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We studied time-resolved photocarrier transport through InAs/GaAs quantum dot superlattice (QDSL) solar
cells (SCs) using time-of-flight spectroscopy with an optical probe QD structure beneath the QDSL. Carriers
optically pumped in the top p-GaAs layer were transported through the intrinsic layer, including the QDSLs,
before arriving at the probe QDs. The photoexcited carrier density significantly influenced the time-resolved
photoluminescence (PL) of the QDSLs and probe QDs. The time-resolved PL profile of the probe QDs indicated
that excitation densities in excess of 25nJ/cm2 drastically decreased the rise time, suggesting rapid carrier
transport through the QDSLs. This was also confirmed by QDSL carrier transport dynamics, for which the
PL intensity of the excited states decayed rapidly above this excitation power density, 25nJ/cm2, while the
ground state remained constant. These results demonstrate that filling the ground states of QDSLs and starting
to populate the excited state miniband accelerates carrier transport in QDSL SCs. Furthermore, according to
two-step photon absorption measurements taken with a 1.3-μm infrared laser light source, electrons play a key
role in the generation of extra photocurrent by sub-band-gap photon irradiation.
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I. INTRODUCTION

The next generation of high-conversion-efficiency solar
cells (SCs) [1], e.g., multijunction [2,3], intermediate band
(IB) [4–7], hot-carrier [8,9], and multiexciton generation
SCs [10,11] have been proposed for breaking through the
absolute conversion limit that is currently dominated by trans-
mission and thermalization of incident photon energy [12]. The
maximum conversion-efficiency limit, the so-called Shockley-
Queisser limit, is estimated to be approximately 30% under
one-sun illumination and approximately 40% under the max-
imum concentration of solar irradiance [13]. However, the
theoretical maximum conversion efficiency of IBSCs can be
as much as 48% under one-sun illumination [14]. IBSCs enable
optical upconversion, which is caused by two-step photon
absorption, i.e., cascade photoexcitation from the valence band
to the conduction band by way of the IB, which leads to a
reduction in the transmission loss of SCs [5,6].

The application of low-dimensional structures to semi-
conductor SCs has garnered much attention because of its
suitability for harnessing photon energy from the sun [4,6].
Zero-dimensional quantum dots (QDs) spatially confine car-
riers in all directions. This confinement state can be regarded
as part of the IB of the host semiconductor’s band gap [4,6].
Furthermore, when QDs are vertically stacked closely enough
to produce electronic coupling between adjacent QDs, QD
superlattices (QDSLs) are formed, and minibands appear in the
band gap [15]. Carriers can transport through the miniband,
and photoexcited electrons and holes are accelerated away
from each other in an internal electric field. This separation
of electron and hole pairs in QDSLs increases carrier lifetime,
thereby decreasing the recombination rate [16]. Obviously,
carriers in the IB with longer lifetimes have greater poten-
tial for two-step photon absorption because the oscillator
strength of the second photon absorption is proportional to
the electron density in the IB [17]. Since carriers that are
photoexcited and extracted from SCs contribute directly to

the generation of electricity under operation of photovoltaics,
these effects of QDSLs are very promising for realizing
IBSCs.

Recently, we demonstrated that miniband formation in
InAs/GaAs QDSL SCs increases extra photocarrier generation
and improves the external quantum efficiency in the sub-
band-gap region [17]. Conversely, carriers that are directly
excited in the conduction band are easily trapped into the IB,
reducing external quantum efficiency in the above-band-gap
region. Overcoming this issue requires detailed understanding
and precise control of dynamics for carriers transporting
through QDSLs, specifically, dynamics that are limited by
complicated trap and detrap processes. Various measurements
such as photoluminescence (PL), time-resolved PL, and
external quantum efficiency have been taken from photovoltaic
devices of the same QDSL as the one used in this work [16,17].
However, these methods are not direct ways of observing
carrier transport, as the signals contain complex information
about carrier dynamics. In this case, the combined analysis
of the information in various microscopic regions which are
spatially separated is highly conducive to the clarification of
the carrier transport dynamics in the QDSL SCs in terms of
time scale. Recently, Toprasertpong et al. reported carrier
time-of-flight measurements that had been taken with a
probe structure inserted into the intrinsic layer of multiple-
quantum-well SCs, in which they evaluated the carrier mobility
in the multiple-quantum wells [18–20]. This technique is
useful for studying ultrafast carrier transport dynamics on
the subnanosecond scale. In this work, we have focused on
carrier transport dynamics in InAs/GaAs QDSL SCs, as well
as state-filling effects in QDSLs during carrier trapping and
detrapping processes, using time-of-flight spectroscopy with
an optical probe structure. We investigated the excitation
power dependence of time-resolved PL of QDSLs and probe
QDs and found that there is a critical excitation power
density at which the carrier transport across the QDSLs is
accelerated.
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FIG. 1. Schematic diagram of the sample structure used in
our time-of-flight measurement, GaAs QDSL-SC with probe QDs.
Detailed structure in the undoped GaAs is shown on the right-hand
side. The nine-layer-stacked InAs/GaAs QDs and InAs QDs capped
by a strain reducing InGaAs layer were inserted into the intrinsic
region.

II. QDSL SC STRUCTURE AND EXPERIMENTAL DETAILS

Figure 1 is a schematic diagram showing the structure of
the QDSL SC sample used for the time-of-flight measurement.
An InAs/GaAs QDSL-SC with a probe structure was grown
on an n+-GaAs (001) substrate by solid-source molecular
beam epitaxy. The probe structure consisted of InAs QDs
(probe QDs) capped with a 4-nm-thick In0.2Ga0.8As layer that
was grown at 430 ◦C, which was deposited on a buffer layer
of i-GaAs(100 nm)/n-GaAs(700 nm)/n+-GaAs(150 nm) that
had been grown at 550 ◦C. The probe QDs were designed
to have a different PL emission wavelength (1190 nm
at 17 K) [21,22] than that of the QDSLs (1050 nm at
17 K) so that the spectrum could be resolved easily. After
depositing a 10-nm i-GaAs layer that had been grown at
430 ◦C on top of the probe layer, followed by a 240-nm
i-GaAs layer grown at 500 ◦C, eight-period InAs/GaAs
QDSLs on base InAs QDs were grown at 480 ◦C. The
total number of layers is nine. For the first QD layer,
the base QDs, the nominal thickness of InAs was 2.0
monolayers. Each of the subsequent eight QD layers was 1.4
monolayers thick [15]. The GaAs-spacer-layer thickness of
the stacked QDs was 4.0 nm so that they could be stacked
closely enough to maintain coupling between the electronic
states of the QDSLs along the direction of growth [15].
Afterwards, p+-GaAs(50 nm)/p-AlGaAs(30 nm)/p-GaAs
(150 nm)/i-GaAs(104 nm) layers were deposited on
the QDSLs. The growth was performed in an As2-flux
environment, at a beam-equivalent pressure of 1.33 × 10−3 Pa.
By design, the internal electric field strength was
28 kV/cm [16]. The sample was measured under short
circuit condition to prevent alteration of the internal electric
field by photoexcited carriers.

Continuous-wave PL was measured at 17 K to confirm the
validity of the sample’s spectral resolution. A laser diode with
a 659-nm wavelength was used as the excitation light source.
The PL signal was dispersed by a 30-cm single monochromator
and detected by a liquid-nitrogen-cooled InGaAs-diode array.

Time-resolved PL was performed at 4 K with a near-infrared
(IR) streak-camera system having a temporal resolution of
approximately 20 ps. It is noted that, at temperatures less
than approximately 20 K, the miniband does not form in the

ground state (GS) of the QDSLs. When the energy states
of the stacked QDs inhomogeneously distribute within the
homogeneous energy width, they can be coupled to each
other and form the miniband [15]. A typical homogeneous
broadening of the GS has been reported to be less than
0.1 meV at low temperature [23], which is extremely smaller
than the inhomogeneous broadening of approximately 35 meV.
Therefore, complete electronic coupling over the eight stacked
QDs hardly occurs at the low temperature and, therefore,
the GS miniband is not formed. The GS miniband starts
to form if temperature rises above ∼40 K [15]. Conversely,
the homogeneous linewidth of the excited state (ES) is more
than one order of magnitude larger than that of the GS [24].
Therefore, the ES easily results in miniband formation, even at
low temperatures [17]. The excitation light used in our time-
of-flight measurements was a pulse laser with a wavelength
of 420 nm and a repetition rate of 80 MHz. The laser-spot
diameter was 0.4 mm. The source of the pulse-light generation
was a mode-locked Ti:sapphire pulse laser with a wavelength
of 840 nm. A beta barium borate crystal was used to generate
the second harmonic wavelength of the original light source,
providing the excitation wavelength of 420 nm. Time of flight
under IR irradiation was measured with a continuous-wave
IR laser-light source (1300 nm) with a spot diameter of
approximately 0.1 mm.

Figure 2 illustrates schematically the carrier transport
dynamics in QDSL SCs that have a probe structure: (i) Carriers
are selectively excited only in the top p-GaAs layer, according
to both the thickness of the p-GaAs layer (150 nm) and the
penetration depth of the excitation wavelength (approximately
30 nm). (ii) After photoexcited carriers reach the intrinsic
region by diffusion, electrons are driven by the internal electric
field and then arrive at the QDSLs, where they are repeatedly

1190 nm
Valence 

band 

Conduction 
band

p ni

QDSL
Probe QD

(i)
(ii)

(iii)

250 nm

420 nm
1050 nm

IB

Base QD

FIG. 2. Carrier transport dynamics in QDSL SCs that have a
probe structure. The main three steps of our time-of-flight measure-
ment are (i) carriers are selectively excited only in the top p-GaAs
layer according to both the thickness of the p-GaAs layer (150 nm)
and the penetration depth of the excitation wavelength (approximately
30 nm). (ii) After photoexcited carriers reach the intrinsic region by
diffusion, electrons are driven by the internal electric field and then
arrive at the QDSLs, where they are repeatedly trapped and detrapped.
Holes also penetrate towards the n side by diffusion. A portion of the
carriers recombine in the QDSLs. (iii) Other carriers can escape from
the QDSL region and reach the probe QDs, where they recombine
and emit photons.
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FIG. 3. PL spectrum of a QDSL SC with probe QDs at 17 K.
QDSLs and probe QDs have peak emission wavelengths of 1050 and
1190 nm, respectively.

trapped and detrapped. Holes also penetrate towards the n side
by diffusion. The portions of the carriers recombine in the
QDSLs. (iii) Other carriers can escape from the QDSL region
and reach the probe QDs, where they would recombine and
emit photons.

By comparing the emission signals from the QDSLs and
the probe QDs, carrier transport dynamics in the QDSLs can
be analyzed precisely. First, the time-resolved PL profile of the
probe QDs enables us to evaluate carrier transport time through
the QDSLs. Second, the emission intensity of the probe QDs
directly reflects the density of carriers that pass through the
QDSLs and reach the probe QDs. Third, the temporal PL
spectrum of the QDSLs shows the carrier transport dynamics
inside the QDSLs.

III. RESULTS AND DISCUSSION

A. Time-of-flight spectroscopy of probe QDs

Figure 3 shows the PL spectrum of a QDSL SC with probe
QDs measured at 17 K. QDSLs and probe QDs have peak
emission wavelengths of 1050 and 1190 nm, respectively.
Their wavelengths are designed to be spectrally resolved for
time-of-flight measurement. The PL intensity of probe QDs
is stronger than that of QDSLs at 1 mW. This is because
the InGaAs cap on probe QDs serves as an effective carrier
collection site.

FIG. 4. Typical streak-camera images of (a) QDSLs and (b) probe
QDs with excitation power density of 40 nJ/cm2 at 4 K.
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FIG. 5. Time-resolved PL profiles of (a) QDSLs and (b) probe
QDs at various excitation power densities at 4 K. The zero delay
time corresponds to the threshold of the increase in the QDSLs’
PL intensity. The time-resolved PL profiles were recorded to within
λ0 ± 3 nm of the time-resolved PL spectrum, where λ0 is the peak
PL wavelength of the signal, and the time scale for magnification
ranges from 0 to 2.0 ns. The arrows in both figures at each excitation
power density indicate the time at which PL begins to decay. Solid
lines in Fig. 5(b) indicate simulated results based on a model taking
into account diffusion current and drift current for electrons and holes
influenced by multiple trap and detrap processes in QDSLs.

Figures 4(a) and 4(b) show typical streak-camera images
of QDSLs and probe QDs at 4K. The injected excitation
power density per pulse was 40nJ/cm2. We proceed with the
observation by analyzing these streak-camera images obtained
by time-resolved PL at different excitation power densities.

Figures 5(a) and 5(b) show the time-resolved PL profiles
of QDSLs and probe QDs with various excitation densities at
4 K. The zero delay time corresponds to the threshold of the
increase in the QDSLs’ PL intensity. At this temperature, all
thermal effects are negligible. The time-resolved PL profiles
were recorded to within λ0 ± 3 nm of the streak-camera image,
where λ0 is the peak PL wavelength of the signal, and the time
scale for magnification ranges from 0 to 2.0 ns. As can be
seen in Fig. 5(a), the time-resolved PL profile of the QDSLs
differs only slightly with respect to excitation power density,
while that of probe QDs changes with increasing excitation
power density (indicated by the arrows). The slight change
in the peak PL time of QDSLs is due to a thermalization
process that occurs in the nonresonant excitation with some
excess energy [25]. Conversely, in the case of probe QDs, by
increasing the excitation power density from 10 to 40nJ/cm2,
the time at which the PL begins to decay, indicated by the arrow
in Fig. 5(b), decreases dramatically. The excitation power
density dependence of the delay time indicating the maximum
of a hump developed in the decay curves of probe QDs is shown
in Fig. 6(a). Before reaching the excitation power density
of 25nJ/cm2, the time delay is pronounced, suggesting that
carriers arrive later. Further increase in the excitation power
density causes a quick rise in the PL intensity. This implies that

195313-3



T. TANIBUCHI et al. PHYSICAL REVIEW B 94, 195313 (2016)

FIG. 6. Excitation power density dependences of (a) delay time
indicating the maximum of a hump developed in the decay curves,
(b) PL decay lifetime, and (c) PL peak intensity for probe QDs at 4 K.
The dotted lines represent the critical point. The scales of both axes in
(c) are logarithmic. The low- and high-excitation regions have linear
and superlinear slopes, respectively. The dashed line is a linear plot
for a guide to the eye. The inset figure shows the linear relationship
of the excitation power density dependence.

a sort of triggering effect occurs in carrier transport dynamics.
Such carrier transport dynamics has also influenced the PL
decay time of the probe QDs. As summarized in Fig. 6(b), the
PL decay time measured at the weak excitation power density
was approximately 1.7 ns, which slightly decreases with
increasing the excitation power density up to 25 nJ/cm2. This
slow PL decay is caused by carriers arriving later. The decay
time drastically decreases when excited above the critical point
and approaches a typical intrinsic value of approximately 1 ns
for single InAs QDs. One straightforward assumption of the
triggering effect is that rapid carrier flow across the QDSL
layer results in many more carriers reaching the probe QDs in
less time. This rapid carrier flow would be caused by the gen-
eration of a large number of carriers of high-excitation power
density filling the quantum states of the QDSLs. After these
states begin to fill with carriers that arrive sooner, later carriers
have a lower probability of trapping into QDSLs, due to Pauli
blocking. This results in rapid carrier arrival at the probe QDs.
Next, we examine the carrier transport dynamics in detail.

Figure 6(c) shows the excitation power density dependence
of the peak PL intensity for the probe QDs at 4 K. The scale of
both axes is logarithmic. Since PL intensity directly reflects the
number of carriers, a PL intensity of 10 nJ/cm2 indicates that
fewer carriers of low-excitation power density have reached
the probe QDs. We note that there is a critical point in Fig. 6;
the plot can be divided into two regions representing linear and
superlinear slopes. In the low-excitation region, the relation-
ship between excitation power density and peak PL intensity
is almost linear. As shown in the inset of Fig. 6(c), there is a
threshold for the PL peak intensity of probe QDs. The threshold
excitation power density was approximately 5 nJ/cm2. This
excitation power density corresponds to the carrier density of
1.05 × 1010 cm−2, which coincides roughly with the in-plane
QD density of approximately 1.0 × 1010 cm−2. The threshold
excitation power density corresponds to an initial carrier
consumption in QDSLs. The relationship becomes superlinear
in the high-excitation region. In addition, the coincidence of
the critical point in Fig. 6 assures the existence of a triggering
effect at 25 nJ/cm2. This drastic change in the relationship
between excitation power density and PL intensity can be
understood by careful observation of how the carriers behave
in this system. The electrons are accelerated towards the n

layer by the electric field and transported through the QDSLs,
after which they arrive at the probe QDs. In contrast, the holes
are accelerated in the direction of the surface by the internal
electric field. Carrier diffusion causes some of the holes to
move towards the QDSLs. Thus, the transport of the hole is
considered to limit the dynamics in probe QDs. To clarify the
effects of carrier transfer on the temporal evolution of PL from
the probe QDs in Fig. 5, we conducted a theoretical calculation
based on carrier dynamics in the p-i-n SC structure. Here we
took into account one-dimensional diffusion current and drift
current for electrons and holes influenced by multiple trap and
detrap processes in QDSLs. These are given by

∂n(t,x)

∂t
= −μeE

∂n(t,x)

∂x
+ De

∂2n(t,x)

∂x2
, (1)

∂p(t,x)

∂t
= μhE

∂p(t,x)

∂x
+ Dh

∂2p(t,x)

∂x2
, (2)

where n(t,x) and p(t,x) are electron and hole densities at
a time t and a position x, E is the electric field, and μe

(μh) and De (Dh) are the effective mobility and diffusion
constant of the electron (hole), respectively. Here we used
a bulk approximation taking into account trap and detrap
processes in the mobility. The diffusion constant is given
by the Einstein relation with the mobility. Furthermore, we
dealt with a thermal carrier escape rate from QDSLs, which
is proportional to e−t/τthermal . We assumed that all carriers
arriving at probe QDs are completely collected and radiatively
recombine according to

I (t) ∝
∫ t

0
n(t ′,xprobe)p(t ′,xprobe)exp

(
− t − t ′

τr

)
dt ′, (3)

where xprobe is the position of the probe QD layer and τr is the
recombination lifetime shown in Fig. 6(b). Solid lines added in
Fig. 5(b) indicate calculated results of I (t), reproducing well
the experimental curves. Here we used two sets of parameters
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TABLE I. Fitting parameters used in theoretical simulations of
time-resolved PL profiles in Fig. 5.

Slow component Fast component

μh (cm2/Vs) 0.11 0.19
μe (cm2/Vs) 2.4 4.1
τthermal (ns) 0.13 0.07

representing features of a slow transport in the linear region
and a relatively fast transport in the superlinear region. The
fitted parameters are summarized in Table I.

We used the hole mobility of 0.11 cm2/s based on the
carrier velocity estimated from the difference between two
time-resolved PL profiles of the GS transition in the base QDs
obtained at weak and strong excitation power densities. At
the strong excitation power density, the carriers can arrive at
the base QDs through the 32-nm QDSL region. Its delayed
time was approximately 1 ns, which corresponds to an average
carrier velocity of 3200 cm/s. When this carrier velocity is
divided by the internal electric field of 28 kV/cm, the hole
mobility can be roughly derived to be 0.11cm2/Vs. Detailed
time-resolved PL profiles are shown in Fig. 9 and the evaluated
result of the hole mobility is discussed later. We roughly
assumed the ratio of the electron and hole mobilities is the
same as that of bulk GaAs. The estimated hole mobility is
on the same order of magnitude as that which is derived
from the time-of-flight measurement of multiple-quantum-
well SCs [19], where carriers inevitably pass through the
quantum structure to arrive at the probe layer. According to
the calculations, the temporal evolution of the probe QD PL is
limited by hole transport and delayed carrier transport caused
by multiple trap and detrap processes in QDSLs gives rise
to the slow rise profile significantly observed in the lower-
excitation power density. The time-resolved PL profiles in the
linear region were reproduced by a superposition of the slow
and fast components. The ratio of the fast (slow) component
at 10 and 20 nJ/cm2 is 0.55 (0.45). The fast and slow decay
components can be attributed to carriers transporting through
areas without and with QDSLs, respectively. Conversely, with
increasing the excitation power density, the delayed process
is suppressed by a state filling in QDSLs. In the superlinear
region, the fast component becomes dominant with increasing
the excitation power density. The fast component increases to
0.7 at 30 nJ/cm2 and, eventually, the profile at 40 nJ/cm2 obeys
a relation given by the only fast component. The estimated
time constant of thermal carrier escape becomes short with
increasing the excitation power density. This is caused by a
rise of the quasi-Fermi level. As the number of the injected
carriers increases with increasing excitation power density,
the GS of the QDSLs begin to fill, and population of the ES
miniband accelerates carrier transport in the QDSLs. Hence the
density of electrons and holes that pass through the QDSLs
increases dramatically. The result in the superlinear region
suggests that the increasing rate is caused by nonlinear carrier
supply to probe QDs because the band profile in the event
center, QDSLs that work as the bottleneck for carrier transport,
becomes renormalized when QDSL states are filled [26].

When we simply compare the total density of the GS of
eight-period QDSLs and base QDs with the carrier density
excited by a single pulse of 10−40 nJ/cm2, the carrier density
is smaller than the GS density of 1.8 × 1011cm−2 even
at 40nJ/cm2 corresponding to 8.4 × 1010cm−2. The time-
resolved PL profile of probe QDs at 40 nJ/cm2 obeys a relation
given by the only fast rise component with the properties listed
in Table I. This fast component arises from a quick transport
through the ES minibands. The excited carrier density smaller
than the total GS density of QDSLs and base QDs suggests that
the quick transport occurs even if the GSs are not completely
filled. Such carrier transport through the ES miniband of the
QDSLs without relaxation to unfilled GSs has been observed
in our previous time-resolved PL measurements for the GS
transition of QDSLs under various internal electric fields [17].
Here we have confirmed an extended decay component arising
from spatial carrier separation in the ES miniband. The carrier
transport in the ES miniband is driven by the internal electric
field. This happens even if the GSs are not completely filled.
Above the critical excitation power density of 30 nJ/cm2, the
fast component starts increasing, which means that carrier
transport through the ES miniband begins to occur when
carriers of 6.3 × 1010cm−2 corresponding to 30 nJ/cm2 are
supplied.

B. Carrier transport dynamics in QDSLs

Figure 7(a) shows the excitation-power-dependent PL spec-
trum of QDSLs. In our earlier work regarding PL properties
of QDSLs with various stacking layer numbers [15], we
distinguished PL signals from the QDSL region consisting of
1.4-monolayer InAs, with 2.0-monolayer InAs QDs forming
the base. The PL peak appearing at 1060 nm is attributed to
the GS of the base QDs, which is labeled GS (base QDs).
Due to the large size of the base QDs, their electronic state
is isolated from that of the QDSLs that are formed above the
base QDs. The GS signal of the QDSLs is indicated by the
arrow labeled GS (QDSLs) at 1030 nm. Carrier population
increases with increasing excitation power, and then the ES
signal of the QDSLs begins to dominate, as indicated by the
arrow labeled by ES (QDSLs) at 980 nm. Time-resolved carrier
population in QDSLs was observed. Figure 7(b) shows the
time-integrated PL spectra of QDSLs, measured at excitation
densities of 10 nJ/cm2 (red line) and 40 nJ/cm2 (purple line)
at 4 K. The PL spectra were obtained by time-integrating the
streak-camera image by 0.5 ns, from 0 to 2.0 ns. The spectra at
10 nJ/cm2 are almost independent of the time delay, although
the spectra at 40 nJ/cm2 vary with changing carrier population
in the energy states of ES (QDSLs), GS (QDSLs), and GS
(base QDs). Just after the strong pulse excitation of 40 nJ/cm2,
excited carriers fill the GS (QDSLs) and GS (base QDs) and
are populated in the ES (QDSLs), as shown by the spectrum
integrated between 0 and 0.5 ns. It is noted that the ES (QDSLs)
signal at 980 nm weakens with the time delay. Conversely, the
GS (QDSLs) signal at 1030 nm increases slightly, and the GS
(base QDs) signal at 1060 nm also gradually increases with the
time delay. These temporal evolutions indicate that populated
carriers relax from ES (QDSLs) towards GS (QDSLs) and GS
(base QDs).
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FIG. 7. (a) The excitation-power-dependent PL spectrum of
QDSLs. The GS signal of the QDSLs is indicated by the arrow
labeled GS (QDSLs) at 1030 nm. The signal appearing at 1060 nm
is attributed to the GS of the base QDs, which is labeled GS (base
QDs). Carrier population increases with increasing excitation power,
and then the ES signal of the QDSLs begins to dominate, as indicated
by the arrow labeled “ES (QDSLs)” at 980 nm. (b) Time-resolved
PL spectra of QDSLs, measured at excitation power densities of
10 nJ/cm2 (red line) and 40 nJ/cm2 (purple line) at 4 K. The PL
spectra were obtained by time-integrating the streak-camera image
by 0.5 ns, from 0 to 2.0 ns.

Next, we studied detailed time-resolved PL as a function
of excitation power density. Figure 8 summarizes the results
of PL decay times that were analyzed for (a) GS (QDSLs)
at 1030 nm, (b) ES (QDSLs) at 980 nm, and (c) GS (base
QDs) at 1060 nm. In Fig. 8(a), the result for GS (QDSLs)
indicates a stable decay time of approximately 1.2 ns at any
excitation power density. Figure 8(b) shows the decay time
of the ES (QDSLs). Due to an inhomogeneous distribution of
QDSLs, the shorter-wavelength side of the inhomogeneous
PL signal from the GS (QDSLs) is also detected at the
wavelength of the ES (QDSLs). Thereby, at a weak excitation
condition of 10 nJ/cm2, the decay time approximates that
of the GS (QDSLs), at which the ES (QDSLs) does not
appear clearly. With increasing the excitation power density
up to approximately 25 nJ/cm2, the ES (QDSLs) component

FIG. 8. PL decay times that were analyzed for (a) GS (QDSLs)
at 1030 nm, (b) ES (QDSLs) at 980 nm, and (c) GS (base QDs) at
1060 nm.

showing a rapid decay caused by energy relaxation into the
GS gradually starts increasing. While filling the GS (QDSLs),
the contribution of the ES (QDSLs) PL gradually increases.
As the excitation power density continues to increase beyond
approximately 25 nJ/cm2, the PL from the ES (QDSLs) decays
much faster because carrier transport in the ES miniband of
QDSLs becomes dominant. Conversely, the decay time of the
GS (base QDs) PL increases beyond approximately 25 nJ/cm2,
which indicates that carriers arrive at the base QDs later.
These critical points coincide with the ones observed in the
results shown in Figs. 5(b) and 6. Hence Figs. 8(a)–8(c) also
illustrate the evidence that rapid carrier penetration towards
the n-layer side is caused by the state filling that results from
high-excitation power density.

Figure 9(a) compares the time-resolved PL profiles detected
at the GS (base QDs) transitions at 10 and 40nJ/cm2. The
time-resolved PL profile was integrated between 1060 and
1070 nm. The difference of the PL intensity between the two
profiles is shown in Fig. 9(b). The strong excitation causes a
slight delay in the PL rise process and, after the maximum
intensity was achieved, the slower PL decay was observed at
40 nJ/cm2. The delayed carriers arriving at the base QDs at
40 nJ/cm2 are consistent with the results in Figs. 7 and 8.
The PL-intensity difference reaches its peak at approximately
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FIG. 9. (a) Time-resolved PL profiles detected at the GS (base
QDs) transitions at 10 and 40 nJ/cm2. The time-resolved PL profile
was integrated between 1060 and 1070 nm. (b) The difference
between the two profiles in Fig. 9(a).

1 ns. This time scale can be regarded as necessary for carrier
transport through a 32-nm QDSL region, which corresponds
to an average carrier velocity of 3200 cm/s. As mentioned
above, this carrier velocity is on the same order of magnitude
as that which is derived from the time-of-flight measurement of
multiple-quantum-well SCs [19]. According to the estimated
carrier velocity and the internal electric field of 28 kV/cm, the
mobility can be roughly derived to be 0.11cm2/Vs.

Perpendicular transport across the SL structure, of course,
depends on barrier thickness. Overlapping of the wave func-
tions of carriers in the neighboring QDs causes broadening of
the energy levels and forms minibands with dispersed states.
Miniband formation of the ES plays a key role to improve
carrier transport across QDSLs despite localization of the
GS at 4 K. Besides, since the observation of PL implies a
perpendicular motion of both electrons and holes, contribution
of both the electron and hole minibands should be considered.
According to Refs. [4,27], the one-dimensional miniband
formation depends on, for example, strain distribution, QD
shape, and composition gradation (potential gradation) caused
by In segregation as well as barrier thickness. The miniband
width in the conduction band dramatically increases when
the barrier thickness is less than approximately 10 nm (see
Ref. [4]). Similar things happen in the valence band, where
the electronic states are very complicated because of state
mixing in the one-dimensional SL structure as discussed in
Refs. [15,27,28]. The miniband width in the valence band is
expected to be smaller than the one in the conduction band
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FIG. 10. (a) PL spectra of QDSLs at various IR powers. Time-
resolved PL of QDSLs (b) without and (c) with IR irradiation, 5 mW,
focusing on the ES (QDSLs) at 980 nm and the GS (base QDs) at
1060 nm. Solid lines indicate fitted single-exponential decay curves.

at the same barrier thickness because of the difference in the
effective mass. The degree of energy levels broadening into a
miniband is different for electrons and holes and influences the
carrier velocity. A smaller miniband width causes a smaller
mobility (see Refs. [29,30]). The experimentally estimated
averaged carrier velocity across QDSLs was very slow, which
is comparable to the value (Fig. 4 in Ref. [19]) estimated for
InGaAs/GaAsP multiquantum wells with a barrier thickness
of 6.2 nm. The slow carrier velocity in QDSLs is considered
to be preferentially limited by a relatively small hole miniband
width.

C. Two-step photoexcitation process

Finally, the time-of-flight measurement under an additional
IR irradiation was also taken with a continuous-wave IR
(1300 nm) laser with 10nJ/cm2 of 420-nm pulse excitation.
Figure 10(a) shows PL spectra of QDSLs at various IR powers.
The shorter-wavelength side of the PL spectrum is sliced
according to the increase in IR irradiation, suggesting that
the quasi-Fermi level decreases according to the accumulated
carrier density in QDSLs. We also analyzed the time-resolved
PL of QDSLs with and without IR irradiation, focusing on the
ES (QDSLs) at 980 nm and the GS (base QDs) at 1060 nm. The
time-resolved PL profiles from the streak-camera image are
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displayed by wavelength in Figs. 10(b) and 10(c). Figure 10(b)
shows that the time-resolved PL profiles measured without
IR irradiation are almost the same as those shown in Fig. 8,
while Fig. 10(c) illustrates an obvious difference between
time-resolved PL profiles given the presence of IR irradiation.
At 980 nm, decay with IR irradiation increases faster than
without. Conversely, the decay time at 1060 nm becomes
slower with IR irradiation. According to fitting the curves
indicated in Fig. 10(c), the decay times at ES (QDSLs) are 1.13
and 0.97 ns for without and with IR irradiation, respectively.
On the other hands, the decay times at GS (base QDs) are 1.24
and 1.65 ns for without and with IR irradiation, respectively.
When we expose the QDSLs to IR radiation, the electrons in
the GS (QDSLs) are pumped out towards the conduction band,
and the electrons in the ES (QDSLs) quickly relax to the GS
(QDSLs). Consequently, the PL intensity of the ES (QDSLs)
decays rapidly. The excited electrons drift with the internal
electric field and are supplied to base QDs, whose delayed
carrier supply from QDSLs causes the slow PL decay of the
GS (base QDs). On the other hand, if holes are dominantly
excited by the IR laser, excited holes are going to drift towards
the p side, so that the PL decay time of the GS (base QDs)
becomes shorter than one without IR irradiation. These results
prove that IR irradiation prompts excitation of electrons that
have accumulated in the GS (QDSLs) [17] and inhibits the
contribution of holes in the two-step photon absorption.

IV. SUMMARY

We have systematically studied time-resolved photocarrier
transport through InAs/GaAs QDSL-SCs, using time-of-flight
spectroscopy with an optical probe QD structure beneath
the QDSL. Photoexcited carriers pumped in the top p-GaAs
layer are transported through the intrinsic layer, including
the QDSLs, and arrive at the probe QDs. The time-resolved

profiles of QDSLs and probe QDs suggest a triggering effect in
carrier transport dynamics. Above the excitation power density
(25nJ/cm2), the time-resolved PL profile of probe QDs clearly
decreases in rise time, reflecting rapid carrier transport across
the QDSLs. We confirmed that this rapid carrier transport
influences the carrier transport dynamics across the QDSLs.
These results demonstrate that high-excitation power density
leads to the state filling of the GS (QDSLs), which in turn leads
to advantageous conditions for carrier transport in QDSL SCs.
We estimated an averaged carrier velocity across the QDSL
region according to the difference profile of PL-decay curves
at different excitation densities. Furthermore, during two-step
photon absorption measurements using a 1.3-μm IR laser
light source, intraband electron excitation to the conduction
band was clearly observed in terms of time scale. When we
shone the IR light on the QDSLs, the electrons in the GS
(QDSLs) were pumped out towards the conduction band, and
electrons in the ES (QDSLs) quickly relaxed into the GS
(QDSLs). According to these results, we have demonstrated
the strong potential of time-of-flight measurement for studying
the microscopic carrier transport dynamics in terms of time
scale and, furthermore, optimizing the operation condition
such as solar radiation density realizing an ideal IBSC
operation.
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