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We report the time-resolved photoluminescence spectroscopy of nanoseconds-scale hot-carrier (HC) cooling
dynamics in InAs/GaAs quantum dot superlattices (QDSLs). We demonstrate supra 1000-K time-averaged carrier
temperature in the InAs/GaAs QDSLs from one-dimensional density of states restricting the phase space and
energy-momentum conservation in the carrier scattering processes. The InAs/GaAs QDSLs HC energy dissipation
rate was much smaller than that for InAs/GaAs multiple quantum wells and nearly excitation-photon-density
independent, implying reduced efficiency of carrier-carrier scattering.
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I. INTRODUCTION

Optically excited hot carriers (HCs) in semiconductors
provide electrical and optical extraction routes for improving
the energy efficiency of solar cells (SCs) [1–5] and pho-
todetectors [6] beyond the band-gap spectral limit. Carrier
thermalization typically occurs in a few picoseconds [7,8];
therefore, an HC absorber material should reduce the carrier
cooling rate towards the radiative recombination time scale of
nanoseconds, especially for HCSCs [2,9]. Quantum structures,
such as quantum wells (QWs), quantum wires (QWRs), and
quantum dots (QDs), are promising for reducing the carrier
cooling rate [9–13]. In particular, the phonon bottleneck effect
in QDs, observed only in a narrow window of diameters
[14], induces slow electron cooling on the nanoseconds time
scale [11].

On the other hand, heat leakage to the contacts occurs
when HCs are extracted from the absorber in HCSCs. This
energy loss mechanism can be minimized by using an energy
selective contact with a narrow range of transmitted energies
[2]. Conversely, spectrally broad semiselective contacts are
compatible with an efficiency exceeding the single-junction
conversion limit (the so-called Shockley-Queisser limit)
[15]. Recently, HC photocurrent extraction in InGaAs/GaAs
QWSCs has been demonstrated at 10 K and forward bias
of 1.2 V [16]. Furthermore, the quasi-Fermi level splitting
at the barrier energy has been demonstrated to exceed the
absorption threshold of the InGaAsP QWs at 300 K, indicating
a working condition of the HCSCs [17]. These results suggest
that semiconductor heterostructures act as both HC absorbers
and energy selective contacts.

The HC cooling rate in QWRs is slower than that in QWs
[18,19], as a consequence of the restrictions of phase space and
energy-momentum conservation in the scattering processes
[20,21]. Besides, a one-dimensional QD superlattice (QDSL)
is expected to reduce the optical phonon scattering when the
miniband is narrower than the optical phonon energy [22].
The miniband width in QDSLs can be controlled by the
spacer layer thickness in between stacked QDs and by the
number of stacking layers. Recently, we have proposed an
HCSC utilizing InAs/GaAs QDSLs, and demonstrated that
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the carrier temperature in the InAs/GaAs QDSLs increases
more significantly than in QWs and bulk crystals, owing to the
one-dimensional density of states [23]. In the present paper,
we report a remarkably reduced HC energy dissipation rate in
one-dimensional InAs/GaAs QDSLs, estimated by using time-
resolved photoluminescence (PL) spectroscopy. Nanoseconds-
scale HC cooling dynamics were clearly observed in epitaxial
quantum structures. Here, it is noted that the continuum
density of states in the QDSLs are essential for discussing
the hot-carrier cooling dynamics, because the discrete density
of states in the decoupled QDs determine the carrier dynamics
only by the state filling.

II. EXPERIMENTAL

InAs/GaAs QDSLs were grown on a semi-insulating
GaAs(001) substrate by using solid-source molecular-beam
epitaxy [23–25]. After thermally cleaning the substrate, a
400-nm-thick GaAs buffer layer was grown at 550 ◦C. Nine
replicas of the InAs QD layer and the GaAs spacer layer
were alternately grown at 480 ◦C. The nominal thicknesses
of InAs and GaAs were 2.0 monolayers (MLs) and 5.2 nm,
respectively. The process was interrupted for 10 s after
growing each GaAs spacer layer. Finally, a 100-nm-thick GaAs
capping layer was deposited. The beam-equivalent pressure
of the As2 flux was 1.3 × 10−3 Pa. The GaAs spacer layer
thickness of 5 nm is sufficiently thin to couple the electronic
states along the stacking direction and to form a miniband
[24]. The QDSL density was approximately 2 × 1010 cm−2.
Conversely, at low temperatures (<∼20 K), the miniband
is not formed in the fundamental state because the energy
states within the homogeneous energy width can couple one
with another [24]. The homogeneous linewidth of the excited
state is more than one order of magnitude larger than that
of the fundamental state [26]. Therefore, the excited state
easily causes miniband formation even at low temperatures
[27]. These results suggest that the fundamental states of
the QDs are not completely coupled with each other below
∼20 K. However, it is obvious that the PL decay lifetime
in the low-temperature region below ∼20 K increases with
increasing the superlattice period [24], suggesting the exciton
wave function of the fundamental state delocalizes in the
QDSLs. Besides, the linearly polarized PL spectra of the
InAs/GaAs QDSLs used in this study show an anisotropy of

2469-9950/2016/93(11)/115303(5) 115303-1 ©2016 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.93.115303


HARADA, KASAMATSU, WATANABE, AND KITA PHYSICAL REVIEW B 93, 115303 (2016)

10
1

10
2

103

C
ar

rie
r T

em
pe

ra
tu

re
 (K

)

10
11

10
12

10
13

10
14

Excitation Photon Density (photons/cm
2
)

QDSL

MQW

(c) 3 K

N
or

m
al

iz
ed

 P
L 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

1.301.201.10
Energy (eV)

I0 = 
  1.1×10

11

  (photons/cm
2
)

10I0

100I0

1000I0

(a) QDSL

1.481.461.44
Energy (eV)

I0 = 
  1.5×10

11

  (photons/cm
2
)

10I0

100I0

1000I0

(b) MQW

FIG. 1. Excitation-photon-density dependence of the time-integrated PL spectra of the (a) InAs/GaAs QDSLs and (b) MQWs at 3 K.
The dashed black lines indicate calculated spectral line shapes for the PL spectra. (c) Time-averaged carrier temperature as a function of the
excitation photon density. The dashed line is the lower limit on the estimated carrier temperature owing to the inhomogeneous broadening in
the InAs/GaAs MQWs.

(IE//[−110] − IE//[110])/(IE//[−110] + IE//[110]) = 47% at 16 K.
This strong polarization anisotropy indicates that the electronic
states of the InAs/GaAs QDSLs are no longer those of the
decoupled QDs [25]. For these reasons, we assumed that the
fundamental state of the QDSLs has the one-dimensional
density of states even at low temperature. As a reference
sample, we grew InAs/GaAs multiple QWs (MQWs). Ten
replicas of the InAs QW layer and the GaAs spacer layer
were alternately grown. Nominal InAs and GaAs depositions
were 1.4 MLs and 10 nm, respectively. The InAs deposition
of 1.4 MLs is thinner than the critical thickness for forming
the QDs [28], and the GaAs spacer layer thickness of 10 nm
is sufficiently thick to prevent the electronic coupling between
the QWs. The process was interrupted for 10 s after growing
each QW layer, for improving the flatness of QWs.

Time-resolved PL measurements were performed at 3 and
300 K by using a mode-locked Ti:sapphire pulse laser. The
pulse duration and repetition rate were 140 fs and 80 MHz,
respectively. The excitation energies were set to 1.55 and
1.65 eV for the InAs/GaAs QDSLs and MQWs, respectively.
These excitation energies exceed the band-gap energy of
1.519 eV at 0 K in GaAs. The PL signal was detected by using a
near-infrared streak camera system (Hamamatsu, C11293-01)
for the InAs/GaAs QDSLs and by using a visible streak camera
system (Hamamatsu, C5680-14) for the InAs/GaAs MQWs.

III. RESULTS AND DISCUSSIONS

Figures 1(a) and 1(b) show the dependence of the time-
integrated PL spectra of the InAs/GaAs QDSLs and MQWs,
respectively, on the excitation-photon density, for the lattice
temperature Tl of 3 K. At high energies, the spectral slope
becomes more gradual and exhibits an obvious tail structure
towards higher energies, for both samples. This is attributed
to the HC distribution [17,23,29]. The carrier temperature
Tc in the InAs/GaAs QDSLs was estimated by fitting to the
spectral line shape, taking into account the Boltzmann factor,
the one-dimensional density of states, and inhomogeneous
broadening in the InAs/GaAs QDSLs [23]. We estimated the
inhomogeneous Gaussian linewidth to be 33 meV according

to the full width at half maximum of the PL spectrum at
4 K under the low excitation photon density of 1.1 × 1010

photons/cm2. A product of the one-dimensional density of
states and Boltzmann factor, E−1/2 × exp(−E/kBTc), was
convoluted with the Gaussian profile for the fundamental,
first-excited, and second-excited sub-band transitions. Here,
kB is the Boltzmann constant. The dashed black lines represent
the fitting results. The time-integrated PL spectrum was
satisfactorily reproduced by varying the carrier temperature
for all of the excitation photon densities. For the InAs/GaAs
MQWs, the carrier temperature was simply estimated from
the spectral slope in the high-energy region by using the
Boltzmann factor, as shown by the dashed black lines in
Fig. 1(b).

Figure 1(c) shows the time-averaged carrier temperature
as a function of the excitation photon density. The dashed
line is the lower limit on the estimated carrier temperature
owing to the inhomogeneous broadening in the InAs/GaAs
MQWs. The carrier temperature in the InAs/GaAs QDSLs
was higher than that in the InAs/GaAs MQWs, for all
of the excitation photon densities. The carrier temperature
monotonically increased with increasing the excitation photon
density, and exceeded 1000 K in the InAs/GaAs QDSLs
for the excitation photon density of ∼1014 photons/cm2.
On the other hand, the carrier temperature of ∼100 K in
the InAs/GaAs MQWs for the excitation photon density of
∼1014 photons/cm2 is comparable to the reported value for
InGaAs/GaAsP MQWs for the excitation power density on
the order of kW/cm2 and sub-barrier excitation. The high
carrier temperature in the QDSLs suggests the effects of the
one-dimensional density of states that impose the restrictions
of phase space and energy-momentum conservation in the
carrier scattering processes [18–21].

A similar fitting procedure was performed for the time-
resolved PL spectrum. Figures 2(a) and 2(b) show the HC
cooling dynamics of the InAs/GaAs QDSLs and MQWs,
respectively, for various excitation photon densities. In the
InAs/GaAs QDSLs, high carrier temperature (>1000 K)
was maintained over 1 ns following the excitation for the
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FIG. 2. HC cooling dynamics of the (a) InAs/GaAs QDSL and
(b) MQWs for various excitation photon densities at 3 K. The dashed
lines represent the calculated curves.

excitation photon density of ∼1014 photons/cm2. On the
other hand, for both the samples, the HC cooling dynamics
depended on the excitation photon density. To analyze the
HC cooling dynamics, we theoretically calculated the HC
energy dissipation rate 〈dE/dt〉 in carrier-phonon scattering
processes, by taking into account the deformation potential
scattering, piezoelectric scattering, and polar optical phonon
scattering [30]. The energy dissipation rate by polar optical
phonon scattering is predominant when Tc − Tl > ∼30 K, and
is given as [30]

〈
dE

dt

〉
po

= −P0 × exp(x0 − xc) − 1

exp(x0) − 1

× (xc/2)1/2 exp(xc/2)K0(xc/2)√
π/2

. (1)

Here, K0(x) is the modified Bessel function of zeroth
order, P0 = 3.54 × 1011 × [�ωLO(meV)]3/2 × (m∗/m0)1/2 ×
(ε−1

∞ − ε−1
s )eV/s, xc = �ωLO/kBTc, and x0 = �ωLO/kBTl. m∗

is the carrier effective mass, εs (ε∞) is the static (optical)
dielectric constant, and �ωLO is the longitudinal optical phonon
energy. Parameters were taken from Ref. [31]. The carrier
effective mass was assumed to be the electron effective mass
because the energy dissipation rate for electrons is much slower
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FIG. 3. Reduction factor of the HC energy dissipation rate,
obtained from Fig. 2 as a function of the excitation photon density.
Closed red circles and blue triangles are the results for the InAs/GaAs
QDSLs and MQWs, respectively. Green symbols are the reported
results for the GaAs bulk crystal and GaAs/AlGaAs MQWs, for
sub-barrier excitation [33].

than that for holes [32]. The HC cooling dynamics were given
by TC(t) = T0 − (C/3kB)

∫ t

0 |〈dE/dt〉|dt [30]. Here, T0 is the
initial carrier temperature and C is the phenomenological
reduction factor for the HC energy dissipation rate caused by
hot phonons, carrier-carrier scattering, and carrier screening; C
represents the extent of reduction in the HC energy dissipation
rate compared with that owing to carrier-phonon scattering
processes in the bulk crystal. On the other hand, the value of
C used in this study was the reciprocal of the energy-loss rate
reduction factor α in Ref. [33]; therefore, the net HC cooling
rate decreased with decreasing the C. The dashed lines in Fig. 2
represent the calculated curves with the fitting parameters of
the initial carrier temperature T0 and the reduction factor C.
For all excitation photon densities, the calculation correctly
captured the HC cooling dynamics.

Figure 3 summarizes the reduction factor of the HC energy
dissipation rate, obtained from Fig. 2 as a function of the vol-
ume excitation density. Closed red circles and blue triangles are
the results for the InAs/GaAs QDSLs and MQWs, respectively.
Open green symbols are the reported results for the GaAs
bulk crystal (squares) and GaAs/AlGaAs MQWs (triangles),
for sub-barrier excitation [33]. Our results for the InAs/GaAs
MQWs for the supra-barrier excitation exhibit a trend that is
similar to that for the GaAs/AlGaAs MQWs for sub-barrier
excitation. This indicates that the carrier temperature has been
correctly evaluated for supra-barrier excitation in this study.
On the other hand, the reduction factor C monotonically
decreased with increasing the excitation density, owing to
the nonequilibrium hot optical phonons [32]. We assumed in
Eq. (1) that the phonon occupation number is equal to that at
the lattice temperature. However, the nonequilibrium optical
phonon population is created with increasing the excitation
photon density, leading to the reabsorption of phonons; hence,
there is a reduction in the net energy-dissipation rate [34].
In contrast, the reduction factor in the InAs/GaAs QDSLs
is more than one order of magnitude smaller and is almost
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FIG. 4. HC cooling dynamics in the InAs/GaAs QDSLs for
various excitation photon densities at 300 K. The dashed lines
represent the calculated curves.

independent of the excitation density. Here, the reduction
factor C of 0.001 resulted in the HC energy dissipation
rate of ∼77 meV/ns at the carrier temperature of 1000 K.
The decrease in the reduction factor results from the re-
strictions of phase space and energy-momentum conservation
in the scattering processes in quasi-one-dimensional systems
[18–21]. Furthermore, the excitation-photon-density indepen-
dent reduction factor suggests the reduced efficiency of carrier-
carrier scattering [19].

Finally, we performed a measurement at room temperature
in the InAs/GaAs QDSLs. The PL spectrum was satisfactorily
captured by the calculation accounting for the Boltzmann
factor, the one-dimensional density of states, inhomogeneous
broadening of the QDSLs, and homogeneous broadening at

300 K, just by changing the carrier temperature as reported in
Ref. [23]. Figure 4 summarizes the HC cooling dynamics in the
InAs/GaAs QDSLs for various excitation photon densities at
300 K. The calculation satisfactorily captured the HC cooling
dynamics at the lattice temperature of 300 K. The reduction
factor at 300 K increased by one order of magnitude relative to
that at 3 K, ranging from 0.014 to 0.018. This indicates that hot
nonequilibrium phonons yield slow HC cooling at 3 K in the
InAs/GaAs QDSLs. Besides, the reduction factor was almost
independent of the excitation photon density even at 300 K,
suggesting the reduced efficiency of carrier-carrier scattering.

IV. SUMMARY

In conclusion, we have studied the HC cooling dy-
namics in the InAs/GaAs QDSLs by using time-resolved
PL spectroscopy. High carrier temperature (>1000 K) was
demonstrated in the InAs/GaAs QDSLs owing to the one-
dimensional density of states. According to the HC cooling
dynamics, the HC energy dissipation rate in the InAs/GaAs
MQWs decreased with increasing excitation photon density,
as previously reported. Conversely, the HC energy dissipation
rate in the InAs/GaAs QDSLs was more than one order
of magnitude smaller than that in the MQWs, resulting
from the restrictions of phase space and energy-momentum
conservation in the scattering processes. Furthermore, the HC
energy dissipation rate in the InAs/GaAs QDSLs was almost
independent of the excitation photon density, owing to the
reduced efficiency of carrier-carrier scattering.
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