 200 K, just below the thermal quenching temperature. It is very interesting that the intensity inversion between the two peaks arises in the 2.5-ML sample
mixed with comparable numbers of large and small QDs
and that the temperature dependences of the PL spectra are definitely distinguishable from the normal temperature dependences of the PL intensities observed in
the 2.0-ML and the 3.0-ML samples consisting of mostly
small and large QDs, respectively. As reported in many
experimental works [14, 16–20], the anomalous temperature dependence of the PL spectra from a variety of
(InGa)As QD ensembles can be interpreted as being due
to the redistribution of photocarriers by thermally activated carrier transfer between neighboring QDs with different sizes through the wetting layer as a carrier transfer
channel. Therefore, the intensity inversion phenomenon
may be another piece of evidence for the bimodal QD
size distribution, as illustrated in Fig. 4.

Fig. 5. Three sets of temperature dependent PL spectra
taken from QD samples with InAs coverages of (a) 2.0, (b)
2.5, and (c) 3.0 MLs. An intensity inversion between the two
peaks appears in the range of 150 ∼ 200 K in the 2.5-ML
spectra.

IV. SUMMARY AND CONCLUSIONS
In summary, the PL spectra of InAs QD ensembles
with different InAs coverages exhibited two well-defined
PL peaks with some distinctive features attributed to a
bimodal size distribution of small and large QDs. The
excitation-power dependent spectra showed that the lowenergy peak was due to the ground state of the large QD
group, and the high-energy peak was composed of two
contributions, one from the excited state of large QDs
and the other from the ground state of small QDs. While
the 2.0-ML and 3.0-ML samples had a normal temperature dependence for the PL spectra, the 2.5-ML sample showed an intensity inversion between the low-energy
and the high-energy peaks which resulted from a carrier
redistribution due to thermally activated carrier transfer
between adjacent QDs with different sizes. In conclusion, we suggest that, in as-grown InAs QD ensembles
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fabricated by using an optimum self-assembling growth
mode with appropriate InAs coverage, there may exist a
specific bimodal size distribution consisting of two QD
groups and that an additional amount of InAs may not
give rise to a rearrangement of the overall size distribution but to an adjustment of the numbers of large and
small QD groups in a specific size mode.
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