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Temperature-dependent photoluminescence (PL) studies of an ensemble of self-assembled (In,Ga)As quantum dots (QDs) on
GaAs (100) provide insight into the nature of the continuous states between the wetting layer (WL) and QDs. In addition to the
well-known anomalous temperature dependence of the PL peak position and width around 90K due to carrier (electron–hole
pair) redistribution through the WL, we observe a similar behavior at much lower temperatures around 30K. This behavior is
attributed to carrier redistribution through the low-energy continuous states between the WL and QDs, directly proving their
quasi-two-dimensional character. The smaller changes in the PL spectra than the WL-induced ones, however, indicate that the
carrier redistribution and, thus, the spatial extent of the continuous states are restricted to a limited area around the QDs. This
is also supported by the constant integrated PL intensity in this temperature range due to the absence of nonradiative
recombination within these areas. [DOI: 10.1143/JJAP.44.6829]
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1. Introduction

The formation and characterization of (In,Ga)As self-
assembled quantum dots (QDs) in the Stranski–Krastanov
(S–K) growth mode have been intensively investigated in
the last decade not only for possible device applications, but
also for fundamental studies of zero-dimensional (0D)
physics.1–5) Ideally, the (In,Ga)As QDs are naturally formed
on a thin two-dimensional (2D) wetting layer (WL) due to
the 2D to three-dimensional (3D) growth mode transition,4,5)

having atomic-like discrete energy states. In reality, how-
ever, the electronic structure of self-assembled QDs is more
complex due to the intrinsic properties and/or structural
imperfections of the combined QD-WL system. Photolumi-
nescence excitation (PLE) measurements of single QDs have
demonstrated the existence of background absorption due to
a density of continuous states that increases gradually
between the QD ground-state and the WL states.6–8) It has
been suggested that these continuous states originate from
structural imperfections that cause a crossover between the
0D-QD and 2D-WL character or band-tail states of the
WL.6–8) The continuous states have been theoretically
attributed recently to the intrinsic crossing of the free-to-
bound and bound-to-free QD and WL transitions.9)

In this paper we provide insight into the nature of the
continuous states by temperature-dependent photolumines-
cence (PL) measurements of an ensemble of QDs. In
addition to the well-known anomalous redshift of the PL
peak energy and the minimum of the peak width around
90K, which are attributed to carrier (electron–hole pair)
redistribution through the 2D-WL states, we observe a
similar behavior around 30K. Because tunneling between
the QDs can be excluded from the data, this behavior
evidences real-space carrier redistribution through the low-
energy continuous states between the QD ground-states and
WL states and, hence, directly proves their 2D-character.
The smaller changes in the PL peak energy and width than

the WL induced ones and the absence of any PL from the
continuous states, however, suggest that they extend over
distances smaller than the carrier diffusion length in the
states locally around each QD. This hypothesis is also
supported by the constant integrated PL intensity of the QDs
in this temperature range, indicating the absence of non-
radiative recombination centers within these areas of local
carrier redistribution in the combined QD-WL system.

To recall the general model, the anomalous temperature
dependence of the PL spectra of an ensemble of QDs, i.e.,
the larger redshift of the PL peak energy than that of the bulk
band-gap energy (referred to as Stokes shift in ref. 10) and
the reduction of the peak width, reflect the thermal excitation
and redistribution of carriers through channels between the
QDs in the presence of ground-state energy fluctuation.11–18)

The changes in the PL spectra are roughly classified into
three stages. First, at low-temperature, the carriers randomly
occupy the QDs with equal probability and the PL spectrum
reflects the distribution of the QD ground-state energies of
the ensemble. The PL spectrum redshifts with temperature as
the bulk band-gap energy does,19) and the peak width stays
constant. Second, with increasing temperature, carriers are
thermally excited to the channels and then redistributed to
other QDs within the ensemble. More carriers are excited
from smaller QDs with higher ground-state energies and are,
thus, preferentially transferred to larger QDs with lower
ground-state energies, resulting in the drastic PL peak-
energy redshift and peak width reduction. Finally, with
further increase in the temperature, the carriers in the
energetically deeper QDs are excited with significant
probability and the difference in the excitation probabilities
for carriers from the higher- and lower-energy QDs becomes
smaller.20) As a result, the PL peak-energy redshift starts
approaching the bulk band-gap energy dependence and the
peak width increases. If tunneling were the main cause for
the carrier redistribution,11,23) a qualitatively different PL
spectra behavior would be expected. In the presence of
resonant or nonresonant phonon-assisted tunneling, the
carriers are already redistributed at the lowest temperature
and preferentially occupy low-energy QDs. Hence, with
temperature increase a blueshift (or reduced redshift com-
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pared with the bulk band-gap energy shift) of the PL would
occur due to thermal reoccupation of the higher-energy QDs.
Accordingly, the peak width would continuously increase
with temperature.

2. Experimental

The sample focused on here was grown by conventional
solid-source molecular-beam epitaxy (MBE) on a semi-
insulating GaAs (100) substrate with miscut smaller than
0.05�. After growth of a 200-nm-thick GaAs buffer layer at
580�C, 5.2 monolayer (ML) (1.46 nm) In0:36Ga0:64As was
deposited at 500�C for QD formation. After 10 s growth
interruption, a 10 nm GaAs capping layer was grown on the
(In,Ga)As layer before the sample was heated up to 580�C
for growth of 100 nm GaAs. Finally, the (In,Ga)As QD layer
was again deposited at 500�C on top of the GaAs surface.
The growth rates of GaAs and (In,Ga)As were 0.24ML/s
and 0.37ML/s calibrated by high-resolution X-ray diffrac-
tion (XRD) of (In,Ga)As/GaAs SL structures. The As4 beam
equivalent pressure (BEP) was maintained at 1� 10�5 Torr.
The sample was investigated by atomic force microscopy
(AFM) in air for the structural characterization. For the PL
and PLE measurements, the sample was cooled down in a
continuous-flow helium cryostat with a the sample temper-
ature accuracy of �0:5K. For the PL measurements, the
532 nm line of a Nd-YAG laser was used for excitation with
a power density of �0:4W/cm2. The PL signal was
dispersed by a single monochromator and recorded by a
cooled (In,Ga)As charge-coupled device (CCD) camera. For
the PLE measurement, a Ti:sapphire laser was used for
excitation with a power density of �5 kW/cm2. The PLE
signal was dispersed by a triple monochromator and
recorded by the same CCD camera.

3. Results and Discussion

Figure 1 shows the AFM image of the QDs formed on the
surface in the S–K growth mode. The QDs are randomly
distributed on the sample surface with an average diameter,
height, and density of �35 nm, �3:5 nm, and �3� 1010

cm�2, respectively. Under the PL excitation of these QDs
with the power density of 0.4W/cm2, we estimate that the

average number of carriers in each QD is less than 0.1,
assuming the typical carrier lifetime.21,22) In this low-power
excitation condition, the state-filling effect might be negli-
gible.21) Figure 2(a) shows a typical PL spectrum of the
buried (In,Ga)As QDs measured at low-temperature. The PL
spectrum (full circles) is plotted together with a Gaussian
fitting curve (solid line). The PL line centered at 1.32 eV
(943 nm) with a peak width of 32.5meV corresponds to the
emission from the (In,Ga)As QD ensemble. The broadening
of the PL line is attributed to the fluctuations in the QD size,
shape, and In composition within the measured ensemble
containing 108–109 QDs (the diameter of the laser spot is
around 0.5mm). The PL line is well fitted by the single
Gaussian function. The fitting remains accurate for measure-
ment temperatures below 150K, indicating only ground-
state emissions from the QDs. The weak emission line at
1.49 eV is related to carbon impurities in the GaAs bulk
layer. The PLE measurements provide additional informa-
tion on the electronic structure. Figure 2(b) shows the PLE
spectrum with the detection energy set at 1.32 eV at low-
temperature. The clear absorbtion peak at 1.42 eV is related
to the WL states. It maintains a constant energy when the
detection energy is varied within the QD emission energy
range. The increase in absorption above 1.48 eV is due to the
GaAs bulk (and/or the WL light hole states24)). In addition, a
continuous absorption tail is visible below 1.35 eV, almost
approaching the QD ground-state energy [see the inset of
Fig. 2(b)]. As has been discussed in previous reports,6–8) this
absorption tail is attributed to the continuous states between
the WL and QDs.

500 nm

14 nm

Fig. 1. AFM image of the 1.46 nm (In,Ga)As QDs on GaAs (100). The

scan field is 500� 500 nm2.

Energy (eV)

(a)

(b)

1.30 1.32 1.34 1.36 1.38
Detection

6 K

18 K
PL

 I
nt

en
si

ty
 (

ar
b.

 u
ni

ts
)

1.501.451.401.351.301.251.201.15

Fig. 2. (a) PL spectrum taken at 6.0K from the 1.46 nm (In,Ga)As QDs on

GaAs (100) (filled circles) and the fitting curve using a single Gaussian

function (solid line). (b) PLE spectrum of the 1.46 nm (In,Ga)As QDs on

GaAs (100) with the detection energy set at 1.32 eV. The inset shows the

plot in the low-energy range with an enlarged vertical scale.
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Figure 3 shows the temperature dependence of (a) the PL
peak energy together with the In0:36Ga0:64As bulk band-gap
energy change,19) (b) the peak width, and (c) the integrated
intensity of the emissions from the (In,Ga)As QDs, which
are determined by the single Gaussian curve fitting of each
PL spectrum. The insets of Figs. 3(a) and 3(b) depict the
plots in the low-temperature range with an enlarged vertical
scale. Compared to the bulk band-gap energy change [solid
line in Fig. 3(a)], the PL peak position exhibits two distinct
regions of anomalous increase in the redshift around 30 and
110K, which coincide with characteristic minima of the PL
peak width. This clearly reveals a redistribution of carriers
between the QDs through distinct sets of continuous energy
states.

The drastic redshift of the PL peak energy and pro-
nounced minimum of the peak width between 50 and 110K
in Figs. 3(a) and 3(b) are assigned to carrier excitation and
redistribution through the 2D-WL states, connecting a large
number of QDs. This is in agreement with previous
reports.11,12,14–18) The simultaneous reduction of the inte-

grated PL intensity [Fig. 3(c)] is attributed to the activated
carrier transport to nonradiative recombination centers in the
WL.17) Around 90K, however, this reduction of the
integrated intensity becomes less strong, most likely due to
a limited number of nonradiative recombination centers in
the WL which get saturated as the number of excited carriers
increases. At the same time, the peak energy redshift starts
approaching the bulk band-gap energy change, which is
accompanied by a broadening of the peak width. This
indicates that the excitation probabilities of carriers from the
different QDs to the WL become equal. Above 110K, the
integrated PL intensity once again decreases strongly. We
believe that carriers are now also efficiently excited into the
GaAs bulk and can, thus, escape from the (In,Ga)As QDs
and WL. The activation energies (�E) estimated from a
simple fitting procedure25) support these assumptions [see
the solid lines in Fig. 3(c)]. The activation energies around
65 and 130K are �60 and �180meV, respectively. These
are roughly consistent with the energy separations of the QD
PL peak (at 1.32 eV) and the onsets of the WL absorption
(at �1:38 eV) and the GaAs bulk absorption (at �1:48 eV)
determined from the PLE measurements. This distinction
between thermal excitation to the WL and GaAs bulk was
not clearly revealed in previous studies.11–18) This might be
due to the structurally better defined and wider WL for
(In,Ga)As compared to than for InAs QDs26) with well-
defined WL and GaAs transition energy separation. Indeed,
we were not able to clearly distinguish between thermal
excitation to the WL and GaAs bulk for our InAs QD
samples studied for comparison.

In addition to the drastic changes induced by the WL and
GaAs, a similar anomalous behavior of the PL spectrum is
observed in the temperature range between 17 and 52K,
where carriers are unlikely to be excited to the WL. The
anomalous redshift of the PL peak position and the clear
minimum of the peak width perfectly coincide with the
thermal excitation and redistribution model mentioned
above. This confirms the presence of additional channels
for thermally excited carrier redistribution within the
ensemble of QDs, which lie in energy between the WL
and QD ground-states. Their density of states is associated
with the low-energy absorption tail observed in the PLE
measurement [Fig. 2(b)].6–8) The integrated PL intensity is
constant or rather increases in this temperature range,
indicating the absence of nonradiative recombination centers
in the channels and a higher PL efficiency (longer radiative
lifetime23)) of the low-energy QDs preferentially occupied
during the carrier redistribution. The detailed analysis of the
temperature-dependent PL peak position and width in this
temperature range provides important insight into the
properties of these channels. The enhanced redshift and
reduction (minimum) of the peak width clearly exhibit
onsets or inflection points at 31K, as shown in the insets of
Figs. 3(a) and 3(b). This confirms that the density of the
continuous states increases above the QD ground-state
energy leading to a behavior like thermal activation over
an energy gap. If there were already a significant density of
states at the QD ground-state energy, the changes in the PL
spectra would be expected to be more continuous without
inflection points. In this case also the carriers could
efficiently redistribute already at the lowest temperature
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Fig. 3. (a) PL peak position, (b) peak width, and (c) integrated intensity as

functions of temperature of the (In,Ga)As QDs. The insets in (a) and (b)

show the plots in the low-temperature range with an enlarged vertical

scale. The solid line in (a) shows the In0:36Ga0:64As bulk band-gap

temperature dependence.19) The two solid lines in (c) show the fitting

curves in each temperature range.25)
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leading to a different PL behavior, i.e., blueshift and
broadening. From these results, however, it cannot be
concluded whether or not the density of the continuous
states approaches zero above the QD ground-state energy.

Most important, the observation of thermally activated
carrier redistribution through the continuous states directly
proves their quasi-2D extension in real-space. The rather
small peak width reduction of only 1meV compared to that
related to the WL of 5meV, however, suggests that the
carriers excited to the continuous states are only locally
redistributed among the QDs, indicating that the states
extend only over a limited area around the QDs. Moreover,
the fact that PL from the continuous states is never observed
in our experiments and in previous reports indicates that the
spatial extent of the continuous states is smaller than the
carrier diffusion length within those states.6–8) This local
extent is also supported by the rather constant integrated PL
intensity. Within these limited areas the carriers do not
encounter nonradiative recombination centers.

We have investigated a large series of other (In,Ga)As and
InAs QD samples. We always found a qualitatively similar
anomalous behavior of the PL peak position and width due
to carrier redistribution through the low-energy continuous
states for QD densities of 1� 1010{1� 1011 cm�2, inde-
pendent of In composition, and other parameters such as
growth temperature and growth rate. Of course, above a
certain QD distance and confinement energy the anomalous
behaviors should not be observed due to suppressed carrier
redistribution even through the WL. On the other hand, for
very dense InAs QD ensembles (�6� 1011 cm�2), the
observed PL peak redshift and peak width reduction in the
low-temperature range are even larger, starting from the
lowest measurement temperature of 5K. No inflection points
are visible. This indicates stronger spatial overlap of the
continuous states for high-density QD and their extension in
energy down to the QD ground-state energy, which was also
suggested previously,7) and might be due to structural effects
such as overlapping strain fields. The WL plus GaAs-
induced changes of the PL at higher-temperatures remain
unaffected by the QD density.

4. Conclusion

We have studied the temperature-dependent photolumi-
nescence (PL) of an ensemble of (In,Ga)As quantum dots
(QDs) on GaAs (100) grown by molecular-beam epitaxy
(MBE). The detailed analysis of the changes in the PL peak
energy, peak width, and integrated intensity evidences
thermally activated carrier redistribution around 30K in
addition to the well-known wetting-layer (WL)-related
carrier redistribution around 90K. This behavior proves
the quasi-two-dimensional (2D) character of the low-energy
continuous states between the WL and QDs. The rather
small changes in the PL spectra, however, indicate that the
carrier redistribution and, thus, the spatial extent of the

continuous states are restricted to a limited area around the
QDs without a decrease in the integrated PL intensity due to
nonradiative recombination. Similar results from a large set
of (In,Ga)As and InAs QD structures suggest that the quasi-
2D-character of the continuous states is intrinsic to self-
assembled QDs grown in the Stranski–Krastanov mode.
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