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ABSTRACT

A two-step photon upconversion (TPU) solar cell is a single-junction solar cell with a suitably designed heterointerface in the intrinsic
layer. At this interface, upconversion can take place by absorbing infrared light, which excites carriers to energies above the heterojunction
barrier, and then an electric field extracts these upconverted carriers to the barrier material. In this work, we study this photoabsorption
process in a TPU solar cell with a modulation-doped structure. The modulation doping technique enables us to control the electric field at
the heterointerface, and we demonstrate that the efficiency of the TPU process strongly depends on the electric field at the heterointerface.
While we show that the TPU process induced by infrared light leads to a significant increase in the external quantum efficiency, we also
note that this TPU process is an adiabatic process. It is shown that the adiabatic intraband photoexcitation at the heterointerface is able to
increase the open-circuit voltage even above the open-circuit voltage that we predict from the diode equation and the actual current increase.
We demonstrate obvious voltage boost effects and elucidate the relationship between the current and voltage.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0058518

I. INTRODUCTION

Methods for electricity generation that use solar energy, such
as photovoltaics, have attracted much interest as they can be used
to cope with global environmental issues.1–7 There are several cost
factors for solar cells, and the solar cell conversion efficiency affects
the power-generation cost while it also controls the footprint of the
solar cell. The conversion efficiency of a solar cell is restricted
mainly by photon transmission and carrier thermalization, and the
theoretical efficiency limit that considers these two losses is approx-
imately 31% under 1 sun illumination for a single-junction solar
cell consisting of a single semiconductor.8–10 To achieve higher effi-
ciencies, it is necessary to reduce losses, for example, by combining
different semiconductors with different bandgap energies to better
match the absorption to the solar spectrum. The multi-junction
solar cell is a promising architecture that achieves the current world
record of the conversion efficiency, which is now approaching 50%.
On the other hand, such a dramatic improvement in the efficiency
is, in principle, also possible by using a single junction structure
that contains a so-called intermediate band (IB) located at an

appropriate energy level between the valence band (VB) maximum
and the conduction band (CB) minimum of the host material. In
this IB solar cell (IBSC) architecture,11 conventional transitions
occur from the VB to the CB and, simultaneously, the IB enables
absorption of below-gap photons corresponding to transitions from
the VB to the IB (interband transition) and from the IB to the CB
(intraband transition). Such a cascaded two-step photoexcitation
via the IB can achieve an adiabatic upconversion, which produces
additional photocurrent with a marginal reduction of the output
voltage in the ideal case.11 The conversion efficiency of an ideal
IBSC predicted by using the detailed balance model is 46.8% under
1 sun. This increase from the 18.5% at an output voltage of 1.98 V
that would be provided by the host material if no IB was present is
accompanied by a voltage reduction of 0.25 V.10,11

However, in many reported IBSC designs,12–17 the intraband
transition from the IB to the CB is very weak because of three
factors: a weak oscillator strength that arises from the optical selection
rule, a low electron density in the IB state due to the presence of fast
recombination processes, and a low density of states of the IB.12–14
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Moreover, a part of the excited electrons in the CB quickly relaxes to
the IB,18 and the electrons in the IB can also be thermally activated
to the CB. To improve the effect of the two-step photon upconver-
sion (TPU) process, the photon ratchet IBSC has recently been pro-
posed.19 In the photon ratchet IBSC, electrons that have been excited
to the IB are quickly transferred to a so-called ratchet band, which is
not radiatively coupled with the VB and thus the electrons in the
ratchet band have a long lifetime. In contrast to the IBSC, the initial
state for the second excitation step to the CB is not the IB but the
ratchet band.

We have recently proposed the so-called TPU solar cell
(TPU-SC) architecture,20–24 which is one practical example of
implementing the ratchet concept. By using the detailed balance
model, we estimated that the maximum conversion efficiency of
the TPU-SC is 46.8% under 1 sun illumination at an output voltage
of 1.73 V.21 The TPU-SC is a single-junction solar cell with a heter-
ointerface in the intrinsic layer. High-energy photons are absorbed
in the wide-gap semiconductor (WGS) of the heterojunction, and
photons with energies below the bandgap energy of the WGS are
transmitted and can induce interband transitions in the narrow-gap
semiconductor (NGS) of the heterojunction. The ratchet effect, i.e.,
the suppression of the recombination between excited electrons
and holes in the VB, is achieved by the electric field in the intrinsic
region: the electrons in the NGS CB drift to the heterointerface
while the holes drift to the opposite direction. The electrons that
have reached the interface are pumped upward to the WGS CB by
absorbing additional below-gap photons; this is the intraband tran-
sition. The physics of GaAs/AlGaAs heterojunctions regarding use
in photovoltaic cells has been investigated for a long time.25–30

High-efficiency solar cells with low surface recombination velocities
have been realized by using heterojunction structures as windows
and back-surface field layers.25–27 Furthermore, the generation of
high-energy photons at such heterointerfaces with a large barrier
has been extensively studied.28–30 The TPU-SC concept is basically
an extension of this phenomenon to realize an IBSC.

TPU can occur at a heterointerface because the accumulated
electrons can be optically excited above the barrier in the CB.31

However, we need to consider that the intraband transition of elec-
trons in an ideal two-dimensional structure is forbidden for light at
normal incidence.32 Therefore, in our TPU-SC devices, an InAs QD
layer is inserted at the heterointerface. The finite thickness of the
accumulation layer relaxes the selection rule, and thus the InAs QDs
are considered to enhance the TPU efficiency. It is well known that
the electronic wavefunctions in QDs are quantized in all three
dimensions, and light can induce intraband transitions irrespective
of the polarization direction.33 The electrons at the heterointerface
obey the selection rule modified by the QDs and can be efficiently
pumped into the CB of the barrier by infrared (IR) light.

An important feature is that the adiabatic intraband photoex-
citation by additional IR light can also increase the voltage of a
TPU-SC; we previously observed an IR-induced enhancement in
both the photovoltage and the external quantum efficiency (EQE)
in a TPU-SC based on a GaAs/Al0.3Ga0.7As heterojunction.20 In
principle, this voltage boost effect due to TPU at the heterointerface
can increase the open-circuit voltage of a TPU-SC even above the
voltage corresponding to the NGS bandgap. Because the introduc-
tion of the WGS barrier necessarily reduces the photocurrent, a

significant TPU-induced voltage boost, which improves the
quasi-Fermi level separation, is important to exceed the ideal con-
version efficiency of the single-junction solar cell. Furthermore, an
additional enhancement in the photocurrent at reverse bias voltages
has been found, which indicates that the photocurrent is influenced
by the carrier extraction properties of upconverted electrons at the
heterointerface.23 In this work, we studied the effect of the electric
field at the heterointerface on the TPU process in TPU-SCs.
We prepared four samples with different local electric fields con-
trolled by modulation doping in Al0.3Ga0.7As. We confirmed that
the additional intraband excitation at the heterointerface due to IR
light results in a dramatically improved EQE at room temperature.
Furthermore, we measured the IR-induced changes in the short-
circuit current and open-circuit voltage. Based on the difference
between the experimentally observed changes and the theoretical
changes calculated using the current–voltage (J–V) relationship and
a local ideality factor, we found that the photocurrent increase due
to the adiabatic photoexcitation process also boosts the voltage.

II. EXPERIMENT

A. Modulation-doped TPU-SCs

We fabricated three types of TPU-SCs and an additional refer-
ence TPU-SC without modulation doping. These TPU-SCs employ
an n–i–p single-junction structure where the heterointerface of the
Al0.3Ga0.7As/GaAs heterojunction lies in the intrinsic layer. Here,
Al0.3Ga0.7As and GaAs correspond to the WGS and NGS materials,
respectively. The difference between the samples was the degree of
modulation doping in the Al0.3Ga0.7As layer. Table I summarizes
the growth details of the four TPU-SCs. A brief description of the
device fabrication is provided below.

Each TPU-SC was fabricated on a p+-GaAs (001) substrate by
solid-source molecular beam epitaxy. First, a 150-nm-thick p-GaAs
(Be: 2.0 × 1018/cm3) layer was grown on a p+-GaAs (Be: 1.0 × 1019/cm3)
buffer layer with a thickness of 400 nm at a substrate temperature
of 550 °C. Then, we deposited the intrinsic region consisting of a
1140-nm-thick i-GaAs, an InAs QD layer, and a GaAs capping
layer with 10 nm thickness. The nominal thickness of the InAs
layer was 0.64 nm (2.1 monolayers), which is thick enough to
induce QD formation via the Stranski–Krastanov growth mode.
The QDs had a typical height and width of 3 and 20 nm,
respectively, and the QD density was approximately
1.0 × 1010 cm−2.34 The substrate temperature before the InAs QD
growth was 550 °C. The InAs QDs and the GaAs capping layer
were grown at 490 °C. Subsequently, for the modulation-doped
structure, first, an i-Al0.3Ga0.7As layer and then an
n-Al0.3Ga0.7As layer were grown on the GaAs capping layer at
500 °C. The total thickness of this Al0.3Ga0.7As region was
250 nm and each device was prepared with a different thickness
of the n-Al0.3Ga0.7As layer (Table I; 0, 120, 180, and 240 nm).
Finally, a 150-nm-thick n-Al0.3Ga0.7As (Si: 1.0 × 1017 cm−3)
layer, a 30-nm-thick n+-Al0.3Ga0.7As (Si: 2.5 × 1017 cm−3), and a
contact layer (n+-GaAs with a Si doping concentration of
2.5 × 1018 cm−3 and a thickness of 50 nm) were grown at 500 °C.
To perform the J–V measurements, electrodes were deposited on
the top and bottom surfaces (we used metal contacts consisting
of Au/Au–Ge and Au/Au–Zn, respectively). For the top
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electrode, we used a comb pattern in which the spacing between
the 0.25-mm-thick grid fingers is 0.45 mm. The dimensions of
the final devices were 4.0 × 3.8 mm2.

Figures 1(a) and 1(b) show the approximate band structures
and the electric field distributions in the region around the hetero-
interface, respectively. These curves were obtained by theoretical
simulations of the four devices without considering the InAs QDs.
We employed the software nextnano3, and we used the default
values in the nextnano3 material database.35,36 The default values
of the material parameters are those listed in Ref. 37. The electric
field strengths at the heterointerface lie in the range from 11.0 to
32.2 kV/cm, and it can be confirmed that the electric field at the
heterointerface increases with the modulation doping concentra-
tion. Therefore, we expect that the carrier extraction efficiency of
upconverted electrons can be improved by selecting a suitable
modulation-doped structure.

B. External quantum efficiency measurements

To investigate the photocurrent generation efficiency, we mea-
sured the EQE under short-circuit conditions at room temperature.
For the measurement of the EQE spectrum, light of a tungsten
halogen lamp was passed through a 140-mm single monochroma-
tor and chopped by an optical chopper with a frequency of 800 Hz
to enable photocurrent detection using a lock-in technique.
The monochromatic excitation light intensity varied with wave-
length (we confirmed a variation in the range of 17–32 μW/cm2,
and the total power density of the tungsten halogen lamp in the
wavelength range of 640–1100 nm was approximately 4 mW/cm2).
We also characterized the change in the EQE spectrum that is
induced by additional IR light irradiation from a continuous-wave
(cw) laser at a wavelength of 1319 nm. The beam diameter of this
light at 1319 nm was 1.2 mm, and the excitation power density was
90 mW/cm2. Note that the wavelength of the IR light is too long to
induce interband transitions in GaAs. The measured EQE and the
change in the EQE due to additional IR-light irradiation are
denoted by ηQ and ΔηQ, respectively. The effect of the IR light is
briefly discussed below.

When the Al0.3Ga0.7As layer is excited, the photogenerated
electrons and holes are simply collected at their corresponding elec-
trodes. On the other hand, photons whose energy is lower than the
bandgap of Al0.3Ga0.7As, predominantly generate electrons and
holes in the intrinsic GaAs layer. While the holes drift toward the
p-layer of GaAs, the electrons drift toward the opposite side.
However, these electrons are partially obstructed by the CB offset at
the heterointerface. The electrons that have reached the interface
can be pumped upward into the Al0.3Ga0.7As barrier by absorbing
low-energy photons such as those provided by the IR excitation
source.

C. IR-induced changes in the current–voltage
characteristics

To elucidate the effects of the electric field at the heterointer-
face, we also measured the IR-induced changes in the J–V charac-
teristics as functions of the interband and intraband excitation
power densities. In these measurements, a cw Ti:sapphire laser with
a wavelength of 800 nm was used for the interband excitation in
GaAs. The cw IR laser with a wavelength of 1319 nm was used to
pump electrons accumulated at the heterointerface upward to the
Al0.3Ga0.7As barrier. This corresponds to the intraband excitation.
The beam diameter of the Ti:sapphire laser was about 1.1 mm. To
identify the different contributions, we define ΔJSC and ΔVOC as
the changes in the short-circuit current and the open-circuit
voltage that occur when the IR light irradiates the sample in addi-
tion to the 800-nm light, respectively. First, we measured the ΔJSC
and ΔVOC values as a function of the interband excitation power
density in the case of a constant IR excitation power density of
500 mW/cm2. The interband excitation power density was changed
from 0.02 to 500 mW/cm2. Next, we fixed the interband excitation
power density at 0.5 mW/cm2 and measured the ΔJSC and ΔVOC

values of the moderately modulation-doped TPU-SC as a function
of the intraband excitation power density. The latter was changed
from 4 to 1000 mW/cm2. The photocurrent and photovoltage were
detected using a source measure unit (Keithley SourceMeter 2400).
All measurements were conducted at room temperature.

TABLE I. Details of the TPU-SC structures grown by molecular beam epitaxy. The predicted electric field strengths at the heterointerface are provided in the first row. The
reference TPU-SC (with an electric field of 11.0 kV/cm) was prepared without modulation doping. The other three devices are modulation-doped TPU-SCs.

TPU-SC with 11.0 kV/cm TPU-SC with 123 kV/cm TPU-SC with 16.6 kV/cm TPU-SC with 322 kV/cm

Thickness
(nm)

Carrier
concentration

(cm−3)
Thickness
(nm)

Carrier
concentration

(cm−3)
Thickness
(nm)

Carrier
concentration

(cm−3)
Thickness
(nm)

Carrier
concentration

(cm−3)

n+−GaAs 50 2.5 × 1018 50 2.5 × 1018 50 2.5 × 1018 50 2.5 × 1018

n+−A10.3Ga0.7As 30 2.5 × 1017 30 2.5 × 1017 30 2.5 × l017 30 2.5 × 1017

n-A10.3Ga07As 150 1.0 × 1017 150 1.0 × 1017 150 1.0 × 1017 150 1.0 × 1017

n-A10.3Ga07As … … 120 1.0 × 1016 180 1.5 × 1016 240 3.0 × 1016

i-A10.3Ga0.7As 250 … 130 … 70 … 10 …
InAs-QD layer InAs: 0.64 nm (2.1 ML), GaAs capping layer thickness: 10 nm
i-GaAs 1140 … 1140 … 1140 … 1140 …
p-GaAs 150 2.0 × 1018 150 2.0 × 1018 150 2.0 × 1018 150 2.0 × 1018

p+-GaAs 400 1.0 × 1019 400 1.0 × 1019 400 1.0 × 1019 400 1.0 × 1019
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III. RESULTS AND DISCUSSION

A. External quantum efficiency spectra

Figure 2(a) shows the EQE spectra of the four TPU-SCs under
short-circuit conditions. The solid curve was obtained using both
the monochromatic light and the additional IR light for excitation.
The black dashed curve was obtained without the additional IR
light. In this latter curve, two clear absorption edges appear at 685
and 875 nm, which correspond to the bandgaps of Al0.3Ga0.7As
and GaAs, respectively. The small feature at 915 nm is assigned to
the InAs wetting layer. The EQE for the direct excitation of
Al0.3Ga0.7As is relatively high because almost all photogenerated

electrons and holes are collected by the corresponding electrodes.
The photons with wavelengths between 685 and 875 nm generate
carriers in GaAs via interband excitation. The drop in the EQE
signal intensity in this wavelength range is attributed to the fact
that the directly excited electrons in GaAs (which drift toward the
front contact) are partially blocked by the Al0.3Ga0.7As barrier. We
consider that these electrons overcome the barrier via thermal exci-
tation. Tunneling is only important for the sample with an electric
field of 32.2 kV/cm at the heterointerface. On the other hand, the
solid curves do not exhibit an absorption edge at 685 nm. The
absorption edge at 685 nm disappears because the IR light pumps
the accumulated electrons at the heterointerface upward to the
Al0.3Ga0.7As barrier. Note that there is almost no difference

FIG. 1. (a) Band diagrams calculated for the TPU-SCs at a bias voltage of 0 V.
These calculations do not take the InAs QDs into account, but in the actual
devices, InAs/GaAs QD layers with a thickness equivalent to 2.1 monolayers
are inserted 10 nm in front of the heterointerface. (b) Electric field distributions
derived from (a) in the vicinity of the heterointerface. The electric field strengths
at the heterointerface are indicated in the figure.

FIG. 2. (a) EQE spectra obtained from the four TPU-SCs under short-circuit
conditions with (solid curves) and without (broken black curves) additional
IR-light irradiation. The EQE measurements were conducted at room tempera-
ture. (b) IR-induced changes in the EQE (ΔηQ). The ΔηQ values describe the
difference between the EQE obtained with additional IR irradiation (1319 nm)
and the EQE obtained without the IR light.
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between the EQE spectra with and without IR for the sample with
32.2 kV/cm at the heterointerface. This is attributed to the fact that
the electrons can overcome the barrier efficiently by tunneling.

Figure 2(b) summarizes the IR-induced changes in the EQE
spectra of the four TPS-SCs. These spectra were obtained by sub-
tracting the EQE obtained without IR light from the EQE obtained
with IR light for each device. ΔηQ of the reference TPU-SC (elec-
tric field at the heterointerface: 11.0 kV/cm) is approximately 20%
in the wavelength range from 700 to 870 nm. For the TPU-SCs
with electric fields of 12.5 and 16.6 kV/cm at the heterointerface,
the ΔηQ values increase up to ≈38% and ≈45%, respectively. This
increase in ΔηQ by a factor of about 2 is explained by a better
carrier separation and a better electron extraction at the interface:
The modulation doping realizes a more efficient electron–hole sep-
aration in GaAs and thus higher electron densities can be realized
at the heterointerface. As the intraband transition probability is
proportional to the electron density of the initial state of the transi-
tion, a denser accumulation of electrons causes a more efficient
intraband transition from the initial state to the final state above
the CB edge of Al0.3Ga0.7As. Additionally, the modulation doping
increases the electric field at the heterointerface, as shown in
Fig. 1(b). The stronger electric field increases the yield of the extrac-
tion of the upconverted electrons from the final state of the intra-
band transition to the Al0.3Ga0.7As barrier. However, we also note
that the TPU-SC with an electric field of 32.2 kV/cm exhibits a
considerably lower ΔηQ. This reduction in ΔηQ indicates
that a too strong electric field can give rise to severe tunneling
escape of electrons at the heterointerface. Therefore, the density
of the accumulated electrons at the interface decreases, which
implies that ΔηQ decreases while ηQ increases as shown in
Fig. 3(a). According to these observations, 16.6 kV/cm is con-
sidered to be close to the optimum electric field for this type of
TPU-SC.

B. Interband excitation power dependences of ΔJSC
and ΔVOC

Next, we studied the changes in the short-circuit current and
open-circuit voltage caused by the TPU process as a function of the
interband excitation power density Pinter. Figure 3(a) shows the
Pinter dependences of the ΔJSC values obtained from the TPU-SCs
with electric fields of 11.0, 16.6, and 32.2 kV/cm. To understand
the significance of these curves for devices, the excitation power
density is also provided in terms of equivalent suns with respect to
the device structure (indicated in the upper horizontal axis): in our
case, 1 sun corresponds to 20 mW/cm2 for the interband excitation,
since this is equivalent to the photon flux of the AM1.5G spectrum
in the wavelength range from 685 (Al0.3Ga0.7As bandgap energy) to
875 nm (GaAs bandgap energy). For the data in Fig. 3(a), the intra-
band excitation power density was fixed at 500 mW/cm2, which
corresponds to 18.5 suns. Here, 1 sun corresponds to 27 mW/cm2

for the intraband excitation power density, since this is equivalent
to the photon flux of the AM1.5G spectrum within the range 875–
4000 nm. Note that the upper horizontal axis is only provided to
clarify why the excitation intensities used in this work are consid-
ered to be relevant to devices. On the other hand, one should bear
in mind that our excitation conditions differ from the actual

operation under AM1.5G illumination, which is as broad spectrum
ranging from the ultraviolet to the mid-IR region. Since a broad-
band illumination may have a significant effect, the presented
photocurrent- and photovoltage-increases induced by the intraband
excitation may differ from the values under AM1.5G illumination.

In Fig. 3(a), we see that, in all samples, ΔJSC increases with
Pinter and exhibits a sub-linear dependence on Pinter. In other
words, the exponent of the power law for ΔJSC of the TPU-SC
with 16.6 kV/cm is 0.78, while ΔJSC trends of the TPU-SCs with
11.0 and 32.2 kV/cm have smaller exponents. To interpret this
result, we need to consider that the electron density at the heteroin-
terface increases with Pinter and that an increasing negative charge
at the interface weakens the electric field at the heterointerface.
A weaker electric field leads to an increase in the hole density at the
heterointerface and, therefore, the electron–hole recombination rate
increases, leading to a sub-linear dependence of ΔJSC on Pinter.

24

FIG. 3. (a) Interband-excitation power dependences of the IR-induced enhance-
ment in the short-circuit current, ΔJSC. The data of the TPU-SCs with electric
fields of 11.0 (the reference cell), 16.6, and 32.2 kV/cm at the heterointerface
are shown. (b) Interband-excitation power density dependences of the
IR-induced open-circuit voltage improvements (ΔVOC) for the same samples as
in (a). The intraband excitation power density was fixed at 500 mW/cm2. The
indicated electric field strengths correspond to the values at the heterointerface.
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ΔJSC of the TPU-SC with 16.6 kV/cm is larger than that of
the reference TPU-SC because of the higher electron density at the
interface and the better extraction efficiency of upconverted electrons
as mentioned in the explanation of the EQE data. Furthermore, the
TPU-SC with 32.2 kV/cm shows a low ΔJSC resulting from the tun-
neling leakage of electrons at strong electric fields.

Figure 3(b) shows the Pinter dependences of ΔVOC for the
three TPU-SCs investigated in Fig. 3(a). Each curve exhibits a
peak at a certain interband excitation intensity Pinter. We find
that the TPU-SC with 16.6 kV/cm has a higher ΔVOC than the
reference cell, and its ΔVOC peak appears at a power density
that is higher than Pinter for the ΔVOC peak of the reference
TPU-SC. Obviously, the TPU-SC with 32.2 kV/cm shows a
low ΔVOC.

We consider that the carrier extraction in the adiabatic TPU
process at the heterointerface leads to an increase in the output
voltage. In other words, compared to thermal excitation and
tunneling, this IR-induced transport of electrons to the
Al0.3Ga0.7As layer induces a split between the quasi-Fermi-levels
of the electrons in the Al0.3Ga0.7As and GaAs layers. Figure 3(b)
evidences that ΔVOC increases with the interband excitation
power density and exhibits a pronounced maximum at certain
interband excitation intensity Pinter. To better understand the
significance of these data, we compare the experimentally
observed ΔVOC with the theoretical ΔV 0

OC calculated from the
measured VOC, short-circuit current (JSC), and ΔJSC. We use the
following equation, which is derived from the detailed balance
model for a single-junction solar cell in the case of two-color
excitation (see Appendixes A and B):

ΔV 0
OC ¼ m

kbT
q

ln
ΔJSC

JSC þ J0
þ 1

� �
, (1)

where kb is the Boltzmann constant, T is the temperature of
the solar cell, q is the elementary charge, J0 is the reverse satu-
ration current density, and m is the local ideality factor.38 For
J0, we used the dark current density obtained at the reverse bias
voltage where saturation occurs (and not the value corresponding to
breakdown). For the estimation of m, we measured the voltage
dependence of the dark current in the forward-bias region.39 The
dark J–V curves and the ideality factors are shown in Figs. 4(a) and
4(b), respectively. Theoretically, the diode ideality factor can assume
values in the range 1–2.40 However, in actual devices, factors larger
than 2 can be observed due to unexpected losses, such as shunt and
series resistances, and carrier trapping,41–45 and even factors of up to
6.5 have been reported.46–48 To evaluate the voltage boost, we
employed Eq. (1) and considered the local ideality factor, which
includes these above-mentioned unexpected losses. Figure 4(c) com-
pares the experimentally observed ΔVOC (closed circles) with the cal-
culated ΔV 0

OC values (dotted curves) for the TPU-SCs with 16.6 and
11.0 kV/cm. Both ΔV 0

OC curves exhibit peaks, similar to the experi-
mental results. The presence of these peaks can be explained using
Eq. (1): At low interband excitation power densities, JSC is much
smaller than J0, and the denominator in the logarithm is governed
by J0, resulting in an increase in ΔV 0

OC with increasing ΔJSC. At

FIG. 4. (a) Dark I–V curves and (b) local ideality factors for the TPU-SCs with
electric field strengths of 11.0, 16.6, and 32.2 kV/cm at the heterointerface. (c)
The experimentally obtained ΔVOC values are indicated by the closed circles,
which are the same as in Fig. 3(b). The gray and black broken curves show the
theoretical ΔV 0

OC values calculated from the observed JSC and ΔJSC values,
and the local ideality factors for the TPU-SCs with 11.0 and 16.6 kV/cm, respec-
tively. The diode ideality factors as a function of the interband excitation power
density were calculated by using the relationship between the diode ideality
factor and VOC obtained without IR-light irradiation.
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high interband excitation power densities, JSC becomes much larger
than J0, and the denominator in the logarithm is governed by JSC,
which has a linear relationship with Pinter.

24 The linear relationship
of JSC and the sub-linear relationship of ΔJSC shown in Fig. 3(a)
lead to a decrease in ΔV 0

OC with Pinter.
Regarding the data in Fig. 4(c), it is important to note that the

experimentally observed voltage increase exceeds the open-circuit
voltage calculated from Eq. (1) and the local ideality factor. This
deviation from the prediction is attributed to a voltage boost effect
occurring at the heterointerface, i.e., the additional irradiation with
IR light splits the quasi-Fermi levels at the heterointerface by the
adiabatic TPU process.

We consider that the local ideality factors are a result of the
device processing, which needs to be improved in future.
For example, compared to theoretically estimated ΔV 0

OC (broken
curves), a significant ΔVOC (solid circles) can be confirmed in the

whole excitation range for the TPU-SC with 11.0 kV/cm, which
exhibits a relatively low local ideality factor. These results suggest
that an optimized electric field and optimized device processing
can realize further improvements in the voltage boost effect.

C. Intraband-excitation power dependences of ΔJSC
and ΔVOC

The intraband-excitation power dependences of ΔJSC and
ΔVOC for the TPU-SC with 16.6 kV/cm are shown in Figs. 5(a)
and 5(b), respectively. In these measurements, we fixed Pinter at
0.5 mW/cm2, which is the excitation power density where the peak
of ΔVOC was observed in Fig. 4(c).

In Fig. 5(a), we can confirm that ΔJSC obeys a sub-linear rela-
tionship, because a stronger IR light can excite a larger fraction of
the accumulated electrons, and thus the current improvement tends
to saturate. When Pinter is increased, the resulting increase in the
electron density pushes this saturation level up.

Figure 5(b) shows the dependence of ΔVOC on the intraband
excitation power density. The ΔV 0

OC calculated using Eq. (1)
is indicated by the solid curve. For this calculation, we used
VOC ¼ 110 mV and m ¼ 3:0. We find that ΔVOC monotonically
increases, which indicates that the adiabatic TPU process can be
enhanced with the intraband excitation power density. The
observed ΔVOC surpasses the calculated ΔV 0

OC in the entire mea-
surement range, suggesting that this is a voltage boost effect caused
by the TPU process.

IV. CONCLUSION

We have discussed the intraband absorption and carrier extrac-
tion process at the heterointerface in a TPU-SC. To study these pro-
cesses, we used modulation doping to prepare devices with different
electric field strengths and investigated their TPU properties. The
change in the EQE, ΔηQ, exhibited a maximum for the TPU-SC
with an electric field of 16.6 kV/cm and the obtained ΔηQ was more
than two times larger than that of the TPU-SC without modulation
doping. The IR-induced short-circuit current increase, ΔJSC, of this
modulation-doped TPU-SC monotonically increased with the inter-
band and intraband excitation power densities. ΔVOC of this device
exhibited its maximum at a relatively low interband excitation power
density and the peak value was larger than that of the TPU-SC
without modulation doping. We observed a voltage boost effect due
to the TPU process, that is, the actually observed IR-induced open-
circuit voltage increase (ΔVOC) is larger than the theoretical
ΔV 0

OC calculated from the measured short-circuit current (ΔJSC)
and the local ideality factor, m. We have explained that this
voltage boost effect is a result of the split of quasi-Fermi levels at
the heterointerface by the adiabatic TPU process. Moreover, this
ΔVOC monotonically increased with the intraband excitation
power density. The observed increase in JSC and VOC indicates
that controlling the electric field at the heterointerface can
improve the carrier extraction of upconverted electrons, and an
optimum electric field (achieved, for example, by modulation
doping) is essential for a highly efficient TPU process.

FIG. 5. The intraband-excitation power density dependences of (a) ΔJSC and
(b) ΔVOC of the modulation-doped TPU-SC with an electric field of 16.6 kV/cm
at the heterointerface. The experimental ΔVOC values are indicated by the
purple dots, and the theoretical ΔV 0

OC calculated from the observed JSC and
ΔJSC is shown by the black curve. The ideality factor is constant because the
interband excitation power density is constant. The interband excitation power
density was 0.5 mW/cm2, which corresponds to the ΔVOC peak position in
Fig. 4(b).
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APPENDIX A: DERIVATION OF THE EQUATION OF ΔV0
OC

To estimate the IR-induced voltage increase that can be
expected from the current increase, ΔV 0

OC, we used the equation
that describes VOC of a conventional single-junction solar cell

VOC ¼ m
kbT
q

ln
JSC
J0

þ 1

� �
, (A1)

where kb is the Boltzmann constant, T is the temperature of the
solar cell, q is the elementary charge, J0 is the reverse saturation
current density, and m is the local ideality factor. The open-circuit
voltage under a two-color photoexcitation condition can be divided
into the open-circuit voltage due to single-color excitation,
VOC,single and the open-circuit voltage change due to the addi-
tional IR irradiation, ΔV 0

OC. Similarly, JSC can be divided into
JSC,single and IR-induced ΔJSC,

ΔV 0
OC ¼ m

kbT
q

ln
JSC þ ΔJSC

J0
þ 1

� �
�m

kbT
q

ln
JSC
J0

þ 1

� �

¼ m
kbT
q

ln
ΔJSC

JSC þ J0
þ 1

� �
: (A2)

APPENDIX B: J–V CHARACTERISTICS

Figure 6 shows the J–V characteristic of the TPU-SC with an
electric field of 16.6 kV/cm under 1 sun AM1.5G illumination and
that in the dark. The obtained values of JSC, VOC, and η were
12 mA/cm2, 0.76 V, and 5.1%, respectively. The efficiency is smaller
than the value predicted by the detailed balance model,9 showing
that the further improvement of the device fabrication is required.
Figure 7 also shows the J–V characteristic of the TPU-SC with the
electric field of 16.6 kV/cm under the irradiation of the 800-nm
laser with the power density of 807 mW/cm2. Typical values of JSC
and VOC were 76 mA/cm2 and 0.73 V, respectively. The photocur-
rent under AM1.5G illumination shown in Fig. 6 exhibits almost
constant in the voltage region less than ∼0.35 V. In contrast to the
J–V curve line shape in Fig. 6, photocurrent under the irradiation
of the monotonic 800-nm light shown in Fig. 7 decreases with pos-
itively increasing voltage in the entire voltage region. Since the
800-nm laser selectively illuminates GaAs of the TPU-SC, all carri-
ers are generated in the GaAs layer. Therefore, the observed photo-
current is only generated by the thermal and tunneling processes at
the heterointerface. The number of extracted electrons sensitively
depends on the internal electric field near the heterointerface and,
therefore, decreases as the voltage positively increases.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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