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ABSTRACT: In comparison to monolithic perovskite/perovskite double-
junction solar cells, a four-terminal spectrum-splitting system is a simple
method to obtain a higher power conversion efficiency (PCE) because it has
no constraints of unifying the structures of the top and bottom cells. In this
work, utilizing the fact that low-bandgap Sn−Pb bottom cells work the best
in p−i−n while Pb-based wide-bandgap top cells work better in an n−i−p
architecture, a wide-bandgap (Eg = 1.61 eV) perovskite solar cell with a
mesoscopic structure and a narrow-bandgap (Eg = 1.27 eV) perovskite solar
cell with an inverted structure were combined to fabricate a double-junction
four-terminal spectral splitting solar cell. The double-junction solar cell with
the 801 nm spectral splitting with an active area of 0.18 cm2 was found to
work with a PCE of 25.3%, which is the highest reported so far for a 4-T all-
perovskite double-junction spectral splitting solar cell.

1. INTRODUCTION
Organometal halide perovskite has been attracting huge
interests due to its excellent photovoltaic properties such as
absorption of light over a wide wavelength range, easily tunable
bandgap, and highly efficient photovoltaic conversion.1−4 In just
about a decade, the performance of a single organometal halide
perovskite solar cell has been improved to over 25%,5−7 which is
not far from the theoretical efficiency, i.e., a Shockley−Queisser
(S−Q) limit of 30%. To achieve a power conversion efficiency
(PCE) exceeding this S−Q limit, efforts are made to build a
multiple-junction solar of several solar cells with different
bandgaps (Eg).

8 The perovskite/perovskite double-junction
solar cell has drawn much attention because of its easily tunable
bandgap and low-cost fabrication process.9−14 The perovskite
solar cell has three different structures: mesoscopic, planar
heterojunction, and inverted.15,16 Most of the efficient perov-
skite/perovskite tandem solar cells consist of an inverted
structure for the top cell, although a wide-bandgap PSC records
a higher PCE with a mesoscopic structure compared to the
inverted structure. There were some reports that used a
mesoscopic structure for a wide-bandgap PSC, but their
reported PCE was around 10% and quite low.17,18 In this
research, more than 25% PCE was obtained using the
mesoscopic wide-bandgap perovskite top cell and inverted
narrow-bandgap perovskite bottom cell.
Based on their structures, the perovskite/perovskite double-

junction solar cells can be divided into two types, two terminals
(2-T) and four terminals (4-T).19 The 2-T solar cells are

fabricated by stacking the wide-bandgap top cell and low-
bandgap bottom cell with interconnection (recombination)
layers.18,20 In this case, the structure of the top cell (n−i−p or
p−i−n) is normally equivalent to that of the bottom cell, and the
photocurrent matching must be considered to obtain the best
performance, which is not required in the case of 4-T solar
cells.20 This means that, in the 4-T case, the top cell and bottom
cell with different structures are fabricated individually and then
connected externally through the terminals combining from
each subcell�the subcells are optically coupled but electrically
independent, which provides more flexibility to the device
architecture. Normally, perovskite/perovskite double-junction
solar cells consist of top cells made of lead (Pb)-based wide-
bandgap perovskites and bottom cells made of tin and lead (Sn−
Pb)-based narrow-bandgap perovskites.21,22 It is well-known
that while Pb perovskites work with better PCE in the n−i−p
structure,7,23 the Sn−Pb-based perovskites work with better
PCE only in the p−i−n architecture.24,25 Therefore, theoret-
ically, the use of a Pb-based perovskite cell of the n−i−p
structure for the top cell and Sn−Pb-based perovskite cell with
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the p−i−n structure for the bottom cell should work with a
higher PCE. Moreover, the 4-T double-junction solar cell,
compared to 2-T cells, has a wider range of appropriate
bandgaps for the top cell and bottom cell.26,27 However, more
than one electrode has to be transparent in the case of a
mechanically stacked 4-T cell. Therefore, the use of 4-T solar
cells in a spectral splitting system where a dichroic mirror is used
to split the incident light selectively for the top cell and bottom
cell is an easier and effective method to reduce optical loss and
obtain highly efficient double-junction solar cells.28

Such a spectral splitting system was first utilized in 1978,29

and presently, it is applied to the double-junction solar
cells.30−33 Furthermore, there is also ongoing research on
spectral splitting systems aimed at practical applications,
including their use in electric vehicles.34 However, there is

only one report of the spectral splitting perovskite/perovskite 4-
T double-junction solar cell, where the authors fabricated a
spectrum-splitting 4-T perovskite solar cell, consisting of a p−i−
n Pb PVK top cell and a p−i−n Sn−Pb bottom cell, that showed
a PCE of 23.26% with an aperture area of 0.06 cm2.35 As the
combination of the n−i−p structure Pb PVK top cell and p−i−n
structure Sn−Pb PVK bottom cell, which is expected to work
better, has not been reported yet, we explored the idea.
In this study, two different types of perovskites were used for

an all-perovskite double-junction solar cell. A wide-bandgap Pb
perovskite of composition FA0.85MA0.15Pb(I0.85Br0.15)3 doped
with the 5% potassium ion was fabricated for the top cell. FAPbI3
has been applied to high-efficiency PSCs due to its superior
characteristics such as an optimal bandgap, a longer diffusion
length, and a high thermal stability.36,37 Furthermore, the

Figure 1. Tauc plot showing the bandgap of PVK with different compositions. (a) K0.05FA0.81MA0.14Pb(I0.85Br0.15)3. (b)
Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3. Atmospheric photoelectron spectroscopy was used to evaluate the HOMO energy level of PVK with different
compositions. (c) K0.05FA0.81MA0.14Pb(I0.85Br0.15)3. (d) Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3. Energy-level diagram of PVK with compositions of (e)
K0.05FA0.81MA0.14Pb(I0.85Br0.15)3 and (f) Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3.
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addition of MABr to FAPbI3 is effective to suppress the
transformation of α-phase to δ-phase at room temperature,
which is unfavorable for efficient PSCs.38−40 The reason why the
5% potassium ion was doped into FA0.85MA0.15Pb(I0.85Br0.15)3 is
the reduction of the hysteresis of PSC, according to the previous
report from Tang et al.41 A Sn−Pb perovskite of composition
Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3 with a narrow bandgap that
works with a high PCE was chosen for the bottom cell.42 The
detailed fabrication process of each perovskite film is given in the
Experimental Methods, and the top-view scanning electron
micrographs of the perovskite films are shown in Figure S1.

2. RESULTS AND DISCUSSION
2.1. Energy-Level Characteristics of Wide-Bandgap

and Narrow-Bandgap Perovskite Thin Films. The
bandgaps of K0.05FA0.81MA0.14Pb(I0.85Br0.15)3 (top cell) and
Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3 (bottom cell), as confirmed from
the Tauc plot (Figure 1a,b), were 1.61 and 1.27 eV, respectively.
Atmospheric photoelectron spectroscopy, as shown in Figure
1c,d, was used to determine the HOMO (or valence band)
energy level of each perovskite. The ionization potentials that
are determined from the point at which the tangent to the yield
curve intersects the horizontal baseline (Figure 1 c,d) and that
essentially represent the valence band (VB) levels of
K 0 . 0 5 F A 0 . 8 1 M A 0 . 1 4 P b ( I 0 . 8 5 B r 0 . 1 5 ) 3 a n d
Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3 were found to be 5.7 and 5.4
eV, respectively. Then, conduction band (CB) levels of both the
perovskites were calculated by adding the corresponding
bandgap values to their VB levels. The energy-level diagrams
of both devices are shown in Figure 1e,f.

2.2. Four-Terminal Spectral Splitting Solar Cells. The
top cell with an n−i−p architecture employing the 1.61 eV
perovskite (PVK) was fabricated using TiO2 as the electron
transport layer (ETL) and spiro-OMeTAD as the hole transport
layer (HTL) and glass/fluorine-doped tin oxide (FTO)/
compact titanium oxide (c-TiO2)/mesoporous titanium oxide
(m-TiO2)/PVK/spiro-OMeTAD/gold (Au) (Figure 2a). The

bottom cell including the 1.27 eV PVK was fabricated with a p−
i−n architecture and glass/FTO/PEDOT:PSS/PVK/EDAI2/
fullerene(C60)/bathocuproine (BCP)/silver (Ag) with a 0.18
cm2 active area (Figure 2b). Here, PEDOT:PSS and C60 were
employed as the HTL and ETL, respectively, and EDAI2 surface
passivation was applied to suppress the recombination on the
perovskite surface.25 The illumination area for both cells was
0.18 cm2. The cross-sectional SEM images of each cell are shown
in Figure S2. The performance of the fabricated top and bottom
cells was measured using a spectral splitting system with a
dichroic mirror, which was set at 45° tilted toward both the top
and bottom cells, as shown in Figure 2c. Two types of dichroic

mirrors were used to determine the PCE of the double-junction
4-T solar cell. The dichroic mirrors of 775 and 801 nm spectral
splitting were used because they closely matched the theoretical
light absorption edge of PVK in the top cell (1.61 eV), which was
approximately 770 nm. In the spectral splitting system, the top
cell received the light with wavelengths shorter than 775 or 801
nm, and the bottom cell received the light of wavelengths longer
than 775 or 801 nm. The J−V curves of the PVK solar cells,
shown in Figure 3, were measured with and without the dichroic

mirrors under standard 1 sun illumination. The photovoltaic
parameters of the cells are listed in Table 1. Without a dichroic
mirror, the PCE (reverse scan) of the top cell was 21.34%, which
decreased to 20.65% when a dichroic mirror with a splitting
wavelength of 801 nm was used. The decreased PCE is

Figure 2. Schemes of fabricated solar cells: (a) 1.61 eV PVK top cell,
(b) 1.27 eV PVK bottom cell, and (c) spectral splitting system with a
dichroic mirror.

Figure 3. J−V curves of PVK cells in the presence of the dichroic mirror
with and without a splitting wavelength of 775 and 801 nm.

Table 1. Parameters of the PVK Solar Cells in the Presence of
the Dichroic Mirror with and without a Splitting Wavelength
of 775 or 801 nm Extracted from J−V Curves

splitter
scan

direction
PCE
(%)

JSC
(mA/cm2)

VOC
(V) FF

1.61 eV
PVK

W/O Frd. 21.39 23.03 1.17 0.79
Rvs 21.34 22.98 1.17 0.79

775 nm Frd. 19.12 22.28 1.15 0.71
Rvs 20.21 22.22 1.15 0.79

801 nm Frd. 20.16 22.38 1.16 0.77
Rvs 20.65 22.37 1.17 0.79

1.27 eV
PVK

W/O Frd. 19.24 29.52 0.85 0.76
Rvs 17.08 29.44 0.81 0.72

775 nm Frd. 5.10 8.53 0.79 0.75
Rvs 4.87 8.49 0.78 0.74

801 nm Frd. 4.80 7.73 0.82 0.76
Rvs 4.71 7.69 0.81 0.75

4-T tandem

775 nm Frd. 24.22
Rvs 25.08

801 nm Frd. 24.96
Rvs 25.36
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reasonable because the dichroic mirror slightly reduces the
intensity of reaching the top cell, resulting in a slight reduction in
short-circuit current density (Jsc) from 22.98 to 22.37 mA cm−2,
while the open circuit voltage (Voc) (1.17 V) and fill factor (FF)
(0.77) remained unchanged. Compared to this result, the PCE
(reverse scan) of the top cell with a splitting wavelength of 775
nm was measured to be lower, 20.21% with a Jsc of 22.22 mA
cm−2, a Voc of 1.15 V, and an FF of 0.79. For the bottom cell, the
PCE measured on a reverse scan, with a splitting wavelength of
775 nm, was 4.87% PCE, which was higher than the PCE
(4.71%) obtained with an 801 nm spectral splitting. However,
the difference in PCEs obtained with 775 and 801 nm dichroic
mirrors for the bottom cell was 0.16%, which was smaller than
the difference measured for the top cell. Eventually, the best
PCE of 25.36% for the double-junction 4-T spectral splitting
solar cell composed of a 1.61 eV PVK top cell and a 1.27 eV PVK
bottom cell was achieved with a splitting wavelength of 801 nm.
The external quantum efficiency (EQE) spectra acquired for

the top and bottom cells without a dichroic mirror are shown in
Figure 4a. As can be seen in Figure 4a, the edge of the light
absorption of the top PVK cell is around 800 nm and that of the
bottom cell is around 1050 nm. Furthermore, the Jsc values of the
top and bottom cells were derived from the EQE spectrum to be
22.02 and 29.56 mA cm−2, respectively. The integrated Jsc of the
bottom cell matches themeasured value of Jsc (29.44mA cm2) in
Table 1. The calculated Jsc of the top cell was approximately 1.0
mA cm−2 less than the actual measured Jsc. The integrated PCE
of the top and bottom cells was also derived from the
multiplication of Jsc, calculated from the EQE spectrum, and
measured Voc (1.17 and 0.81 V) and FF (0.79 and 0.72) from
Table 1, while the Voc and FF were assumed to be the same
(Figure 4b). The integrated PCE of the 4-T tandem solar cell
was derived by adding a PCE of the top cell, integrated from the
smaller wavelengths, and a PCE of the bottom cell, integrated
from the longer wavelengths. As shown in Figure 4b, the derived
PCE at the 775 nm split was 24.6%, and the derived PCE of the
801 nm split was 24.1%. The results show that the use of the 775
and 801 nm spectrum splitter was ideal to obtain an efficient
PCE in the case of the spectrum-splitting tandem solar cell
including the 1.61 eV PVK solar cell and 1.27 eV PVK solar cell.

3. CONCLUSIONS
In conclusion, a spectral splitting double-junction 4-T solar cell
with a 1.61 eV PVK top cell with a mesoscopic (n−i−p)

structure and a 1.27 eV PVK bottom cell with an inverted (p−i−
n) structure was fabricated. By applying a dichroic mirror with
an 801 nm splitting wavelength to the double-junction solar cell,
a PCE of 25.3% was obtained, which was the highest PCE
reported for a perovskite/perovskite spectral splitting solar cell.
This study also revealed that such a spectral splitting system was
an uncomplicated but efficient method for obtaining a highly
efficient all-perovskite double-junction solar cell because the top
cell and bottom cell can be fabricated individually, and the best
wavelength for spectral splitting can be easily adjusted. In
addition, this research demonstrates the importance of
combining the Pb PVK solar cell with the n−i−p structure
and the Sn−Pb PVK solar cell with the p−i−n structure to
fabricate a more efficient perovskite/perovskite double-junction
solar cell. For increasing the PCE of such perovskite/perovskite
double-junction solar cells further, the performance of the
narrow-bandgap bottom cell needs to be improved, which can
be achieved by widening the optical absorption further.

4. EXPERIMENTAL METHODS
4.1. Materials. All of the chemicals and solvents were used

without any purification. For the preparation of K 5% doped
FA0.85MA0.15Pb(I0.85Br0.15)3 perovskite solar cell fabrication,
PbBr2 (>99.99%) was purchased from Alfa Aesar. MABr
(methylammonium bromide) (>99%) was purchased from
Dyesol Ltd. Acetonitrile (super dehydrated), 2-propnaol (super
dehydrated), DMF (N,N-dimethylformamide), and DMSO
(dimethyl sulfoxide) were purchased from FUJIFILM Wako
Pure Chemical Corporation. PST-18NR was purchased from
JGS Catalysts and Chemicals Ltd. Ethanol (>99%) and acetone
(>99%) were purchased from Nacalai Tesque, Inc. Spiro-
OMeTAD (>99.97%) was purchased from Nippon Fine
Chemical Co., Ltd. Titanium diisopropoxide bis-
(acetylacetonate) (75 wt % in isopropanol) was purchased
from Sigma-Aldrich. FAI (formamidinium iodide) (99.99%), KI
(>99.5%), LiTFSI (lithium bis(trifluoromethanesulfonyl)-
i m i d e ) , M g ( T F S I ) 2 ( m a g n e s i u m ( I I ) b i s -
(trifluoromethanesulfonyl)imide), PbI2 (99.99%), and tBP (4-
tert-butylpyridine) were purchased from TCI (Tokyo Chemical
I n d u s t r y ) Co . , L t d . F o r t h e p r e p a r a t i o n o f
Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3 perovskite solar cell fabrication,
2-propnal (super dehydrated, 99.7%) was purchased from
FUJIFILM Wako Pure Chemical Corporation. PEDOT:PSS
was purchased from Heraeus. Silver (99.999%) and SnF2

Figure 4. (a) EQE and integrated Jsc of PVK solar cells with 1.61 and 1.27 eV and the pictures of the top and bottom PVK cells. (b) Integrated PCE of
the top, bottom, and 4-T tandem solar cells.
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(100%) were purchased from Kojundo Chemical Laboratory
Co., Ltd. 2-Propnaol (>99%) and acetone (>99%) were
purchased from Nacalai Tesque, Inc. C60 was purchased from
Nanom Purple SC. BCP (bathocuproine) (99.99%), CsI
(99.999%), DMF (N,N-dimethylformamide) (99.8%), DMSO
(dimethyl sulfoxide) (99.9%), GlyHCl (glycine hydrochloride)
(>99%), Pb(SCN)2 (99.5%), PbI2 (99.999%), SnI2 (99.99%),
and toluene were purchased from Sigma-Aldrich. EDAI2
(ethylenediamine dihydroiodide) (>98.0%), FAI (98%), and
MAI (99%) were purchased from TCI Co., Ltd.

4.2. Fabrication of the 1.61 eV Wide-Bandgap Perov-
skite Solar Cell. First, the fluorine-doped tin oxide (FTO)
substrate with a 10 Ω/equiv resistance was cleaned by
ultrasonication in acetone and ethanol for 10 min each.
Afterward, the FTO substrate was treated with UV-ozone for
10 min, and the compact TiO2 layer was fabricated by spray
coating on the FTO substrate at 430 °C using titanium
diisopropoxide bis(acetylacetonate) dissolved in ethanol
precursor solution including LiTFSI and Mg(TFSI)2. Sub-
sequently, 2 wt % TiO2 (PST-18NR) solved in ethanol solution
was spin-coated on the compact TiO2 layer and sintered at 430
°C for 30 min to fabricate the mesoporous TiO2 layer.
Additionally, 0.1 M LiTFSI solution dissolved in acetonitrile
was spin-coated on the mesoporous TiO2 layer and sintered at
450 °C for 30 min as Li-doping. The K-doped FA0.85MA0.15Pb-
(I0.85Br0.15)3 perovskite layer was fabricated through the
antisolvent process. At first, 1.15 mmol of PbI2, 0.20 mmol of
PbBr2, 1.09 mmol of FAI, and 0.20 mmol of MABr were
dissolved in 1mL ofDMF andDMSOmixed solution (4:1, v/v),
and apart from that, 1.5 M KI solution was prepared by
dissolving in DMSO, and it was added to the base solution with a
5% volume ratio. Perovskite precursor solution was dropped on
the substrate and spin-coated at 1000 rpm for 10 s and 4000 rpm
for 30 s. During the spin-coating process, 0.8 mL of
chlorobenzene was quickly dropped 10 s before the end of the
spin-coating process. Then, the substrate was annealed at 160 °C
for 15 min. The HTL precursor solution was prepared bymixing
72.3 mg/mL spiro-OMeTAD in chlorobenzene, 28.8 μL of tBP,
and 17.5 μL of LiTFSI solution (520mg of LiTFSI dissolved in 1
mL of acetonitrile). The preparedHTL solution was spin-coated
on the perovskite layer at 4000 rpm for 30 s. Finally, the gold
electrode (∼100 nm) was thermally evaporated on the HTL
layer. The fabricated top cell was stored in 4 days under 20%
relative humidity for aging, and the AR (antireflecting) coating
seal was placed on the top of the glass substrate.

4.3. Fabrication of the 1.27 eV Narrow-Bandgap
Perovskite Solar Cell. Preparation and cleaning of FTO
substrates were the same as previously described in the top cell
fabrication. First, PEDOT:PSS solution was filtered through a
0.2 μm PTFE filter and spun on the FTO substrate at 4000 rpm
for 50 s. Afterward, the FTO substrate was annealed on a hot
plate at 175 °C for 20 min. Subsequently, the FTO substrate
with the HTL was transferred into the glovebox. Before the
fabrication of the perovskite layer, the substrate was annealed at
140 °C for 20 min. For the preparation of narrow-bandgap
perovskite precursor solution, 1.2 M Cs0.05FA0.95SnI3 solution
was prepared by mixing 1.14 mmol of FAI, 1.2 mmol of SnI2,
0.15 mmol of SnF2, 0.06 mmol of CsI, and 20 mg of Sn (metal)
in 1 mL of DMF and DMSO solution (8:2, v/v). In different
vials, 1.2 M MAPbI3 solution was prepared by dissolving 1.2
mmol of MAI, 1.2 mmol of PbI2, and 0.04 mmol of Pb(SCN)2
into 1 mL of DMF and DMSO solution (8:2, v/v). Both vials
were preheated at 70 °C for 2 h inside the glovebox before the

usage. Next, 1.2 M Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3 precursor
solution was obtained by stoichiometrically combining
Cs0.05FA0.95SnI3 and MAPbI3 solution and filtering with a 0.2
μm PTFE filter. Finally, GlyHCl was added to the precursor
solution with a ratio of 2mol % and dissolved. After the substrate
was cooled to room temperature, 100 μL of perovskite precursor
solution was dropped on the substrate and spin-coated at 3000
rpm for 10 s, followed by 5000 rpm for 50 s. During the spin-
coating process, 400 μL of toluene was dropped quickly on the
substrate, and then annealing at 100 °C for 1 min was performed
to fabricate the Sn−Pb perovskite layer. Afterward, the
perovskite layer was passivated by spin-coating 0.2 μm PTFE
filtered EDAI2 solution (0.5 mM in 2-propanol (super
dehydrated) and toluene, 1:1, v/v) at 4000 rpm for 20 s.
Continuously, the solution was dried at 100 °C for 5 min.
Finally, the substrate was transferred to the evaporator, and C60
(20 nm), BCP (5 nm), and Ag (80 nm) were thermally
evaporated under high vacuum conditions.

4.4. Characterization. To ascertain the bandgap of each
perovskite, a UV−vis−NIR spectrophotometer (UV-3600,
Shimadzu, Japan) was employed to derive the Tauc plot.
Consequently, the thickness of the perovskite thin film was
determined by using a step gauge (Surfcorder ET-4000A,
Kosaka Laboratory Ltd., Japan). Detailed information regarding
the calculation methodology is available in the Supporting
Information. The energy level of the perovskite’s valence band
was ascertained by measuring the ionization potential of the
perovskite thin layer using an atmospheric photoelectron
spectrometer (AC-3, Rikenkeiki, Japan). During the measure-
ment, the light intensity was set at 7 nW and the power
multiplier was adjusted to 1/3. The energy range covered in the
measurement extended from 4.00 to 7.00 eV, with the
measurement taken at intervals of 0.05 eV. The surface
morphology of the perovskite thin films and cross-sectional
image of perovskite solar cells were examined using a scanning
electron microscope (FE-SEM SU8000, Hitachi High-Tech,
Japan). The electron beam was operated at an accelerated
voltage of 10 kV and a current of 10 μA. Current density−
voltage (J−V) were conducted in both forward and reverse scans
using a solar simulator (Keithley model 2401 and Modulab)
under 100 mW cm−2, AM 1.5G illumination (YSS-80A,
Yamashita Denso, Japan) in a dry room with humidity levels
maintained below 500 rpm. In the forward scan, the voltage was
swept from−0.2 to 1.2 V, and the reverse scan covered the range
from 1.2 to −0.2 V with a step size of 100 mV. To ensure the
accuracy of incident power, the short circuit current of a Si
photodiode detector (BS-520BK, Bunkoukeiki, Japan) was
initially measured at the beginning of the experiment. The active
area of the perovskite solar cell, which was 0.18 cm2 in size, was
defined using an optical mask, and dichroic mirrors (Semrock)
were utilized for spectral splitting. The EQE spectra were
acquired in the wavelength range of 300 to 1200 nm using a
CEP-2000MLQ instrument. These measurements were con-
ducted under the illumination source BPS-X300B (Bunkoukei-
ki, Japan), with a light intensity of 0.2 × 10−16 photons.
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