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Photon up-conversion processes are considered beneficial for energy-conversion devices. The recently
proposed two-step photon up-conversion (TPU) solar-cell design employs an intermediate level with a
high electron occupation probability. To understand the device physics, a quantitative evaluation of the
different current-generation and loss mechanisms is required. In the present work, we use a TPU solar cell
containing an InAs/GaAs quantum-dot layer located 10 nm in front of an Aly3Gag;As/GaAs heteroint-
erface. We study the relation between the photocurrent (PC), radiative recombination, and nonradiative
recombination as a function of the bias voltage. The radiative interband recombination is evaluated by
integrating the photoluminescence (PL) over the range from 1000 to 1300 nm. The magnitudes of the PC
and PL signals generated via interband excitation of the GaAs layer depend on the bias voltage; a higher
forward bias reduces the PC and increases the PL intensity. We verify that, under additional infrared
light illumination at 1319 nm, which induces intraband transitions, the PC density increases while the PL
intensity significantly decreases. This PC enhancement exhibits a maximum at —0.6 V, which reflects the

optimum internal electric field strength for maximizing the TPU efficiency.

DOI: 10.1103/PhysRevApplied.14.014010

I. INTRODUCTION

The realization and large-scale implementation of solar
cells (SCs) with high conversion efficiencies is expected to
play an important role in resolving global energy and envi-
ronmental issues [1—7]. The conventional single-junction
SC design implies unavoidable losses such as thermaliza-
tion losses (via hot-carrier relaxation) and transmission
losses [8]. Consequently, the theoretical upper limit of
the conversion efficiency of a single-junction SC is well
below unity: 33% under 1 sun and 41% under maximum
sunlight concentration [8—10]. To surpass this fundamen-
tal limitation of the single-junction SC, improved device
concepts that allow us to significantly reduce the trans-
mission (thermalization) loss by harvesting low-energy
(high-energy) photons in solar radiation have to be consid-
ered [8]. While the multijunction solar-cell design achieves
significantly higher efficiencies [7], the loss caused by
transmission of sub-band-gap photons is still present. In
1997, it was shown that additional absorption via an
intermediate level located in the energy gap between the
conduction band (CB) and the valence band (VB) of a
semiconductor can lead to a high conversion efficiency
owing to a higher photocurrent (PC) [11]. The theoreti-
cal conversion efficiency calculated in the framework of
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the detailed-balanced model for an ideal single-junction
SC including one intermediate band (IB) is 47% under
1 sun and 63% under maximum sunlight concentration
[10,11]. These high efficiencies are a result of considering
an efficient two-step photon up-conversion (TPU) pro-
cess; by absorbing a sub-band-gap photon, which would
be transmitted in the case of a conventional SC, an elec-
tron is pumped from the VB to the IB, and upon absorbing
another sub-band-gap photon, the electron is pumped to the
CB[12].

To obtain an efficient intraband transition from the IB
to the CB in a SC exposed to sunlight, the IB is usually
implemented in the form of a three-dimensionally confined
system such as one composed of quantum dots (QDs) or
impurities [13—17]. QDs have been widely used because
their growth is highly controllable [18—20]. However, elec-
trons that have been excited to the CB (via either TPU or
direct excitation) relax easily to the IB and then quickly
recombine with holes in the VB. This relaxation results
in low effective TPU efficiencies and gives rise to a drop
in the output voltage [6,21]. Moreover, a relatively strong
intraband transition is essential in order to approach the
ideal conversion efficiency [22], but this requires a long
electron lifetime in the IB [6,23]. New design concepts
may enable the realization of higher TPU efficiencies.

We have recently proposed a so-called TPU-SC,
which utilizes a heterointerface comprising a wide-gap

© 2020 American Physical Society
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semiconductor (WGS) and a narrow-gap semiconduc-
tor (NGS) in the intrinsic region of an n-i-p junction
[24-26]. Here, electrons that have been photogenerated
(via direct excitation) in the NGS drift toward the het-
erointerface and accumulate due to the potential barrier
formed by the CB offset. As the electrons are spatially
separated from the photogenerated holes by the internal
electric field, this design achieves a long electron lifetime.
In this device, the electrons accumulated at the interface
are transferred to the CB of the Aly3Gag;As barrier as
a result of two factors: intraband transitions induced by
absorption of infrared (IR) photons, and drift due to the
electric field at the interface. We note that QDs are impor-
tant for relaxation of the optical selection rule for the
intraband transition [27,28], and we have demonstrated
a remarkable IR-induced enhancement of the PC and of
the open-circuit voltage in a TPU-SC with an InAs/GaAs
QD layer immediately in front of an Aly3;Gag;As/GaAs
heterointerface [24,25]. For further development of the
TPU-SC, a detailed analysis of the connections between
the different carrier extraction mechanisms and recombi-
nation mechanisms at the heterointerface during device
operation is indispensable.

In the work presented here, we investigate the PC gen-
erated by the TPU process and the photoluminescence
(PL) at the Aly3Gag;As/GaAs heterointerface of a TPU-
SC device with a QD layer near the heterointerface. The
data are measured as a function of the bias voltage, and
we discuss the efficiencies of carrier collection, radiative
recombination, and nonradiative recombination. The PC
density increases under additional IR illumination, and, at
the same time, the total PL intensity in the range from 1000
to 1300 nm decreases. This observation reveals a recipro-
cal relation between the intraband transition and interband
recombination. A detailed analysis of the results elucidates
how the carrier collection efficiency depends on the bias
voltage and IR illumination.

II. EXPERIMENT

A. Structure of the TPU-SC device

The TPU-SC used in this study is grown on a p*-
GaAs(001) substrate by solid-source molecular-beam epi-
taxy. The TPU-SC comprises an n-i-p junction structure,
where the central intrinsic part is an Aly3Gag;As/GaAs
heterostructure with an InAs/GaAs QD layer located 10 nm
in front of the heterointerface. Figure 1 shows the band
structure of the TPU-SC, obtained by a theoretical sim-
ulation without considering the InAs QDs [29]. The CB
and VB offsets at the heterointerface are 0.23 and 0.17 €V,
respectively. The estimated electric field in the 7 layer is
10.5 kV/em.

First, a 150-nm-thick p-GaAs (Be 2.0 x 10'° /cm?) layer
is grown on a 400-nm-thick p*-GaAs (Be 1.0 x 10" /cm?)
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FIG. 1. Band diagram calculated for a TPU-SC without InAs

QDs for a bias voltage of 0 V. In the actual SC device, an
InAs/GaAs QD layer with a thickness equivalent to 2.1 mono-
layers (ML) is inserted 10 nm in front of the heterointerface.

buffer layer at a substrate temperature of 550 °C. Sub-
sequently, a 1400-nm-thick intrinsic region is fabricated,
which comprises a 1140-nm-thick NGS region based on
GaAs, an InAs QD layer, a GaAs capping layer with a
thickness of 10 nm, and a WGS region (Aly3Gag7As,
250 nm). The nominal thickness of the InAs layer is
0.64 nm (2.1 monolayers). The typical height and width of
the QDs, formed by the Stranski-Krastanov growth mode,
are 3 and 20 nm, respectively, and the QD density is
approximately 1.0 x 10'° /cm? [18]. The substrate temper-
ature before the growth of the InAs QDs is 550 °C. The
InAs QDs and the GaAs capping layer are grown at 490 °C.
On top of this intrinsic structure, an n-Aly3Gag7As (Si
1.0 x 10'7 /em?) layer, an n*-Aly3Gag;As (Si 2.5 x 107
/em?) layer, an n*-AlygGagrAs (Si 2.5 x 10" /cm?)
window layer, and a final 200-nm-thick n"-GaAs (Si:
2.5x 10" /cm?®) layer are grown. The beam-equivalent
pressures of the As, flux during the GaAs and (AlGa)As
growth sequences is 1.5 x 1073 Pa. For the current mea-
surements, metal Au/Au-Ge and Au/Au-Zn electrodes are
deposited on the top and bottom surfaces, respectively.
Finally, the n"-GaAs layer on the surface is removed by
etching except for the electrode region.

B. External quantum efficiency (EQE)

Measurements of the EQE are performed under short-
circuit conditions at room temperature. For the excitation,
white light generated by a tungsten halogen lamp is passed
through a 140-mm single monochromator and modulated
at 800 Hz by an optical chopper. The integrated power
density of the excitation beam obtained is approximately
2 mW/cm? and exhibits a wavelength dependence. The PC
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is detected by a current amplifier and a lock-in amplifier
synchronized with the optical chopper. We also measure
the change in the EQE induced by additional irradiation
with IR light (the EQE and the change in the EQE are
denoted hereafter by np and Ang, respectively). The IR
light is generated by a continuous-wave laser diode (LD)
with a wavelength of 1300 nm. The excitation power
density of the 1300-nm IR light is 170 mW/cm?.

C. Simultaneous measurements of PC and PL at
various bias voltages

To investigate the details of the carrier collection and
recombination processes occurring at the heterointerface,
we perform simultaneous measurements of the total PC
and the total PL intensity in the wavelength region from
1000 to 1300 nm under bias conditions ranging from —2 to
1 V. This wavelength region covers the PL from InAs QDs.
The radiative recombination process occurs dominantly in
the InAs QDs. Here, we use two lasers: a continuous-wave
LD with a wavelength of 784 nm (1.58 eV) for the inter-
band excitation and a solid-state laser with a wavelength of
1319 nm (0.94 eV) for the intraband excitation (excitation
to the Alp3Gag;As CB). Each type of excitation light is
guided to the TPU-SC by an optical fiber. The excitation
power densities for the interband and intraband excita-
tion are 0.70 and 1.85 W/cm?, respectively. The PL signal
emitted from the TPU-SC is first dispersed by a single
monochromator and then detected by an (InGa)As diode
array. The PC is detected by a source meter (Keithley). All
measurements are conducted at room temperature.

ITI. RESULTS AND DISCUSSION

A. External-quantum-efficiency spectra

Figures 2(a) and 2(b) show the spectra of the EQE,
no, and its change, Ang, respectively, under short-circuit
conditions. The blue curve in Fig. 2(a) is obtained with-
out additional IR irradiation. Two clear absorption edges
appear at 685 and 875 nm, which correspond to the band
gaps of Alg3Gap7As and GaAs, respectively. The fea-
ture at 915 nm is assigned to the InAs wetting layer.
When the Aly3Gag7As layer is directly excited, the pho-
togenerated electrons and holes drift in opposite directions
and are collected at the corresponding electrodes. On the
other hand, photons with wavelengths longer than 685 nm
pass through the Aly3Gag7As and can generate carriers in
the GaAs via interband excitation (if the photon energy
is sufficiently high). Because these directly excited elec-
trons are partially blocked by the Aly3Gag;As barrier at
the heterointerface, a drop in the 5o signal is observed
in Fig. 2(a) for wavelengths larger than 685 nm. The
red line in Fig. 2(a) shows the curve obtained with addi-
tional IR irradiation at 1300 nm. This IR light cannot
cause any interband transitions, as the photon energy is
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FIG. 2. (a) Room-temperature EQE spectra (7o) under short-

circuit conditions with and without additional IR irradiation
(1300 nm), shown by red and blue curves, respectively. (b)
Change in EQE spectrum (A7) obtained by subtracting the blue
curve in (a) from the red curve in (a).

lower than the lowest interband transition energy (that
is, the lowest excited state of an InAs QD, at approxi-
mately 1.05 eV). Instead, the additional IR light pumps
electrons at the heterointerface above the Aly3Gag7As bar-
rier via an intraband excitation process, and therefore the
absorption edge at 685 nm disappears. This is a typical
feature of the TPU-SC; electrons that have accumulated
at the heterointerface and reached a high density are effi-
ciently pumped above the barrier by absorbing low-energy
photons. The efficiency of this process is confirmed in
Fig. 2(b): the value of Any in the wavelength range from
700 to 860 nm is approximately 15%. Note that this value
is smaller than the approximately 30% reported in our
previous work [24]. This is explained by the fact that
the magnitude of Angp depends strongly on the excitation
power density used to induce the interband transitions [24],
that is, Ang decreases significantly as the excitation power
density increases.

B. Bias-voltage dependence of PC and PL

Figure 3 shows PL spectra measured under short-circuit
conditions. Here, interband transitions are induced by the
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FIG. 3. Room-temperature PL spectra obtained from the

device under short-circuit conditions. The blue curve is obtained
under excitation with 748-nm light, and the red curve under
simultaneous excitation with 748-nm light and IR light at
1319 nm.

784-nm light. The red and blue curves indicate the spec-
tra obtained with and without the additional IR irradiation
(at 1319 nm), respectively. As the Aly3Gag;As layers
are transparent to the 784-nm light, this light directly
excites the GaAs. The electrons generated in the GaAs drift
toward the n-layer side, but are partially blocked by the
Aly3Gag7As barrier and can induce PL in the QDs after
the electrons have relaxed from the GaAs CB to QD states.
The PL peak at 1185 nm and the small sideband peak at
1120 nm correspond to the lowest excited state and the
second lowest excited state, respectively, in the InAs QDs.
When the additional IR light irradiates the TPU-SC, the PL
intensity decreases obviously, indicating that the IR light
activates electrons from these InAs QD levels. As the IR
photon energy is larger than the energy offset with respect
to the upper CB edge of the barrier, the electron density
at the heterointerface decreases as a result of carrier acti-
vation and extraction via the internal electric field. The
influence of the electric field is evaluated in the following.

Figure 4(a) compares the bias-voltage dependences of
the PC density and the PL intensity integrated from 1000
to 1300 nm, which corresponds to the region contain-
ing confined states in the InAs layer. The internal electric
field increases as the bias voltage becomes more negative,
resulting in a large PC density and a low PL intensity at
a reverse bias of —2 V. In the forward-bias region, the PC
exhibits a remarkable decrease at voltages above 0.58 V.
Here, the carrier recombination rate at the heterointerface
is very high, and also the PL intensity increases dra-
matically. This is the typical reciprocal relation observed
between PC and PL [30-35]. Furthermore, by comparing
the red and blue curves in Fig. 4(a), we find that, for all
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FIG. 4. (a) Integrated PL intensity (integration range
1000—1300 nm) and PC density as a function of the bias voltage.
The red curves represent data obtained using 784-nm light and
IR light at 1319 nm. The blue curves indicate the case of irradi-
ation with 784-nm light only. (b) Bias-voltage dependences of
J, + klpp, measured with and without IR irradiation. J, and klp.
are the PC density and the evaluated radiative-recombination
current density, respectively. (c) Bias-voltage dependences of the
change in the radiative-recombination current density, k Alpp,
and the increase in the PC density caused by TPU, AJ,.

voltages, the PC increases when the additional IR illumi-
nation is applied, while the radiative recombination rate
decreases as a result of the above-mentioned lower electron
density at the interface.

C. Reciprocal relation between PC and PL

The correlation of the PC and the PL intensity in the case
of interband excitation via 784-nm light is discussed using
the following equation:

qNin = J, (V) + Read(V) + Rue(V), (1)

where Ni, is the absorbed photon flux per unit cross
section, g is the elementary charge, J,(V) is the PC
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density as a function of the bias voltage V' (the dark
current is not contained in this term), R.q(V) is the
radiative-recombination current density, and R, (V) is
the nonradiative-recombination current density. The terms
Jp(V), Raa(V), and Ry, (V) are expressed in units of charge
current per area, e.g., mA/cm’. Here, we introduce a
voltage-independent proportionality factor & that allows us
to express Rpq(V) in Eq. (1) in terms of the PL intensity:
Riaq(V) = klpL (V), where Ip (V) is the voltage-dependent
integrated PL intensity shown in Fig. 4(a). Obviously,
Jp (V) + kIpL. (V) + Ry (V) is constant as long as the exci-
tation density is not changed. In Eq. (1), we use a value of
qun of 190 mA/cm?, which is calculated by using the exci-
tation power density, the photoreflection of 784-nm light
at the SC surface, the absorption coefficient of GaAs (the
NGS), and the thickness of the NGS layer. Furthermore,
Eq. (1) holds even in the case of additional IR irradiation,
because the IR light does not affect NVy,. If we assume that
all electrons that have been excited by the IR light are col-
lected at a bias of —2 'V, then the IR-induced change in the
PC at -2 V, AJ,(—2 V), equals the IR-induced change
in the PL intensity, k£ Alpp (—2 V). Here, we assume that
the IR irradiation does not change R, (—2 V), because of
the strong electric field of approximately 24 kV/cm. Thus,
we can evaluate k and calculate J, (V) + klpL (V) at other
bias voltages. The results are shown in Fig. 4(b). We find
that the values of J, + k/lp;. observed with and without IR
irradiation coincide over the whole measurement range.
Starting from —2 V, J, + klpp, decreases only slightly as
the bias voltage becomes more positive up to 0.58 V,
according to the well-known behavior of a p-n junction
[10], and then exhibits a rapid decrease according to the
bias dependence of the nonradiative recombination rate.
The slight decrease in J, + klpp is caused by an increase
in Ry (V). Conversely, an IR-induced change in Ry, (V) is
not confirmed, because J, + kfp. is not affected by the IR
irradiation.

Figure 4(c) shows the bias-voltage dependences of AJ,
and k Alpr. Near a bias voltage of —0.6 V, AJ, exhibits
a gentle peak, which is considered to be a result of the
trade-off relationship between extraction of carriers after
TPU (by the electric field) and tunneling of carriers at the
heterointerface: while a higher internal electric field facil-
itates extraction of electrons excited by the additional IR
light (leading to an increase in AJ,), a very strong elec-
tric field also induces tunneling at the heterointerface. The
latter process reduces the electron density at the heteroint-
erface independently of the IR light, and thus reduces AJ,.
While AJ, exhibits a gentle peak near —0.6 V, the k Alp.
signal exhibits a corresponding gentle dip. Note that /py.
exhibits a monotonic increase in the same bias-voltage
region in Fig. 4(a). The different behaviors of /p;, and Alpg
are attributed to the fact that Ipp is affected by both the
electron and the hole densities, while Alp is affected only
by the electron density, as explained in the following. In

general, the PL intensity of an InAs QD is proportional to
the product of the electron and hole densities in the QD.
In the TPU-SC, the occupation probabilities of the lowest
excited states in the InAs QDs are very high due to the
electron barrier at the heterointerface, even under forward-
bias conditions. On the other hand, the hole density in the
InAs QDs is strongly affected by the bias voltage. There-
fore, the bias-voltage dependence of Alpr, which reflects
the change in the electron density upon IR illumination, is
less pronounced than that of /py .

D. Evaluation of absolute carrier collection efficiency

Figures 5(a) and 5(b) summarize the ratios of the dif-
ferent types of current loss (radiative and nonradiative
recombination) and carrier extraction mechanisms (TPU,
thermal activation, and tunneling) with and without the
additional IR irradiation. The purple area indicates the
fraction corresponding to thermal escape and tunneling.
Therefore, the carrier collection efficiency of the device
without IR irradiation follows the border between the pur-
ple and green areas in Fig. 5(a). The blue area in Fig. 5(b)
corresponds to the PC enhancement caused by TPU [AJ,
in Fig. 4(c)]. Hence, the carrier collection efficiency of the
device under additional IR illumination follows the border
between the blue and green areas. The green and orange
areas indicate the radiative and nonradiative recombina-
tion, respectively. Here, the internal quantum efficiency,
given by the ratio of R;,q(0 V) to the sum of R.,q(0 V),
Ry (0 V), and J, (0 V), is 25%. This value is higher than the
efficiency of 8.8% estimated from the temperature depen-
dence of the PL intensity shown in Fig. 4 of Ref. [24]. The
difference is caused by the excitation intensity. The excita-
tion power density in Fig. 4 of Ref. [24] was 2.1 mW/cm?,
while that in the present study is 700 mW/cm?. It is noted
that the nonradiative component is overestimated because
we do not take into account the weak PL from the InAs
wetting layer and the GaAs in our analysis. Within the
accuracy of our assumptions, we find that 7% of the pho-
togenerated carriers in the GaAs are collected via TPU in
our device at —0.6 V. As AJ, is generated by adiabatic
excitation in the TPU process, it is expected that the out-
put voltage will be boosted [36]. Figure 5(c) compares the
voltage increase AV that is induced by the TPU process
and the IR-induced AJ, as a function of the bias voltage.
When we choose a more negative bias voltage, we obtain
a higher AV. The positive voltage change AV is explained
by the adiabatic intraband excitation at the heterointerface
of the TPU-SC; the accumulated electrons are transferred
to the CB of the Aly3Gag7As barrier by absorbing IR pho-
tons and subsequently drifting due to the electric field at
the interface. We also find that the onset bias voltages for
AV and AJ, are almost the same (near 0.8 V). The change
in AV near the onset is gentler, which is consistent with the
differences observed between the current-voltage curves
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FIG. 5. (a),(b) Carrier collection efficiency of the TPU-SC (a)
without and (b) with additional IR irradiation. The contribu-
tions of the different types of current loss and current extraction
mechanisms are indicated by the colored areas. (c) Bias-voltage
dependence of voltage increase AV caused by the additional IR
irradiation, and of AJ,.

measured with and without IR irradiation, as shown in our
previous publication [24]. At strong reverse bias voltages,
both AV and AJ, start to decrease, because the electron
density at the heterointerface decreases.

The excitation power densities of 0.70 W/cm? (for
interband excitation) and 1.85 W/cm? (for intraband exci-
tation) used in this experiment correspond to 17 and 84
suns, respectively. The fraction of the generated electrons
accounted for by the short-circuit TPU PC, AJ,(0 V), in
Fig. 5(b) is 6.5% under these excitation conditions. In

this experiment, the suns-equivalent value of the intraband
excitation is stronger than that of the interband excitation.
If both the suns-equivalent values are 17, the fraction cor-
responding to AJ, (0 V) can be roughly estimated as 2.0%
if the relationship between AJ,(0 V) and the intraband
excitation intensity Peyr, AJ, (0 V) PeXJRO'73 [see Fig.
7(b) of Ref. [24]], applies. Furthermore, if we use the data
shown in Fig. 1(a) of Ref. [25], the fraction correspond-
ing to AJ, (0 V) under 1-sun illumination is expected to be
4.5%.

IV. CONCLUSION

We investigate carrier collection and recombination pro-
cesses at the heterointerface in a TPU-SC. To characterize
radiative recombination, the PL is integrated over the range
from 1000 to 1300 nm. The magnitudes of the PC and
PL signals generated via interband excitation of the GaAs
layer depend on the bias voltage, and we confirm a recip-
rocal relation between the PC (corresponding to intraband
transitions) and the PL (corresponding to interband transi-
tions). Our data show that the PC density increases and the
PL intensity decreases when the solar cell is illuminated
with additional IR light. We find that nonradiative recom-
bination becomes significant above bias voltages of 0.58 V.
In addition, the IR-induced change in the PC (PL) exhibits
a gentle peak (dip) around —0.6 V, because of the trade-off
relationship between enhanced electron extraction after IR
absorption at the interface and a decrease in the electron
density at the interface due to tunneling at large reverse
bias voltages. We also confirm that the IR-induced change
in the PL is not affected by the hole density at the heteroin-
terface. Finally, we quantitatively evaluate the fractions
of the generated electrons that are extracted as photocur-
rent, are lost via radiative recombination, and are lost via
nonradiative recombination. This enables an assessment of
the TPU efficiency within the accuracy of the assumptions
employed (that is, negligible nonradiative losses at —2 V).
For a bias of —0.6 V, 7% of the photogenerated carriers in
GaAs are collected via TPU.

ACKNOWLEDGMENTS

The authors would like to thank Professor Yoshitaka
Okada of the University of Tokyo and Dr. Yasushi Shoji of
The National Institute of Advanced Industrial Science and
Technology (AIST) for device fabrication. This work was
partially supported by the Japan Society for the Promotion
of Science (JSPS) KAKENHI, Grants No. 18K18862, No.
18KK0145, No. 19H00768, and No. 18H05952.

[17 A. De Vos, Detailed balance limit of the efficiency of
tandem solar cells, J. Phys. D: Appl. Phys. 13, 839 (1980).

014010-6


https://doi.org/10.1088/0022-3727/13/5/018

RECIPROCAL RELATION BETWEEN INTRABAND ...

PHYS. REV. APPLIED 14, 014010 (2020)

[2] N. Ekins-Daukes, Strained and strain-balanced quantum
well devices for high-efficiency tandem solar cells, Sol.
Energy Mater. Sol. Cells 68, 71 (2001).

[3] R. T. Ross and A. J. Nozik, Efficiency of hot-carrier solar
energy converters, J. Appl. Phys. 53, 3813 (1982).

[4] M. A. Green, Third generation photovoltaics: Ultra-high
conversion efficiency at low cost, Prog. Photovolt.: Res.
Appl. 9, 123 (2001).

[5] M. A. Green, K. Emery, Y. Hishikawa, W. Warta, E. D.
Dunlop, D. H. Levi, and A. W. Y. Ho-Baillie, Solar cell
efficiency tables (version 49), Prog. Photovolt.: Res. Appl.
25,3 (2017).

[6] Y. Okada, N. J. Ekins-Daukes, T. Kita, R. Tamaki, M.
Yoshida, A. Pusch, O. Hess, C. C. Phillips, D. J. Farrell, K.
Yoshida, N. Ahsan, Y. Shoji, T. Sogabe, and J.-F. Guille-
moles, Intermediate band solar cells: Recent progress and
future directions, Appl. Phys. Rev. 2, 021302 (2015).

[71 R. Y. Lin, Advanced Solar Power Technology-Multiple
Junction Photovoltaics (Springer Singapore, Singapore,
2020).

[8] L. C. Hirst and N. J. Ekins-Daukes, Fundamental losses in
solar cells, Prog. Photovolt.: Res. Appl. 19, 286 (2011).

[9] W. Shockley and H. J. Queisser, Detailed balance limit of
efficiency of p-n junction solar cells, J. Appl. Phys. 32, 510
(1961).

[10] T. Kita, Y. Harada, and S. Asahi, Energy Conversion
Efficiency of Solar Cells (Springer Singapore, Singapore,
2019).

[11] A. Luque and A. Marti, Increasing the Efficiency of Ideal
Solar Cells by Photon Induced Transitions at Intermediate
Levels, Phys. Rev. Lett. 78, 5014 (1997).

[12] M. Yoshida, N. J. Ekins-Daukes, D. J. Farrell, and C. C.
Phillips, Photon ratchet intermediate band solar cells, Appl.
Phys. Lett. 100, 3 (2012).

[13] Y. Shoji, R. Tamaki, and Y. Okada, Multi-stacked
GaSb/GaAs type-Il quantum nanostructures for applica-
tion to intermediate band solar cells, AIP Adv. 7, 065305
(2017).

[14] T. Tayagaki and T. Sugaya, Type-II InP quantum dots in
wide-bandgap InGaP host for intermediate-band solar cells,
Appl. Phys. Lett. 108, 1 (2016).

[15] J. Hwang, K. Lee, A. Teran, S. Forrest, J. D. Phillips,
A. J. Martin, and J. Millunchick, Multiphoton Sub-Band-
Gap Photoconductivity and Critical Transition Temperature
in Type-II GaSb Quantum-Dot Intermediate-Band Solar
Cells, Phys. Rev. Appl. 1, 1 (2014).

[16] S.Tomié¢, Effect of Sb induced type II alignment on dynam-
ical processes in InAs/GaAs/GaAsSb quantum dots: Impli-
cation to solar cell design, Appl. Phys. Lett. 103, 072112
(2013).

[17] E. Antolin, A. Marti, J. Olea, D. Pastor, G. Gonzalez-
Diaz, I. Martil, and A. Luque, Lifetime recovery in ultra-
highly titanium-doped silicon for the implementation of an
intermediate band material, Appl. Phys. Lett. 94, 042115
(2009).

[18] A. Takahashi, T. Ueda, Y. Bessho, Y. Harada, T. Kita, E.
Taguchi, and H. Yasuda, One-dimensional miniband for-
mation in closely stacked InAs/GaAs quantum dots, Phys.
Rev. B 87, 235323 (2013).

[19] T. Kaizu, T. Matsumura, and T. Kita, Broadband control of
emission wavelength of InAs/GaAs quantum dots by GaAs
capping temperature, J. Appl. Phys. 118, 154301 (2015).

[20] K. Yamaguchi and T. Kanto, Self-assembled InAs quan-
tum dots on GaSb/GaAs(001) layers by molecular beam
epitaxy, J. Cryst. Growth 275, €2269 (2005).

[21] A. Luque, A. Marti, and C. Stanley, Understanding
intermediate-band solar cells, Nat. Photonics 6, 146 (2012).

[22] W. G. Hu, T. Inoue, O. Kojima, and T. Kita, Effects
of absorption coefficients and intermediate-band filling in
InAs/GaAs quantum dot solar cells, Appl. Phys. Lett. 97,
193106 (2010).

[23] S. Asahi, H. Teranishi, N. Kasamatsu, T. Kada, T. Kaizu,
and T. Kita, Saturable Two-step photocurrent generation
in intermediate-band solar cells including InAs quantum
dots embedded in Aly3Gag7/GaAs quantum wells, IEEE J.
Photovolt. 6, 465 (2016).

[24] S. Asahi, H. Teranishi, K. Kusaki, T. Kaizu, and T. Kita,
Two-step photon up-conversion solar cells, Nat. Commun.
8, 14962 (2017).

[25] S. Asahi and T. Kita, Reply to: “thermal artefacts in two-
photon solar cell experiments,”, Nat. Commun. 10, 956
(2019).

[26] S. Asahi, K. Kusaki, Y. Harada, and T. Kita, Increasing con-
version efficiency of two-step photon up-conversion solar
cell with a voltage booster hetero-interface, Sci. Rep. 8, 872
(2018).

[27] M. L. Bimberg and D. Grundmann, in Quantum Dot Het-
erostructures, (John Wiley & Sons, New York, 1998).

[28] P. Harrison, Quantum Wells, Wires and Dots (John Wiley
& Sons, Ltd, Chichester, UK, 2005).

[29] S. Birner, T. Zibold, T. Andlauer, T. Kubis, M. Sabathil,
A. Trellakis, and P. Vogl, Nextnano: General purpose 3-
D simulations, IEEE Trans. Electron Devices 54, 2137
(2007).

[30] U. Rau, Reciprocity relation between photovoltaic quantum
efficiency and electroluminescent emission of solar cells,
Physical Review B 76, 085303 (2007).

[31] T.Kirchartz and U. Rau, Detailed balance and reciprocity in
solar cells, Phys. Status Solidi (A): Appl. Mater. Sci. 205,
2737 (2008).

[32] T. Kirchartz, A. Helbig, W. Reetz, M. Reuter, J. H. Werner,
and U. Rau, Reciprocity between electroluminescence and
quantum efficiency used for the characterization of silicon
solar cells, Prog. Photovolt.: Res. Appl. 17, 394 (2009).

[33] K. Toprasertpong, A. Delamarre, Y. Nakano, J. F. Guille-
moles, and M. Sugiyama, Generalized Reciprocity Rela-
tions in Solar Cells with Voltage-Dependent Carrier Collec-
tion: Application to p - I - n Junction Devices, Phys. Rev.
Appl. 11, 1 (2019).

[34] T. Kirchartz, A. Helbig, and U. Rau, Note on the interpre-
tation of electroluminescence images using their spectral
information, Sol. Energy Mater. Sol. Cells 92, 1621 (2008).

[35] U. Aeberhard and U. Rau, Microscopic Perspective on Pho-
tovoltaic Reciprocity in Ultrathin Solar Cells, Phys. Rev.
Lett. 118, 247702 (2017).

[36] S. Asahi, T. Kaizu, and T. Kita, Adiabatic two-step pho-
toexcitation effects in intermediate-band solar cells with
quantum dot-in-well structure, Sci. Rep. 9, 7859 (2019).

014010-7


https://doi.org/10.1016/S0927-0248(00)00346-9
https://doi.org/10.1063/1.331124
https://doi.org/10.1002/pip.360
https://doi.org/10.1002/pip.2855
https://doi.org/10.1063/1.4916561
https://doi.org/10.1002/pip.1024
https://doi.org/10.1063/1.1736034
https://doi.org/10.1103/PhysRevLett.78.5014
https://doi.org/10.1063/1.4731277
https://doi.org/10.1063/1.4985722
https://doi.org/10.1063/1.4946761
https://doi.org/10.1103/PhysRevApplied.1.051003
https://doi.org/10.1063/1.4818762
https://doi.org/10.1063/1.3077202
https://doi.org/10.1103/PhysRevB.87.235323
https://doi.org/10.1063/1.4933182
https://doi.org/10.1016/j.jcrysgro.2004.11.363
https://doi.org/10.1038/nphoton.2012.1
https://doi.org/10.1063/1.3516468
https://doi.org/10.1109/JPHOTOV.2015.2504796
https://doi.org/10.1038/ncomms14962
https://doi.org/10.1038/s41467-019-08704-1
https://doi.org/10.1038/s41598-018-19155-x
https://doi.org/10.1109/TED.2007.902871
https://doi.org/10.1103/PhysRevB.76.085303
https://doi.org/10.1002/pssa.200880458
https://doi.org/10.1002/pip.895
https://doi.org/10.1103/PhysRevApplied.11.024029
https://doi.org/10.1016/j.solmat.2008.07.013
https://doi.org/10.1103/PhysRevLett.118.247702
https://doi.org/10.1038/s41598-019-44335-8

	I. INTRODUCTION
	II. EXPERIMENT
	A. Structure of the TPU-SC device
	B. External quantum efficiency (EQE)
	C. Simultaneous measurements of PC and PL at various bias voltages

	III. RESULTS AND DISCUSSION
	A. External-quantum-efficiency spectra
	B. Bias-voltage dependence of PC and PL
	C. Reciprocal relation between PC and PL
	D. Evaluation of absolute carrier collection efficiency

	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


