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Abstract

Bifacial monolithic all-perovskite tandem solar cells have the promise of delivering higher output power density by
inheriting the advantages of both tandem and bifacial architectures simultaneously. Herein, we demonstrate, for the
first time, the bifacial monolithic all-perovskite tandem solar cells and reveal their output power potential. The bifacial
tandems are realized by replacing the rear metal electrodes of monofacial tandems with transparent conduction
oxide electrodes. Bandgap engineering is deployed to achieve current matching under various rear illumination con-
ditions. The bifacial tandems show a high output power density of 28.51 mW cm~2 under a realistic rear illumination
(30 mW cm™ ?). Further energy yield calculation shows substantial energy yield gain for bifacial tandems compared
with the monofacial tandems under various ground albedo for different climatic conditions. This work provides a new
device architecture for higher output power for all-perovskite tandem solar cells under real-world conditions.

Keywords: Bifacial tandems, All-perovskite tandem solar cells, Bandgap engineering, Energy yield, Stability

1 Introduction

Metal halide perovskite solar cells have attracted enor-
mous attention as their power conversion efficiencies
(PCEs) rapidly increase from below 4% to over 25% [1,
2]. Further improving the performance with low addi-
tional costs is crucial for the commercialization of per-
ovskite solar cells. One of the most promising routes is to
adopt the tandem configuration to overcome the Shock-
ley-Queisser limit of single-junction solar cells [3, 4]. By
stacking two absorbers with complementary bandgap,
tandem solar cells promise higher PCEs than their single-
junction counterparts by reducing thermalization loss
and increasing spectral utilization range. Due to their
widely tunable bandgap from 1.2 to 2.3 eV via composi-
tion engineering [5, 6], long carrier diffusion length (7],
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high absorption [8], and low non-radiative recombina-
tion rate [9], perovskites are highly desirable for tandem
solar cells, including perovskite/Si [10-12], perovskite/
CIGS [13, 14], perovskite/organic, [15, 16] and perovs-
kite/perovskite tandem solar cells [17, 18]. Among them,
all-perovskite (perovskite/perovskite) tandem solar cells
are highly promising due to their low cost, high specific
power, and flexibility [19-21].

After the first demonstration of the monolithic all-
perovskite tandem solar cells with a PCE of 17.0% [18],
the PCE of monolithic all-perovskite tandems have
been fastly improved to the recently certified value of
28.0% [17, 24], exceeding the single junction perovskite
solar cells with a certified PCE of 25.7% [25]. Despite
those encouraging advancements, other strategies for
achieving higher output power density (OPD) are still
highly desired to bring down the levelized cost of energy
(LCOE), which is the key to their commercialization.
Besides using tandem architecture, another effective
strategy to increase the OPD of perovskite solar cells is
to take the advantage of bifacial configuration [26, 27],
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which allows significant OPD gain by utilizing the light
reaching the back side of the devices, namely the albedo
(the reflected and scattered light from the surround-
ings). By using transparent conductive oxide (TCO) as
rear electrodes, bifacial perovskite solar cells can be con-
structed based on the well-established monofacial config-
uration [28]. More importantly, bifacial perovskite solar
cells would be more stable than their monoficial counter-
parts since the TCO based rear electrodes are tolerant to
halide corrosion and act as a diffusion-blocking barrier
[29]. Numerical simulation shows that bifacial tandem
cells can inherit the advantages of tandem architecture
and bifacial design, allowing higher thermodynamic effi-
ciency beyond monofacial tandems and single-junction
bifacial solar cells [30-32]. Recently, bifacial perovkite/
silicon tandem solar cells with an OPD of ~ 26 mW cm ™2
(monofacial efficiency of 25.2%) was demonstrated via
bandgap engineering [33]. However, in the presence of
albedo, the optimized current matching design in mono-
facial tandems will lead to current mismatch in bifacial
configuration, since only the current of the bottom sub-
cells will be increased with albedo in bifacial monolithic
tandems [33, 34]. In addition, the rear transparent elec-
trodes will reduce the current in the bottom subcells by
allowing light to transmit without rear reflection com-
pared to monofacial tandems [32]. Therefore, the current
matching is required to be redesigned in bifacial tandem
configurations.

Herein, for the first time we experimentally demon-
strate the design and fabrication of bifacial all-perovskite
tandem solar cells by using TCO as the rear electrode.
Bandgap engineering of the top subcell was deployed to
obtain current matching under various rear illumination.
The effect of albedo on the photovoltaic parameters and
spectral response have been systematically investigated.
Energy yield calculation reveals higher output power
density by utilizing bifacial architechture under real-
world conditions.

2 Results

Figure 1la, b shows the schematic stack and cross-sec-
tional scanning electron microscopy (SEM) image of
bifacial all-perovskite tandem solar cell consisting of
wide-bandgap and narrow-bandgap perovskite subcells,
and a tunnel junction for electrical connection of the
two subcells. To harvest light reflected by the ground
and surrounding, and diffuse skylight, the opaque rear
metal electrode is replaced with transparent electrodes.
We chose sputtered ITO herein due to its high optical
transparency and electrical conductivity [29]. To avoid
the sputtering damage, a 15-nm-thick SnO, deposited via
atomic layer deposition (ALD) was applied as a protec-
tive layer. Meanwhile, the dense ALD deposited SnO, is
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beneficial to improving the stability of bifacial tandems
as it can effectively protect the perovskite from humidity
and oxygen [35]. Since rear illumination is incident from
the bottom narrow-bandgap subcell (1.22 eV), the albedo
illumination will mostly be absorbed by the bottom sub-
cell, leading to current density increase only in bottom
subcell while having little contribution to the top subcell.
Therefore, to achieve current matching between two sub-
cells under rear illumination, the current density of the
top subcell should be elaborately optimized. Bandgap
engineering is an effective way to tune the current match-
ing. For this proposal, bifacial tandems with wide-bangap
perovskite having various bandgaps (1.60, 1.62, 1.68, 1.73,
1.77 eV, determined from Tauc plot, shown in Additional
file 1: Figure S1) were fabricated via adjusting the Br/
(Br+1) ratio in FA(4Cs,Pb(I,_Br,) perovskite [36].

To evaluate the performance gain under rear illumina-
tion, bifacial tandems were placed between two AM 1.5G
solar simulators. The front illumination (wide-bandgap
perovskite side) was set to an intensity of 100 mW cm 2,
while the rear illumination (narrow-bandgap perovskite
side) was set with an adjustable intensity (0—100 mW
cm™2). Compared with monofacial tandems (1.77 eV-
Mono) with 1.77 eV wide bandgap perovskte using
opaque rear metal contact, the bifacial tandems (1.77 eV)
exhibited a lower short current density ( J,.)without rear
illumination (Fig. 1d), since the rear transparent elec-
trode in the bifacial tandems allow partial light pass
through (Additional file 1: Figure S2). However, by har-
versting light from rear illumination (30 mW¥ cm™2) [32],
the /.. of bifacial tandems (1.77 eV) exhibits a comparable
value to the monofacial tandems, and a slightly higher
open circuit voltage as the rear illlumination increased
the carriers density in the narrow-bandgap perovskite
subcells.

To further explore the OPD gain from bifaciality, we
tested the photovoltaic performance of bifacial tandems
with wide-bandgap perovskites having different bangaps
with and without a rear irradiance (30 mW cm™2), as
shown in Fig. 1c—f and Table 1. The typic J-V cuves and
maxium power point (MPP) were presented in Addi-
tional file 1: Figure S3 and Table S1. This rear irradi-
ance (30 mW cm™?) is realistic in the real-world outdoor
conditions [32]. In the absence of rear illumination, the
OPD of all bifacial tandems with different bandgaps of
wide-bandgap perovskite was lower than the monofa-
cial tandems. Narrowing the bandgap of wide-bandgap
perovskite, the ], of bifacial tandems steady decreased
due to the higher current mismatch (Fig. 3b). Mean-
while, lowing the bandgap of wide-bandgap perovskite
led to reduced open circuit voltage(V,.) of bifacial tan-
dems, which shows a similar trend of the single junction
wide-bandgap solar cells(Additional file 1: Figure S4).
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Fig. 1 a Schematic illustration and b cross-sectional scanning electron microscopy image of bifacial monolithic all-perovskite tandems. c-f
Photovoltaic parameters for bifacial tandems with various bandgaps of wide-bandgap perovskite and monofacial tandems with bandgap of 1.77 eV
(denoted as1.77-Mono), tested without and with 30 mW cm ™2 rear irradiance (RI)

Bandgap (eV)

The fill factor (FF) increased as the decrease of bandgap
of wide-bandgap perovskite, orignating from the higher
current mismatch, as previous results for two-diode

-2

cm”“ rear illumination,

modelling [33]. Howerver, with the assistance of 30 mW

all the bifacial tandems showed

a higher OPD compared to the monofacial counterpart.
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Table 1 Photovoltaic parameters for bifacial tandems with various bandgaps of wide-bandgap perovskite and monofacial tandem
with bandgap of 1.77 eV, tested without and with 30 mW cm ™2 rear irradiance (RI)

Bandgap Rear irradiance OPD Js¢ Voc FF
(eV) (mWcm™3) mW cm~2 (mAcm™?) (V) (%)
1.77-Mono 0 24.36 16.02 2.005 75.82
(23.724+033) (15.8540.12) (1.984+009) (7546+043)
1.77 0 23.34 15.13 1.997 77.29
(2235+0.78) (14.67+0.38) (1.980+0.009) (76.90+1.02)
30 2525 16.21 1.991 78.24
(24.60+0.55) (15.7640.25) (1.993+0.017) (78.294+0.83)
173 0 21.00 13.75 1.924 79.35
(19.83£0.77) (1299+£0.47) (1.920£0.014) (79.51£0.58)
30 2741 18.00 1.937 78.65
(26.50£0.52) (17.53£0.31) (1.940£0.008) (7791£0.71)
1.68 0 19.29 1261 1.926 79.39
(18.40£0.79) (1223£0.39) (1.906£0.021) (78.90£0.74)
30 2851 18.83 1.938 7813
(27.60+0.78) (18.48+0.40) (1.941£0.011) (76.96 £0.84)
1.62 0 17.03 11.58 1.835 80.15
(16.20£0.51) (11.204£0.33) (1.826£0.011) (79.25+£0.71)
30 26.36 19.24 1.822 75.19
(25.0940.90) (18.71+£0.38) (1.834£0.026) (73.11£1.52)
1.60 0 1591 10.95 1.840 78.95
(15.26+£0.53) (1049+0.29) (1.830£0.009) (79:48+£0.98)
30 26.71 18.85 1.852 76.52
(26.02£0.55) (18.55+0.24) (1.857£0.011) (75.53£0.97)

Impresively, at the present of rear illumination, the bifa-
cial tandems with 1.68 eV wide-bandgap perovksite show
a best OPD of 28.51 mW cm 2 and a average OPD of
27.60 mW cm ™2, which was much higher than the OPD
of monofacial tandems with a best value of 24.36 mW
cm 2 and a average value of 23.72 mW cm ™2 Meanwile,
our bifacial all-perovskite also show a high OPD com-
pared with other reported bifaical solar cells, such as
bifacial single-junction and bifacial perovskite/Si tandem
solar cells (Additional file 1: Table S1). The OPD gain of
the bifacial tandems with rear illumination mainly thanks
to the noticeable boost of /. as the the decrease of the
bandgap of wide-bandgap perovksite. Simutaneously, the
increament of open circuit voltage of bifacial tandems
with rear illumination benefiting from the rear illumina-
tion also contributed to the OPD gain.

To understand the effect of albedo on the photovol-
taic performance of bifacial all-perovskite tandems, we
investigated the evolution of photovoltaic parameters for
bifacial tandems with different bandgaps of wide-band-
gap perovskite under various rear illumination, rang-
ing from 0 to 100 mW¥ cm™?, shown in Fig. 2a—d. With
the increase of rear irradiance, the /. of the bifacial tan-
dems firstly raised rapidly, then kept steady for higher
rear irradiance. As expected, the lower the bandgap of
wide-bandgap perovskite, the higher saturated J,, and
higher rear illumination required to reach the staturated

J,. of bifacial tandems. As the bandgap of wide-bandgap
perovskite decrease, the wider spectrum of photons are
absorbed by top subcells raise, reducing the current den-
sity of bottom subcells (Fig. 3b). Therefore, higher rear
illumination was needed to achieve current matching of
the two subcells for bifacial tandems. The V. of the bifa-
ical tandems also showed an increase trend with the rear
illumination, which increased the photogenerated charge
carries in the bottom subcells. For all bifacial tandems,
the FF showed a V-shaped recovery, and the minimal FF
located around the minimal rear irradiance needed for
the saturated /.. This phenomenon was expected to stem
from the current matching condition in the bifacial tan-
dems [33]. The minimal FF appeares near the current
matching condition, while both the bottom cell curent
limitation and top cell curent limition condition can get
a higher FF. The OPD showed a similar trend of ], with
the increase in rear irradiance. It’s worth noting that once
the rear irradiance exceed 25 mW cm™2, the OPD of all
bifacial tandems with different bandgaps overtakes the
monofacial counterpart. With a rear irradiance of 50 mW
cm™2, around 29.3 mW cm ™2 of OPD can be achieved for
bifacial tandem with 1.68 and 1.60 eV wide-bandgap per-
ovskite. The 50 mW cm ™2 rear irradiance is achievable for
highly reflective surface, such as fiberglass rooftop [27].
With those result, we can estimated the pratical
OPD potential of the bifaical monolithic all-perovskite
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Fig. 2 Photovoltaic parameters of bifacial tandems with wide-bandgap perovskites having different bandgaps under various rear irradiance.
Performance of monofacial tandem is included for comparison

tandems. With a 30 mW cm™2 realistic rear irradi-
ance, our bifacial already showed a relative 17% OPD
improvement compared to the monofacial tandems,
from 24.31 mW cm™? of monofacail tandems to 28.51
mW cm™2 of bifacial tandems (1.68 V). An over 20%
OPD gain would be practical by further optimimied the
current matching by using antireflctive layer and light
trapping strategies. When taking the reported empiri-
cal limits of 33.6 mW cm™2 for the monofacial all-per-
ovskite tandems [37], a 20% OPD gain of the bifaical
configuration will result in a OPD of 40.32 mW cm™>
with a 30 mW cm™? realistic rear irradiance.

As discussed before, the OPD gain of tandems with
bifacial configuration primarily benefits from the boost
of /. as a result of the synergy of bandgap engineering
and bifaciality. Hence, having an insight into the cur-
rent matching conditions of the bifacial tandems is

highly desired. Figure 3a shows the EQE spectrum of
bifacial tandems for front illumination with different
bandgaps of wide-bandgap perovskite. As expected,
decreasing the bandgaps widened the EQE response
spectrum of wide-bandgap subcells, reducing the EQE
response of the narrow-bandgap subcells in the over-
lap region. As a result, the current mismatch enlarged
with the decrease of bandgap of wide-bandgap perovs-
kite. Therefore, under the operation condition without
rear irradiance, the /., of the bifacial tandems dropped
when lowing the bandgap of wide-bandgap perovskite
(Fig. 3b). With the presence of rear irradiance (100 mW
cm™2), the trend of ], as the function of bandgap for
bifacial tandems was reversed (Fig. 3b). Furthermore,
Fig. 3c shows the EQE spectrum of bifacial tandems
for rear illumination with different bandgaps of wide-
bandgap perovskite. For all bandgaps, the low-bandgap
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subcells showed almost the same EQE response with
an integrated J,, around 30 mA cm™?2 which agree well
with the optical absorptance spectra (Additional file 1:
Figure S6). The EQE response of all wide-bandgap sub-
cells was very low compared to low-bandgap subcells
for the rear illumination. Those results further verified
the necessity for the bandgap engineering to increase
the current in the top subcells, and hence to achieve
current matching in the bifacial configuration, as the
rear illumination mainly contributed to the bottom
subcells. In addition, we note that using thicker wide
bandgap perovskite can also be used for higher current
in the top subcells, which can be explored in the future.

In order to reveal the output power potential of
bifacial tandems under real-world solar illumination,

we carry out the energy yield simulation. Six natu-
ral and artificial grounds were used to cover a wide
range of mean albedo (300-1100 nm) from 13 to 95%.
The reflection spectrum of the grounds and the cor-
responding mean albedo (R,) were presented in Addi-
tional file 1: Figure S7. Moreover, two locations with
two typical climates were used for the simulation, New
York with a temperate climate and Arizona with an
arid climate. As shown in Fig. 4, the optimum band-
gap of WBG perovskite for bifacial tandems shifts to
a lower value with the increase of albedo, showing the
same trend as our experimental result (Fig. 2). In both
two locations and under six grounds, energy yield was
improved with albedo for both monofacial and bifacial
tandems. The energy yield gain of bifacial tandems was
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Fig. 4 Energy yield calculation of monofacial and bifacial tandems with various bandgaps under six grounds (soil, dry soil, concrete, dry grass, white
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more notable as the rear side harvested more reflected
light from the ground than the front light. It is worth
noting that benefits from the albedo, the energy yield of
bifacial tandems outperforms the monofacial counter-
part even with a very low albedo of 13% for soil. Under
a moderate albedo of 34% for concrete ground, the best
bifacial tandems in New York and Arizona show an 18%
and 15% energy yield gain compared to the monofacial
tandems. The energy yield gain of the best tandems in
New York and Arizona can be further improved to 21%
and 26% under snow ground with a high albedo of 95%.
To further increase the energy yield for the bifacial tan-
dems, thickness optimization of stack layers and solar
tracking technique should be further explored.

3 Discussion and conclusion

The bifacial all-perovskite monolithic tandems were
demonstrated by using transparent rear electrodes,
which enable the harvest of light impacting the rear side
of the tandems. Coupling with the current gain in the
bottom subcells by the assistance of the albedo, and the
current increase in top subcells via bandgap engineering,
the bifacial tandems showed remarkable performance
improvement than the monofacial tandems. With a real-
istic rear illumination of 30 mW c¢m™2, the OPD with a
value of 28.51 mW cm ™2 can be achieved by bifacial tan-
dems, outperforming the monofacial tandems with a

value of 24.3 mW c¢cm™2 In this work, only the bandgap of
top subcell was adjusted to achieved current matching of
bifacial tandems with rear illumination, which was valid
for albedo below 40% (Fig. 2). While for albedo over 40%,
the current density of the tandems saturated (Fig. 2).
To tackle this issue, we propose further decreasing the
bandgap of the top subcells or increasing the bandgap
of bottom subcells. Moreover, the bifacial tandems have
the potential for higher stability over the monofacial
architecture, since the use of ALD-deposited SnO, and
sputtered transparent conduction oxide (ITO) as rear
contacts can avoid the halide corrosion of rear electrodes,
and the reduction of bromide content in the top cell can
relieve the halide segregation issue [24]. By perform-
ing energy vyield calculation, bifacial tandems showed
substantial energy yield gain in the real-world condi-
tions with various presentive grounds in different cli-
matic conditions. As the bifacial all-perovskite tandems
aim to harvest light at rear side to boost OPD, they are
expected to be applicated at the utility scale. We also note
that our bifacial all-perovskite tandem fabricated on grid
glass substrate can be also processed on flexible substrate
for flexible bifacial all-perovskite tandem, which will be
challenging for bifacial perovskite/silicon tandem. Mean-
while, the climate conditions and the grounds directly
impact the intensity and spectrm of the albedo, therefore
the custmized bifacial tandems with different bandgap of
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top subcells are required for various climate condition
and grounds. To well ulitize the albedo over the daytime,
solar tracking technique will be an attractive technology
for bifacial tandems. This work reveals the potential of
bifaical all-perovskite tandems as a new device architecu-
tre for higher output power with enhanced stability.

4 Materials and methods

4.1 Materials

All materials were used as received without further
purification. The organic halide salts (FAI and MAI
with purity of>99%) were purchased from Greatcell
Solar Materials. PbI2 (99.99%, trace metals basis) and
PbBr, (99.99%, trace metals basis), 2PACz (>98.0%) and
MeO-2PACz (>98.0%) were purchased from TCIL. SnF2
(99%), CsI (99.999%), tin powders (<150 um, 99.5%),
dimethylformamide (DMEF, 99.8% anhydrous), dimethyl
sulfoxide (DMSO, 99.9% anhydrous), chlorobenzene
(99.8% anhydrous) and ethylacetate (99.8% anhydrous)
were purchased from Sigma-Aldrich. The C60 was pur-
chased from Nano-C. PEDOT-PSS aqueous solution (Al
4083) was purchased from Heraeus Clevios. ITO target
(InyO4:Sn0O,=90:10 wt%, 99.99%) was purchased from
ZhongNuo Advanced Material Technology Co., Ltd.
Tetrakis(dimethylamino) tin(iv) (99.9999%) was pur-
chased from Nanjing Ai Mou Yuan Scientific Equipment.

4.2 Device fabrication

The patterned ITO glass substates (25 x 25 mm, 20 Q
sq ') were firstly cleaned via sonication in water, acetone,
and isopropanol for 15 min. Then, the cleaned ITO glass
substrates were treated under UV-ozone for 15 min.
15 mg ml™" of NiO in water was spin-coated on ITO at
4000 rpm for 30 s and annealed at 100 °C for 5 min. Fol-
lowing, a 1 mmol/L mixture self-assembled monolayers
(2PACZ:MeO-2PACZ=3:1,molar ratio) in isopropanol
was spin-coated on NiO film at 4000 rpm for 20 s. After
annealing at 100 °C for 10 min, the substates were washed
twice by isopropanol with a 4000 rpm, 13 s spin-coating
program, and then annealed at 100 C for 5 min.

To make wide-bandgap perovskite (450 nm) with dif-
ferent bandgap, the ratio of PbBr,/(Pbl,+ PbBr,) of
FA,Cs,,Pb(I, Br,); perovkite precuror (1.2 M) varied
from 0.13:1 to 0.40:1, while the the molar ratio of FAI/
Csl and (FAI+Csl)/ (PbL,+ PbBr,) were 0.8:0.2 and 1;1,
respectively. The perovskite precuror dissolved in DMF/
DMSO (4:1, volume ratio) was spin-coated at 2000 rpm
for 5 s, and then 4000 rpm for 35 s in the glovebox. Chlo-
robenzene (100 ml) as antisolvent was dropped onto the
perovskite 25 s after the second spin-coating program of
wide-bandgap perovskite film deposition. Subsequently,
the perovskite was annealed at 100°C for 15 min. After
cooling, a 26 nm Cg, by thermal evaporation and 20 nm

Page 8 of 10

SnO, by atomic layer deposition (ALD) using precursors
of tetrakis (dimethylamino) tin (iv) at a substate tem-
perature of 85 C were grown. A around 1 nm Au clus-
ter was then thermally evaporated on SnO,. PEDOT:PSS
was deposited on the top of Au cluster by spin-coating at
4000 rpm and annealed at 150 °C for 10 min in the air.
The FA,,MA ;Pb,;Sn, 515 perovskite precursor (2.2 M)
was prepared by dissolving MAI/FAI/PbI,/Snl,/SnF,
with a ratio of 0.3:0.7:0.5:0.5:0.1 in DMF/DMSO (2:1,
volume ratio) mixture solvent. Tin powders (5 mg ml™)
were added into the precursor solution as antioxidant.
The narrow-bandgap perovskite films (1000 nm) were
deposited on the PEDOT:PSS film in the glovebox by a
two-step spin-coating program: the perovskite precursor
solution was firstly spin-coated at 1000 rpm for 10 s, then
at 5000 rpm for 50 s. Ethyl acetate (200 ml) as antisol-
vent was dropped onto the narrow-bandgap perovskite
20 s after the second spin-coating program of perovskite
film deposition. Next, a 26 nm Cg, was deposited by ther-
mal evaporation and a 20 nm SnO, deposited by ALD at
85°C. ITO (80 nm) was sputtered on top of SnO, through
a mask. Finally, a 150 nm Ag frame was thermally evapo-
rated on top of ITO.

4.3 Device and film characterization

The curent density—voltage (J-V) measurement of bifacial
tandems with rear illumination was carried out using a
Kithley 4200 source meter. A Xenon lamp solar simula-
tor with AM 1.5G spectrum (100 mW cm™2) was used as
front illumination. For the rear illumination, the second
Xenon lamp solar simulator with AM 1.5G spectrum
(0-100 mW cm™2) used to simulate the real albedo. The
power density of the rear illumination was calibared by
using a standard Si solar cell form Word PV scale. The
area of the tandems was 0.09 cm? (0.3 ¢cm x 0.3 cm)
defined by two metal masks coved on both sides of the
devices. For the EQE measuremnt, bias illumination gen-
erated by light-emitting diodes (LEDs) with emission
peaks at 850 and 460 nm was used to measure the top
and bottom subcells. The cross-section scanning electron
microscopy (SEM) image was carried out using a TES-
CAN microscope. Optical absorption of the perovskite
films was measured using a Lambda 950 ultraviolet—vis-
ible spectrophotometer.

4.4 Energy yield simulation

The energy yield simulation was proformed using an
open-assess software EYcalc developed by Schmager
et.al [38]. The angular and wavelength-resolved irradi-
ance data was generated by the model of atmospheric
radiative transfer of sunshine (SMARTS) using typical
meteorological year (TMY3) spectral data from NREL
[39, 40]. The albedo spectrums of the grounds used for
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the simulation are from the ecosystem spacebornether-
mal radiometer experiment on space station (ECOS-
TRESS) spectrallibrary [41]. For the optical simulation,
the optical constant was utilized from our previous
work [42]. Especially, optical constant of WBG per-
ovskites with difference bandgaps were derivered by
translating the data of 1.78 eV WBG perovskite along
the wavelength axis [43]. One-diode equivalent cir-
cuit model was used to extracted the electric param-
eter (idality factor, series resistance, shunt resistance,
reverse saturation current) of the WBG and NBG sub-
cells (Additional file 1: Figure S8 and Table S4) [44]. We
keep the electric parameters the same for WBG per-
ovskite with different bandgaps except for the reverse
saturation current, which follows the optoelctronic
reciprocity theorem [45]. For the energy yield, the cells
were fixed toward the south with a tilt angle of 40° and
35 %in New York and Arizona.
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