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Abstract. Interdot carrier and spin dynamics were studied in a two-dimensional
array of high-density small quantum dots (SQDs) of InGaAs with an average
diameter of 16 nm and a sheet density of 1.2 ×1011 cm−2 , in which 24 nm
diametric large QDs (LQDs) were embedded as local potential minima. We
observed a delayed photoluminescence (PL) rise from the lower-lying LQD states
and a considerably faster PL decay from the higher-lying SQD states, indicating
carrier transfer from the two-dimensionally coupled SQDs into the LQDs. In
addition, inverse carrier tunneling from the LQDs into the SQDs was thermally
induced, which is characterized by the thermal activation energy between the
LQDs and SQDs. Moreover, circularly polarized transient PL behavior from the
SQD states exhibits a suppression of the spin polarization decay in the initial
time region, depending on the excited spin density. This tentatively suppressed
spin relaxation can be quantitatively explained by selective interdot transfer of
minority-spin electrons from the SQDs into LQDs, when the majority spin states
in both QDs are suﬃciently populated by excited spins. These findings indicate
that the high-density SQDs behave as the main emitters with suppressed spin
relaxation, while the scattered LQDs with lower potential behave as the receivers
of minority-spin electrons.
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Interdot carrier and spin-transfer dynamics in InGaAs multiple quantum dots
1. Introduction
Self-assembled semiconductor quantum dots (QDs)
have been extensively studied for the future development of ultralow-power-consumption opto-electric and
opto-spintronic devices, as they can strongly confine
carriers [1]. In particular, spins in semiconductor QDs
are the main subject of ongoing research owing to their
weak interaction with their solid-state environment,
resulting in long spin lifetimes [2, 3, 4, 5] and their
potential application in spintronics and quantum information technology [6]. There is also a great interest in the carrier and spin dynamics present in QDs,
because these understandings could provide new proposed QD geometries for designing high-performance
QD-based devices. In general, the increase of the QD
density is required for achieving a higher luminance
and optical gain [7] while developing QD-based spinfunctional optical devices, such as spin-polarized lightemitting diodes [8, 9, 10] or laser diodes [11]. For the
spin-related properties, high-density QDs have a significant potential of higher spin-polarized emission owing
to their faster capture of electron spins from a threedimensional semiconductor barrier while maintaining
high spin polarization [12]. However, there remains a
lack of understanding of the carrier and spin dynamics in high-density QD ensembles due to the emissions
from these ensemble states including various contributions, such as diﬀerently-sized QD states and the influence of interdot coupling between the carrier wavefunctions of neighboring QDs. If two-dimensional highdensity QDs are separated into two types according to
their size, one can obtain a new understanding of the
eﬀect of each spin functionality on the total QD emission, which can pave the way for the development of
new nanosystems with novel spin functionalities, such
as a strong suppression of spin relaxation in QD ensembles.
The lateral dot size and sheet dot density of
semiconductor QDs depend on the growth conditions,
such as arsenic pressure [13]. The lateral dot size
becomes smaller and the sheet dot density increases
with the increase of the arsenic pressure during QD
growth, owing to the suppression of surface migration
of the species. In addition, the increased arsenic
pressure induces coalescent QD growth, i.e., the
growth of large-sized QDs. These facts indicate that
controlling the arsenic pressure during QD growth
has a significant potential for intentionally controlling
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the lateral QD geometries, such as their size, sheet
density, size distribution, and dot-dot distance. In
this work, we have grown two-dimensional arrays
of high-density small InGaAs QDs surrounding large
QDs by controlling the arsenic pressures based on
a previous report [13]. This newly grown multiple
QD nanosystem exhibits tentative suppression of spin
polarization decay in the small QD emissive states,
caused by the selective interdot transfer of minorityspin electrons into the large QD states. This novel
QD nanosystem has a great potential for the future
development of high-density QDs, maintaining high
spin polarization during light emission.
2. Experimental procedure
Optically active layers of In0.5 Ga0.5 As QDs with
6 ML were grown on GaAs(100) substrates with
GaAs buﬀer layers by molecular beam epitaxy under
growth conditions similar to those used previously
[14, 15].
Two types of In0.5 Ga0.5 As QDs were
grown at a growth rate of 0.20 ML/s under
arsenic pressures of 2 ×10−6 and 3 ×10−6 Torr,
and subsequently capped with 40 nm-thick GaAs
layer. Additional QDs were grown on the capping
layer to observe the QD structures by atomic
force microscopy (AFM). Photoluminescence (PL)
spectroscopy including circularly polarized properties
and time-resolved PL (TRPL) measurements were
performed, aided by a rate-equation fit analysis using
a method described previously [14, 15]. Furthermore,
to investigate the potential profile and eigenvalues of
the electron and hole wavefunctions of the In0.5 Ga0.5 As
QDs of various sizes, three-dimensional calculations
of their band structures and the wavefunctions of
the carriers inside them were carried out using
the nextnano3 software package [16], taking into
account the shape of the dots, their composition,
and strain. Here, the transient behavior of QDPL was focused predominantly. From the rise times
and the decay times of the QD-PL, we discuss the
interdot carrier dynamics, as well as the carrier
injection or relaxation dynamics. We also explore
the temperature dependence of the interdot carrier
transfer.
Moreover, we investigate the transient
behavior of the circular polarization of QD-PL, which
reflects the time-dependent electron-spin polarization
of the QD emissive states. Interdot spin dynamics
based on the decay properties of the time-dependent

Interdot carrier and spin-transfer dynamics in InGaAs multiple quantum dots
circular polarization are discussed using a rateequation fit analysis that takes the eﬀective interdot
spin transfer time into account.
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3. Results and discussion
3.1. AFM analysis of the QD nanostructures

3.2. Interdot carrier transfer dynamics
PL spectrum of UHQD sample measured at 6 K under
an excitation power of 13 mW as a function of photon
energy is shown in Fig. 2(a). This spectrum can
be decomposed into two components, as shown by
the red and green lines. The PL emission from the
lower state (LS) is relatively smaller than the one from
the higher state (HS). We performed three-dimensional
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Figures 1(a) and 1(b) show AFM images of the QDs
grown at a growth rate of 0.20 ML/s under arsenic
pressures of 2 ×10−6 and 3 ×10−6 Torr, respectively.
The sheet densities of the QDs were estimated
as approximately 8.0 ×1010 and 1.2 ×1011 cm−2 .
Hereinafter, these QDs are denoted as high-density
QDs (HQDs) and ultra-high density QDs (UHQDs).
The higher sheet density of the UHQD sample can be
derived from the suppression of the surface migration of
In and Ga species under the higher arsenic pressure [13,
17]. Figure 1(c) shows the distribution of the lateral
dot diameter of the HQDs and UHQDs, obtained
from the AFM analysis of the QD nanostructures.
The HQDs exhibit a conventional Gaussian-like size
distribution, similar to a previously observed one
[15], while the size distribution of UHQDs indicates
the coexistence of small QDs (SQDs) and large QDs
(LQDs) with a number ratio of 7:1. The higher
arsenic pressure during QD growth can induce both
the decrease of the QD size and the coalescence of
SQDs, i.e., the growth of LQDs [13]. Figure 1(d)
shows an enlarged three-dimensional AFM image (150
× 150 nm2 ) of the UHQDs, where an LQD is closely
surrounded by a two-dimensional array of SQDs with
center-to-center distances below 30 nm. This means
that the shortest base-to-base distance between an
SQD and an LQD is below 10 nm considering the
average SQD and LQD sizes of 16 and 24 nm obtained
through AFM analysis. The SQDs are close to each
other, characterized by shorter distances. In such a
high-density QD system, the electron wavefunctions
among neighboring QDs are coupled, which can largely
aﬀect the carrier dynamics and optical properties of
QDs [18, 19, 20, 21]. In the following, the UHQD
sample is mainly discussed, because this QD ensemble
shows the unique interdot carrier and spin dynamics,
as compared to the well-known dynamics in the HQD
sample.
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Figure 1. (a), (b) AFM images of In0.5 Ga0.5 As QDs grown at
a growth rate of 0.20 ML/s under arsenic pressures of 2 ×10−6
and 3 ×10−6 Torr, respectively. (c) Distribution of the lateral
dot diameter of the HQDs (left) and UHQDs (right) shown in
(a) and (b). (d) Enlarged three-dimensional AFM image (150 ×
150 nm2 ) of UHQDs, indicating a laterally coupled QD system,
where an LQD is closely surrounded by a two-dimensional array
of SQDs.

calculations of the electron and hole wavefunctions for
In0.5 Ga0.5 As QDs to reveal the LS and HS. Figure
2(b) shows the calculation results of the potential
profile and the ground states of the electron and hole
wavefunctions for In0.5 Ga0.5 As QDs with two diﬀerent
base lengths. Here, these values were set to 24 and 16
nm, according to the lateral diameters of the LQDs
and SQDs obtained through AFM analysis. It was
found that LQDs and SQDs can lead to ground state
PL energies of ∼1.28 and ∼1.32 eV. These energy
values agree well with the LS and HS of UHQDs, which
indicates that the PL emissions observed at the LS and
HS originate from the ground states of the LQDs and
SQDs, respectively. Here, we discuss the screening of
PL peak of LQD around 1.28 eV. The overwhelming
majority of SQD in UHQDs described above results
in the pronounced PL component centered around
1.32 eV, while the much lower number of LQD has
a significantly weaker contribution to the total PL
emission. Moreover, QD-PL spectra actually consist of
a superposition of transitions between various electron
and hole states of diﬀerently-sized QDs, and thus a
decomposed PL peak of LQD around 1.28 eV can be
hidden in the overall PL spectrum.
We performed TRPL measurements of the
UHQDs to further clarify the LS and HS described
above. Figure 2(c) shows the normalized TRPL curves
measured at 6 K under an excitation power of 10
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Figure 2. (a) PL spectrum of UHQDs measured at 6 K under an excitation power of 13 mW. This spectrum can be decomposed
into two components. (b) Three-dimensional calculation results of the potential profile and ground state (GS) of the electron and
hole wavefunctions for In0.5 Ga0.5 As QDs with base lengths of 24 nm (left) and 16 nm (right), whose values are used according to
the lateral dot diameters of LQD and SQD shown in Fig. 1(c). (c) Normalized TRPL curves measured at 6 K under an excitation
power of 10 mW for the lower state (LS) and higher state (HS) indicated in Fig. 2(a), best fitted by the rate-equations (solid lines).
The inset shows a simple model of interdot carrier tunneling from the SQDs into LQDs. (d) Excitation power dependence of the
time constants for carrier injection from the barrier into the QD levels, τinj , and energy relaxation from the QD levels, τr , deduced
from the rate-equation fit of the LS and HS.

mW of the LS and HS. The TRPL curve of the LS
indicates a diﬀerent behavior of the PL rise compared
to the one of HS. We can see the delayed rise in
the TRPL curve of the LS. This delayed PL rise is
commonly observed in bilayer asymmetric InAs/GaAs
QDs [20] and vertically stacked asymmetric pairs of
InP QDs [21] with a thin spacer layer, where interdot
carrier tunneling can occur. This TRPL behavior can
be understood via the delayed carrier filling of the
large dots by the small dots owing to interdot carrier
tunneling. Since our UHQD sample is composed of
SQDs and LQDs close to each other, as described
above, interdot carrier tunneling from the SQDs into
the LQDs can be applied to the UHQDs, as shown
in the inset of Fig. 2(c). We also carried out rateequation fit analysis of the TRPL curves under various
excitation powers to understand the dependence of
interdot carrier transfer on the excited carrier density.
Figure 2(d) shows the excitation power dependence of
the time constants of carrier injection from the barrier

into the QD levels, τinj , and energy relaxation from the
QD levels, τr , deduced from the rate-equation fit of the
LS and HS. The significant diﬀerence in the τinj for
the lower excitation power originates from the slower
injection process into the LQDs via the SQDs [22].
However, the diﬀerence decreases with the increase
of the excitation power. The faster τinj under higher
excitation powers for the LS can be due to the increased
number of carriers directly injected from the barrier or
the wetting layer without interdot tunneling process.
In contrast, the diﬀerence in the τr remains significant,
being almost independent of excitation power. The
much faster τr of the HS originates from the presence of
extra decay channels for the SQDs, i.e., interdot carrier
tunneling into the LQDs in addition to neighboring
SQDs.
We also investigated the temperature dependence
of interdot carrier transfer in UHQDs. Figure 3(a)
shows the PL spectra of HQDs and UHQDs measured
at various temperatures. Here, the HQD sample was
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energy Ea of the LS is estimated as 27 meV, whose
value well corresponds to the energy diﬀerence of 26
meV between the ground states of In0.5 Ga0.5 As QDs
with base lengths of 24 and 16 nm. Note that the
PL data measured above 140 K are not used when
calculating the thermal activation energy, as the PL
intensity rapidly decreases above 140 K owing to not
only the thermal activation into SQD states but also
the thermal activation into the higher energy states
inside the LQDs. These excitation power dependences
of the energy-dependent TRPL shown in Fig. 2 and
the temperature dependence of the energy-dependent
PL shown in Fig. 3 clearly revealed that the LS and HS
correspond to the LQD states and to two-dimensionally
coupled SQD (2D SQD) states, respectively.
3.3. Interdot spin transfer dynamics

Ea = 27 meV
SQD

5

0.05

1/T (1/K)
Figure 3. (a) PL spectra of HQDs (left) and UHQDs (right)
measured at various temperatures. The lower state (LS) and
higher state (HS) of the UHQDs are indicated by black arrows.
(b) Temperature dependence of the integrated PL intensity of the
LS and HS together with the Arrhenius plot of the LS obtained at
a temperature range of 20–140 K. The inset shows a simple model
of the thermally activated carrier tunneling from the LQDs into
SQDs and the thermal excitation of SQDs into the higher energy
states.

used as conventional QDs for reference. The result
of the HQDs shows a well-known monotonic decrease
of the PL intensity with the temperature increase,
which is independent of energy. This behavior can
be understood through carrier escape out of the QDs,
i.e., thermal activation into the barrier or nonradiative
centers [23]. In contrast, the UHQDs show a clear
evidence of the energy-dependent PL behavior in the
temperature range of 40–120 K. Figure 3(b) shows
the temperature dependence of the integrated PL
intensity for the LS and HS. The result for the LS
indicates a gradual decrease of PL intensity, while
the one for the HS shows a relatively-constant PL
intensity at a temperature of 20–120 K. This energy
dependence of the temperature-dependent PL intensity
can be understood by the thermally activated carrier
tunneling from the LQDs into the SQDs, although
a part of the carriers in the SQDs is also thermally
activated into the higher energy states, as shown
in the inset of Fig. 3(b). The thermal activation

We next focus on the interdot spin transfer dynamics
in UHQDs. Figure 4(a) shows the circularly polarized
PL spectra of UHQDs measured at 6 K under an
excitation power of 12.5 mW and the corresponding
circular polarization degree (CPD) as a function of
photon energy. Here, the CPD is defined as (Iσ+
– Iσ− )/(Iσ+ + Iσ− ), where Iσ+ and Iσ− denote the
intensities of the σ + - and σ − -polarized PL signals,
respectively. We can see stronger PL and much higher
CPD values for the 2D SQD states compared to the
LQD states. Figure 4(b) shows the circularly polarized
TRPL curves and the corresponding CPD for the LQD
and 2D SQD states. The time-dependent CPD for the
LQD states shows a rapid decay indicating a spin-state
filling at QD states [24, 14], which is well expressed
by a rate-equation fit based on previous reports (see
the solid lines) [14, 15]. It should be noted that
the time-dependent CPD for 2D SQD states shows
a tentatively slow decaying feature in the initial time
region and two components at the CPD decay times of
0.96 and 0.34 ns are observed. Taking into account
that the spin relaxation time is equal to twice the
CPD decay time [5], the first and second components
of the spin relaxation time correspond to 1.9 and 0.7
ns, respectively. The faster value of 0.7 ns is in good
agreement with the previous ones in InGaAs/GaAs
QDs [14, 15], while the much slower value of 1.9
ns cannot be explained in conventional InGaAs QD
systems. We recently observed a similar behavior
with tentatively persistent CPD features in laterally
coupled InGaAs QDs with the QDs well-ordered along
one direction like a one-dimensional chain [25]. The
non-monotonic CPD feature is explained by selective
interdot transfer of minority-spin electrons among the
QDs [26]. Therefore, this tentative suppression of
CPD decay observed for UHQDs can be understood
by a similar mechanism of interdot spin transfer, i.e.,
selective interdot transfer of minority-spin electrons
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Figure 4.
(a) Circularly polarized PL spectra and the
corresponding CPD measured at 6 K under an excitation power
of 12.5 mW for UHQDs. The red and green rectangles show the
energy windows for LQD and 2D SQD states, respectively. (b)
Circularly polarized TRPL curves and the corresponding CPD
for LQD (above) and 2D SQD (below) states indicated by the
red and green rectangles in (a). The solid lines for the LQD
indicate the best fitting calculation result of the rate-equations.
The solid lines for the 2D SQD indicate the fit results for the
single exponential decay of the first and second components of
the CPD decay.

from the SQDs into LQDs.
We also performed circularly polarized TRPL
measurements under various excitation powers to
understand the dependence of interdot spin transfer
on the excited spin density. To quantitatively analyze
the TRPL curves, rate-equation fit analysis that takes
into account the eﬀective rate of interdot spin transfer
was employed based on the recent report [25]. This
rate-equation model assumes two types of QD levels,
the higher-energy level in the SQDs and the lowerenergy level in the neighboring LQDs. In addition, an
ef f
eﬀective interdot transfer time τtr
, which reflects an
eﬀective transfer time from the SQDs into the LQDs,
is introduced. Here, the spin injection process into

Figure 5.
Circularly polarized TRPL curves and the
corresponding CPD, best fitted by the rate-equations (solid
lines), taking into account an eﬀective interdot spin transfer time
for 2D SQD states measured under excitation powers of (a) 7.5
and (b) 15 mW. (c) Excitation power dependence of the first and
second components of the CPD decay time τCPD and eﬀective
ef f
interdot spin transfer time τtr
deduced from the rate-equation
fit of the 2D SQD states.

the LQD level via the SQD level is assumed, owing to
the lower capture rate of carriers from the barrier to
the LQDs [22]. The remaining assumptions and the
applied parameters are based on previous reports [14,
15]. Figures 5(a) and 5(b) show the circularly polarized
TRPL curves and the corresponding CPDs for the 2D
SQD states measured under excitation powers of 7.5
and 15 mW, respectively. The suppression of CPD
decay is clearly observed in the initial time region
under the lower excitation power of 7.5 mW, while
the feature almost disappears and a single-exponentiallike decay of the CPD is observed under the higher
excitation power of 15 mW. This excitation-densitydependent behavior of the transient CPD demonstrates
the dependence of interdot spin transfer on the excited
spin density. Figures 5(a) and 5(b) also show the rateequation fit results for these circularly polarized TRPL,
with a convolution calculation of the instrumental
time-response curve of the excitation laser pulse. The
tentative suppression of CPD decay, as well as the
circularly polarized transient PL intensities can be well
expressed by tuning the interdot transfer parameter
ef f
τtr
.
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Figure 5(c) shows the excitation power dependence of the first (slower) and second (faster) components of the CPD decay time τCPD and the eﬀecef f
tive interdot spin transfer time τtr
, deduced from the
rate-equation fit of the 2D SQD states. For the lower
excitation power of 7.5 mW, we can see a large diﬀerence between the slower and faster CPD decay times of
ef f
1.30 and 0.31 ns. In this case, the fastest τtr
of 55 ps
is also obtained, which means that interdot spin transfer becomes dominant. The selective interdot transfer of minority-spin electrons from the SQDs into the
LQDs is actively induced by the moderate strength of
the spin-state filling of the LQD states, resulting in
the tentative suppression of the CPD decay. However,
the diﬀerence in the τCPD becomes smaller with the
increase of the excitation power, followed by the gradef f
ual increase of the τtr
values. This variation means
that the spin-state filling eﬀect of the LQD states becomes significant owing to the limited number of LQDs,
which can prevent the interdot transfer of minorityspin electrons from the SQDs. However, we can still
see a subtle diﬀerence in the τCPD even under the highest excitation power of 15 mW. Interdot spin transfer
among neighboring SQDs with slightly diﬀerent sizes
might also contribute to the small suppression of the
CPD decay, even after the strong spin-state filling of
the LQD states. As a whole, these results indicate
that high-density SQDs behave as the main emitters
with suppressed spin relaxation, while the low-density
LQDs with lower potentials behave as the receivers of
minority-spin electrons.
4. Conclusions
Interdot carrier and spin dynamics in a twodimensional array of high-density InGaAs SQDs
surrounding the LQDs embedded as local potential
minima were systematically studied. A delayed PL
rise for the lower-lying LQD state and a significantly
faster PL decay for the higher-lying SQD state indicate
a carrier transfer from the two-dimensionally coupled
SQDs into the LQDs. In addition, inverse carrier
tunneling from the LQDs into the SQDs was found
to be thermally induced, which is clearly characterized
by the thermal activation energy between the SQDs
and LQDs. The circularly polarized transient PL from
the SQD states shows a tentative suppression of spin
polarization decay in the initial time region, depending
on the excited spin density. This behavior can be
quantitatively understood by the selective interdot
transfer of minority-spin electrons from the SQDs into
the LQDs. These results revealed that the high-density
SQDs behave as the main emitters with suppressed
spin relaxation, while the low-density LQDs behave
as the receivers of minority-spin electrons. These
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findings provide insights for developing novel spin
functionalities into higher spin-polarized emission of
laterally coupled InGaAs QDs by properly controlling
the ratio of the sheet density of the LQDs and SQDs,
and the energy diﬀerence between these diﬀerentlysized QD states.
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