Bifacial All-Perovskite Tandem Solar Cells
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Abstract: The efficiency of all-perovskite tandem devices falls far behind the theoretical
efficiency limit, mainly because widening bandgap fails to increase open-circuit voltage. Here we
report all-perovskite tandem structures with an equivalent efticiency of 29.3% under back-to-front
irradiance ratio of 30%, which not only increase energy yield but also reduce the required bandgap
of wide-bandgap cell to minimize open-circuit voltage deficit, even though its performance under
only front irradiance is not ideal . Bifacial device needs a sputtered rear transparent electrode, which
could reduce photon pathlength and deteriorate stability of Pb-Sn perovskites. We embed a light
scattering micrometer-sized particle layer into perovskite to trap light, which effectively increases
absorptance by 5-15% in infrared region. Using a non-acidic hole-transport-layer dramatically
stabilizes hole-extraction interface by avoiding proton-accelerated formation of iodine. These two
strategies together increase efficiency of semitransparent Pb-Sn cells from 15.6% to 19.4%, which

enables the fabrication of efficient bifacial all-perovskite tandem devices.



INTRODUCTION

Monolithic all-perovskite tandem solar cells have a higher theoretical efficiency limit than
single junction perovskite solar cells and silicon solar cells (/,2). Compared to other tandem
photovoltaic (PV) technologies, all-perovskite tandems have the distinctive advantage that the
fabrication of both light absorbing layers is compatible with low-cost, low-temperature solution
processing techniques (3,4). Tremendous progress has been made on all-perovskite tandem solar
cells over the past six years, and the efficiency has increased to 28.0% (5-/8). However, the full
potential of all-perovskite tandem solar cells has not been demonstrated, because it should have a
realistic efficiency upper limit of approximately 30% (/,2). In a series-connected (2-terminal)
monolithic all-perovskite tandem solar cell, the ideal marriage is between a ~1.20 eV narrow
bandgap (NBG) bottom cell and a 1.75-1.85 eV wide bandgap (WBG) top cell (/). For the NBG
bottom cell, Tong ef al. reported a quasi-two-dimensional additive engineering method that
significantly increased the carrier lifetime to ~9.2 us and achieved a high efficiency (/7). The
efficiency of reported all-perovskite tandem solar cells is primarily limited by the large open-
circuit voltage deficit—defined as Woc=Eg/e—Voc, where E; is the bandgap of the perovskite
absorber, e is the elementary charge, and Voc is the open-circuit voltage—of the WBG perovskite
top cell (5-16). Widening the bandgap of the metal-halide perovskite absorber beyond 1.68 eV
often failed to further increase the device Voc (/9-25), where Woc enlarged with the increase of
bandgap. Despite extensive efforts by the global community to overcome this challenge (26-31),
in the best reported all-perovskite tandem devices, the 1.75-1.85 eV WBG cells have Voc values
in the range of 1.20-1.23 V, with a corresponding Woc of 0.54-0.59 V (/0-16). In comparison,
Woc as low as 0.31-0.35 V have been achieved for 1.50-1.60 eV perovskite solar cells (32-34).

The larger Woc in WBG perovskites has been ascribed to ion-migration-induced phase segregation



(35) and to the large density of defects in mixed halide perovskites (even in films free of phase

segregation) (36,37), which might both be intrinsic to WBG perovskites with mixed halides.

Bifacial PV can harvest more of the available solar resource, by not only absorbing direct
and diffuse light from their front surface but also diffuse light and light reflected of the ground—
the albedo light—from their rear surface (38). This increases the energy yield compared to
conventional mono-facial PV technologies (39-43), and bifacial PV is now considered as one of
the most promising pathways to increase the energy yield of silicon-based PV modules. A notable
advantage of using bifacial structures for monolithic all-perovskite tandem solar cells is that the
optimal bandgap for the WBG cell can be reduced to achieve a smaller Woc, because the additional
photocurrent generated in the NBG bottom cell from rear irradiance must be balanced by the WBG
top cell through reducing WBG perovskite bandgap (40-43). Even though the technological barrier
is not necessarily larger than the one to transition from mono-facial silicon PV modules to bifacial
PV modules, the bifacial all-perovskite tandem solar cells with transparent conductive oxide (TCO)
electrode on both sides have not been studied yet. To date, TCO sputtering is the most common
approach to deposit transparent electrodes on perovskite absorbers. This method requires the
deposition of a SnO; buffer-layer by atomic-layer-deposition (ALD-SnQ3) at typical temperature
of 70 °C—100 °C to avoid sputtering damage to the perovskite material (/4,44,45). However,
when transforming the rear electrode from metal to TCO, it is a challenge to achieve high
photovoltaic performance of NBG cell which are made of mixed Pb-Sn perovskites (46,47).
Prasanna ef al. found that the charge extraction became worse after thermal annealing at 85 °C for
the NBG Pb-Sn perovskite solar cells with the commonly used hole transporter of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (46). Xiao et al. utilized low ALD

temperature of 70 °C to avoid the efficiency drop of NBG cells on PEDOT:PSS after deposition



of ALD-SnQO2, however, the device efficiency still dropped to less than 80% of initial value after
thermal annealing at 85 °C for only 80 hours (/4). Moreover, the pathlength of photons within the
perovskite absorber is reduced from a double pass in mono-facial device (thanks to reflection on
the rear metal electrode) to a single pass in bifacial device, which decreases the light absorption
and limits the short-circuit current density (Jsc) of Pb-Sn perovskites. Further increasing the film
thickness didn’t guarantee an increased Jsc in the semitransparent devices, because the film quality
became worse for thick Pb-Sn perovskite films (/0). Recently, several strategies have been
reported to increase the carrier diffusion length of Pb-Sn perovskite films (0, /6), but the optimal
thickness are still too thin to absorb most infrared light in semitransparent Pb-Sn perovskite solar
cells, due to their small absorption coefficient in this wavelength range (/0-16).

Here we reported methods to improve the performance of semitransparent NBG Pb-Sn
perovskite solar cells by embedding the light trapping structures to increase the photon pathlength
and by replacing the acidic PEDOT:PSS with neutral PEDOT for better thermal stability. Instead
of using thicker Pb-Sn perovskite films—which incidentally contain more toxic lead—we
demonstrated an alternative strategy to extend the photon pathlength without having to increase
the film thickness. We found that acidic PEDOT:PSS hole transport layer (HTL) drove the
formation of I, which in-turn quickly oxidized the Pb-Sn perovskite and decreased the charge
collection efficiency after deposition of ALD-SnO;, thus, a non-acidic PEDOT HTL was
introduced to overcome this issue. The resulting high-efficiency semitransparent NBG Pb-Sn
perovskite cells were used to fabricate efficient bifacial all-perovskite tandem solar cells. Annual
yield simulations confirm that bifacial all-perovskite tandem technology not only improves the

annual energy yield compared to the mono-facial case, but also relaxes the constraint on the



bandgap of the top cell, allowing the use of a lower-bandgap top cell and, thus, minimizing the

Woc.

RESULTS
Non-acidic HTL to improve the thermal stability of Pb-Sn perovskite cells

Bifacial all-perovskite tandem solar cell needs an efficient and stable semitransparent NBG
sub-cell. Therefore, it is essential to improve the compatibility of charge transport layers with Pb-
Sn perovskites, which can not only improve the device stability in photovoltaic application but
also avoid the efficiency drop during high temperature deposition of sputtering buffer layer. We
found that the efficiency of 1.21 eV Cso2FA¢.8Pbo.sSnoslz perovskite solar cells fabricated on
acidic PEDOT:PSS as HTL was dramatically reduced from 19.9% to 17.2% after deposition of
ALD-SnOz at 85 °C when compared to the control device with thermal evaporated BCP/Cu layers,
with dramatic reductions in Jsc and Voc (Fig. 1a). The reduction in Jsc can be traced to a decrease
of the external quantum efficiency (EQE) across the full spectrum (Fig. 1a, inset}—even though
the absorptance of the devices remains unchanged (Fig. S1)—which indicates that the carrier
collection efficiency became poor due to formation of defects in samples after deposition of ALD-
SnO;. Post-deposition annealing of ITO/PEDOT:PSS/Pb-Sn samples inside Na-filled gloveboxes
(or ITO/PEDOT:PSS/Pb-Sn perovskite/Ceo samples inside ALD vacuum chamber without any Sn
or water precursor pulse) followed with thermal evaporation of Cso/BCP/Cu (or BCP/Cu) also led
to large reductions in Jsc and Voc (Fig. S2). This reveals that the reduction in efficiency of samples
with an ALD-SnO2 buffer layer stems from the poor thermal stability of Pb-Sn perovskites on HTL
of acidic PEDOT:PSS. We changed the HTL from acidic PEDOT:PSS to neutral PEDOT, where

these two HTLs showed similar work function as measured by ultraviolet photoelectron



spectroscopy (UPS) (Fig. 1b). The Pb-Sn perovskite solar cells on neutral PEDOT did not show

such large decrease in Jsc and Voc when combined with an ALD-SnCE buffer layer deposited at

85 °C (Fig. lc). Moreover, device fabricated on neutral PEDOT maintained 80% of initial

efficiency after thermal stress at 85 °C for 1000 hours, which is better than the counterpart

fabricated on acidic PEDOTPSS (Fig. Id and Fig. S3). Benefit from this improvement in thermal

stability when using a non-acidic HTL, the mean efficiency of semitransparent NBG cells

significantly increases from 15.6% for devices made on acidic PEDOT PSS to 18.2% for devices

fabricated on neutral PEDOT (Fig. le and Fig. S4). The main PCE drop of the semitransparent

NBG Pb-Sn cells on neutral PEDOT come from the infrared-absorption loss due to the single-pass

photon pathlength (Fig. Ic).

Acidic PEDOTPSS

o -20
|—+—ALD-SnCyCu
—*—ALD-SnOj/ITO
Wavelength (nm)
Voltage (V)
O 04
Acidic PEDOTPSS
—+— Neutral PEDOT
800 1000
Time (h)
2 SnHl4
503 - Acidic PEDOTPSS
------- Neutral PEDOT
------ None
c 0.2
s 0.1

300 350 400 450 500 550 600 650
Wavelength (nm)

Neutral PEDOT

BCP/Cu
+— ALD-SnCyCu
+—ALD-SnQ/ITO

Wavelength (nm)

0.4 0.6
Voltage (V)

-——- Acidic PEDOTPSS
-—- Acidic PEDOT

" —— Neutral PEDOT
—— None
ITO/HTLUNBG
2 Snl4

------ 0 min
------ 5 min
------ 10 min
-—-—-20 min

(¢) -35
-——-Acidic PEDOTPSS
-———-Neutral PEDOT
o -20
15 10 3
Binding energy (eV)
20.0k
16.0k
(0 12.0k -
(A 8.0k -
S 4.0k
Acidic Neutral
PEDOTPSS PEDOT
CT 1.0-
~— 0.8-
c 0.6-
< 0.2

300 350 400 450 500 550 600 650
Wavelength (nm)



Fig. 1. Improving thermal stability of NBG Pb-Sn perovskite cell with neutral PEDOT. (a) J-V
curves and EQE curves of 1.21 eV Cso.2l"Ao.sPbo.sSno.sl; perovskite solar cells fabricated on acidic
PEDOT:PSS with Cso/BCP/Cu, Cop/ALD-SnO>/Cu, and Cso/ALD-SnOyITO electron transport
layers (ETL) and cathodes. (b) Measured work function of acidic PEDOT:PSS and neutral
PEDOT by UPS. (¢) J-V curves and FEQE curves of Pb-Sn cells fabricated on neutral PEDOT with
Ceo/BCP/Cu, Cso/ALD-SnO/Cu, and Cs/ALD-SnOyITO ETL and cathodes. (d) Thermal stability
of semi-transparent Pb-Sn cells fabricated on acidic PEDOT: PSS and on neutral PEDOT and kept
at 85 °C in gloveboxes for 1000 hours. (e) Lfficiency distribution of 10 semitransparent cells
Jabricated on acidic PEDOT:PSS and neutral PEDOT, respectively. The box indicates the
standard deviation and the line inside box represents the mean value. (f) XRD patterns of the Pb-
Sn perovskite films deposited on different HTLs and bare ITO/glass substrate after post-deposition
annealing at 130 °C for 45 min. (g) Absorptance spectra of toluene solutions in which Pb-Sn
perovskite films were soaked at 85 °C for 48 hours, where Pb-Sn perovskite films were fabricated
on acidic PEDOT:PSS, neutral PEDOT, and bare ITO/glass substrate, respectively. (h) Cross-
sectional SEM images and (i) absorptance spectra of reaction productions from Pb-Sn perovskite
films before and after I, vapor treatment in sealed vials for different time lengths. Following the
1> vapor treatment, the samples were taken out of the vials and annealed at 50 °C for 3 min in N,-
filled glovebox to sublimate the adsorbed I, the reaction products were then extracted by toluene

for absorptance measurement.

The mechanism of different thermal stability of Pb-Sn perovskite cells on different HTLs
was investigated. We compared the degradation of Pb-Sn perovskite films fabricated on acidic

PEDOT:PSS, acidic PEDOT, neutral PEDOT, and bare ITO/glass substrate. After post-deposition



annealing at 130 °C for 45 min, an XRD peak at 12.7°—associated with the formation of Pbl:
(48)—appears for perovskite films deposited on acidic PEDOT:PSS and acidic PEDOT, but does
not appear for films deposited on neutral PEDOT or bare ITO/glass (Fig. 1f). Hence, the intrinsic
thermal stability of the Pb-Sn perovskite film is good enough to avoid decomposition under such
thermal stress. The responsibility of potential variations in grain structure between samples—due
to the different substrates used—was excluded, as the same behavior was observed on samples
where the HTLs were applied on top of the perovskite films (Fig. S5). It is noted that the HTL-
free Cso2FAo8PbosSno sIz perovskite solar cell fabricated on bare ITO/glass substrate didn’t show
obvious degradation after deposition of ALD-SnO;at 85 °C (Fig. S6a), while the device on acidic
PEDOT showed large loss of efficiency (Fig. S6b), compared with the control devices with
thermally evaporated BCP/Cu. Grazing incidence X-ray diffraction patterns in Fig. S7 show that
decomposition of the Pb-Sn perovskite film started from acidic PEDOT:PSS/perovskite interface.
This indicates the acidic HTL is the source of the reduction in performance. We found that the
acidic PEDOT:PSS can oxidize iodide in perovskites to iodine (I2) which further oxidize Sn** in
Pb-Sn perovskite into Sn*". Fig. 1g demonstrates the formation of 1> as well as Snls in Pb-Sn
perovskite film deposited on acidic PEDOT:PSS after annealing the film in toluene solution at
85 °C for 2 days. Comparatively much less I2 and Snls were observed for the films deposited on
neutral PEDOT and bare ITO substrate after same thermal stress. In addition, we observed that the
formation of I» can cause severe structural damage to the mixed Pb-Sn perovskite, a phenomenon
not observed in Pb-only perovskites. To demonstrate this, we sealed mixed Pb-Sn perovskite and
Pb-only perovskite films in vials filled with sublimated L. vapor at room temperature. As shown
in Fig. 1h, many voids formed inside the Pb-Sn perovskite film within 20 min, which was

accompanied by the formation of large amounts of 1> and Snly (Fig. 1i) and a change in the



composition of the material (Fig. S8). Conversely, Pb-only perovskite was more resistant to I
vapor compared to mixed Pb-Sn perovskite (Fig. S9). Thus, the mechanism behind the poor
thermal stability of Pb-Sn perovskite films is tied to the use of an acidic HTL, and this issue can

be overcome using neutral PEDOT.

Light-trapping structure for enhanced light absorption

Even after addressing the HTL-induced perovskite instability, we still observed a Jsc loss
when transforming from opaque devices to semitransparent devices. This reduction in Jsc by 1.8
mA/cm? in Fig. 1c¢ comes from the reduced EQE at long wavelengths (>700 nm) (Fig. 1c, inset),
due to the removal of the reflecting back metal electrode and the associated reduction in photon
pathlength. Therefore, we need to increase the photon pathlength to improve the Jsc of
semitransparent NBG perovskite solar cells. Asillustrated in Fig. 2a, we embedded light-scattering
particles in the Pb-Sn perovskite film to trap light in this layer. In principle, any inert material—
that is, chemically stable with metal-halide perovskites—with a refractive index lower than that of
the perovskite absorber can be a candidate to fabricate such light-scattering particles. Compared
to other light scattering particles, we chose cation-exchange-resin particles in here, because besides
the light scattering function those resin particles can have an additional function of locking the Pb
in perovskite devices even when the PV modules are completely broken as reported in our previous
studies (49,50). There is no noticeable reaction between the resin-particle layer and the Pb-Sn
perovskite even at elevated temperature (Fig. S10). The resin-particle layer deposited on ITO/glass
exhibits excellent transparency, with no noticeable change in absorption (Fig. S11). These cation-
exchange resins have a porous structure with a nanoparticle size of approximately 40 nm, after

finely powdered by high energy ultrasonic processor to form particle suspension, a non-continuous



resin-particle layer with random height distribution and surface coverage of ~50% was formed by
spin-coating resin-particle suspension onto the neutral PEDOT HTL (Fig. 2b and Fig. S12).
Considering particle size of close to or larger than the wavelength of photons is desired to have
excellent scattering effect, but particle size of several micrometers would cause coverage issue of
the light scattering particles by perovskite film, we controlled the thickness of resin-particle layer
close to 1 micrometer (um). This is much thicker than the mesoporous resin layer thickness of
~300 nm in our previous Pb adsorbing study (49), where a thin layer of ~300 nm doesn’t have
good light-scattering effect for long wavelength photons. The mesoporous light-scattering layer
with thickness close to 1 um does not impair the formation of a continuous Pb-Sn perovskite layer.
As shown in the top-view and cross-sectional SEM images, 1200 nm thick Pb-Sn perovskite film
fully cover the resin-particle layer (Fig. 2c-d). Compared to the planar semitransparent device with
a Jsc of 28.4 mA/cm?, the semitransparent device with a resin-particle layer exhibited an improved
Jsc of 30.2 mA/cm? with no reduction in Voc and FF (Fig. 2e and Fig. S13), and an increase in
EQE, particularly at long wavelengths (Fig. 2f). This further improved the mean efficiency of

semitransparent Pb-Sn perovskite solar cells from 18.2% to 19.4% (Fig. 2g and Fig. S13).
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Fig. 2. Light-trapping structurefor enhanced light absorption in semitransparent NBG cells, (a)
Schematic illustration ofthe increasedphoton pathlength through incorporation oflight-trapping
scattering particles in the NBG perovskite film. 60°-tilted SEM images of (b) resin particles on
1/0 glass substrate and (c) Pb-Snperovskitefilm on resin-particle layer, (d) Cross-sectional SEM
image of Pb-Sn perovskite film on resin-particle layer, (e) J-V curves, (f) EOE, reflectance (R),
and absorptance (4), and (g) efficiency distribution ofsemitransparent Pb-Sn singlejunction cells

on neutral PEDOT with and without light-trapping resin-particle layer underfront illumination.
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The box in (g) indicates the standard deviation and the line inside box represents the mean value.
(h) Difference in EQE, R, and A between semitransparent Pb-Sn solar cells fabricated with and
without a light-trapping layer. (i) Grain size distribution of Pb-Sn perovskite films fabricated on
neutral PEDOT without and with light-trapping layer. (j) TPV under AM1.5G illumination with

extra laser-pulse excitation for Pb-Sn perovskite cells without and with light-trapping layer.

To understand the mechanism behind the increase in Jsc and EQE, we compared the
changes in EQE (AEQE), reflectance spectrum (AR), and absorptance spectrum (AA) between
semitransparent NBG devices with and without light-trapping resin-particle layer when
illuminated from the HTL side (Fig. 2h). In the 700-1100 nm wavelength range—which is the
working window for NBG bottom-cells in tandem devices—the integrated Jsc under 1-sun front
illumination increased by 1.19 mA/cm? Absorptance in the infrared region increases by 5-15%
with embedded resin-particles (Fig. 2h). The EQE enhancement matches this increase in
absorptance, with correspondingly minimal contribution from the reduction in reflectance. This
confirms that the embedded particle layer exhibits the expected light-trapping effect and can
increase the photon pathlength in Pb-Sn perovskite solar cells. In the 300-700 nm wavelength
range—where most short-wavelength photons are fully absorbed with one pass through the thick
Pb-Sn perovskite film and, thus, no scattering effect is needed—the EQE is also improved,
resulting in an integrated Jsc increase of 0.46 mA/cm? under 1-sun front illumination. The EQE
enhancement in this wavelength region matches the reduction in reflectance, indicating that the
light-trapping resin-particles also have an anti-reflection function due to change of interference
from the device. The haze measurement in Fig. S14 shows that the resin-particle layer has a good

light scattering effect across the working window of all-perovskite tandem solar cells. As a result,
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it increases the photon pathlength, allows more long wavelength photons to be absorbed by
perovskite layer, and also shifts the interference pattern at short wavelength region (Fig. 2f and
Fig. S15).

Furthermore, we investigated the influence of resin particles on the morphology and
optoelectronic properties of Pb-Sn perovskite films. There was no obvious difference in grain-size
distributions (Fig. 2i and Fig. S16) between Pb-Sn perovskite films fabricated with and without
light-trapping resin-particle layer. Transient photovoltage (TPV) measurement in Fig. 2j and
transient photocurrent (TPC) measurement in Fig. S17 of Pb-Sn perovskite solar cells showed that
the carrier recombination lifetime maintained at ~1.85 us and TPC transit time kept at ~35 ns after
embedding the light-trapping resin-particles, where the calculated carrier diffusion length
maintained at ~1.5 um for efficient charge extraction across the Pb-Sn perovskite film. As proved
in our previous study (49), the perovskites can infiltrate into mesoporous resin-particle layer,
which enables the holes generated at the perovskite layer to be extracted by the ITO/PEDOT

interface without being blocked by resin particles.

Performance of bifacial all-perovskite tandem devices

The performance of bifacial all-perovskite tandem devices fabricated with these light-
trapping resin-particle structures was characterized. The bifacial tandem devices harvest both
direct (and diffuse) incident sunlight from the front WBG side and additional albedo light from
the rear NBG side (Fig. 3a). Different from bifacial single junction cells, which typically measure
independent efficiencies under only front illumination and only rear illumination that give a
bifaciality factor to quantify their ratios (39,43,517), there would be a large current mismatch

between sub-cells for the bifacial tandem solar cells when light only illuminating from one side,
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thus bifaciality factor doesn’t reflect the actual performance of bifacial tandem cells. An
appropriate metric to quantify and compare the power production of bifacial tandem devices under
applications with albedo light is the “equivalent efficiency”, which is the efficiency of a
corresponding mono-facial PV device with the same area generating the same power under the
same testing conditions (39,43,517). The schematic of the stack of fabricated bifacial all-perovskite
tandem solar cells with materials and thickness of each layer was present in Fig. S18. Fig. 3b shows
an SEM image of a bifacial all-perovskite tandem solar cell with the embedded light-trapping
structure at NBG sub-cell near PEDOT side to scatter the infrared light. Fig. 3¢ shows that, as
expected, the light-trapping structure increased the EQE of the NBG sub-cell in bifacial tandem
devices with front illumination (that is light coming from the WBG side), resulting in a 0.9 mA/cm?
increase in Jsc from the NBG bottom cell under 1-sun illumination. No change in EQE was
observed for the WBG top cell under front illumination, because short-wavelength photons were
absorbed by the WBG sub-cell before they reach the light-trapping particles at the PEDOT/NBG
perovskite interface. The EQE under rear illumination (that is light coming from NBG side) also
showed an enhancement in the long wavelength region (Fig. 3d), which is ascribed to the light
scattered back from the resin-particle layer. Comparison between the EQE curves and the
absorptance and reflectance spectra shows that the improvement in EQE under both front and rear
illumination stems from the improvement in absorptance (Fig. 3¢-d), which confirms the light-
trapping function of the resin-particle layer. Then, we fabricated bifacial all-perovskite tandem
devices using WBG perovskites of different bandgaps (1.65-eV and 1.78-eV) combining with the
efficient semitransparent NBG cell with light-trapping structure to demonstrate the benefits of
bifacial configuration (Fig. 3e). Despite a large Jsc difference between the 1.65-eV WBG top cell

and the 1.21-eV NBG bottom cell—19.4 mA/cm? versus 10.9 mA/cm?, as calculated from their
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respective EQEs—the bifacial tandem device under illumination with 30% of albedo light (back-
to-front irradiance ratio of 30%) generated an additional photocurrent density of 8.7 mA/cm? in
the NBG cell, which balanced the photocurrent from the WBG sub-cell. As a result, the bifacial
all-perovskite tandem device fabricated with a 1.65-eV top cell achieved a Jsc of 19.4 mA/cm?, a
Voc of 2.01 V, and an equivalent efficiency of 29.3% under illumination with 30% of albedo light
(Fig. 3e), which is confirmed by the steady-state output shown in Fig. 3f. This performance of
bifacial all-perovskite tandem device is higher than the equivalent efficiency of ~26.5% for the
bifacial single-junction silicon cell under same 30% of albedo light as simulated in our previous
study (40). The fill factor was slightly reduced when changing the illumination from mono-facial
to bifacial condition due to the increased photocurrent density (Table 1). For the bifacial tandem
with a 1.78-eV WBG top cell, the WBG cell limits the Jsc of the tandem device to 15.7 mA/cm?
(Fig. 3g), with a Voc of 2.05 V and an equivalent efficiency of 24.0% under illumination with 30%
of albedo light (Fig. 3e). This efficiency is close to the efficiency of 24.4% for mono-facial tandem
counterpart fabricated with a 1.78-eV WBG cell (Fig. 3i and Table 1). More detailed study for the
high efficiency mono-facial all perovskite tandem solar cells that we achieved using the similar
NBG perovskite and WBG perovskite with matched photocurrent condition could be found in our
previous publication (52). For 15 bifacial tandem devices fabricated from the same batch, the mean
equivalent efficiency under illumination with 30% of albedo light was increased from 23.3% to
28.3% when the bandgap of top cell changed from 1.78 eV to 1.65 eV (Fig. 3h and Fig. S19). Note
that the Voc of the bifacial tandem devices is only reduced by 40 mV when the bandgap of the
WBG cell is decreased from 1.78 eV to 1.65 eV (Fig. S19), with a corresponding 90 mV reduction

of voltage deficit Woc for the bifacial all-perovskite tandem solar cells.
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Fig. 3. Performance ofbifacial all-perovskite tandem solar cells with embedded light-trapping
structure, (a) Sketch oflight absorption in a bifacial all-perovskite tandem device with additional
albedo light, (b) SEMimage ofa bifacial all-perovskite tandem device with a light-trapping resin-
particle layer at the PEDOT NBG perovskite interface. EOE, R, and A ofbifacial all-perovskite
tandem devices (c) under illuminationfrom the front (WBG) side and (d) under illuminationfrom
the rear (NBG) side, where the bifacial tandem devices werefabricated with a 1.65-eV WBG top
cellanda 1.21-e VNBG bottom cell deposited on neutral PEDOTwithout andwith a light-trapping
layer, (e) J-V curves ofsemi-transparent Pb-Sn cell (ST-NBG), and bifacial tandems fabricated
with 1.65-eVand 1.78-eV WBG top cells without (A=0%) andwith 30% ofalbedo light (A=30%).

(f) Steady-state output ofbifacial tandem with 1.65-eV WBG top cell at the maximum power point
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(applied bias of 1.70 V) under illumination with 30% of albedo light. (g) EQFE curves of a bifacial
all-perovskite tandem device fabricated with a 1.78-eV WBG cell and a 1.21-eV NBG cell with
light-trapping layer under front illumination and rear-side albedo light. (h) equivalent efficiency
distribution of 15 bifacial tandems fabricated in same batch with 1.78-eV and 1.65-eV WBG top
cells under illumination with 30% of albedo light, where the box indicates the standard deviation

and the line inside box represents the mean value. (i) J-V curve of a mono-facial all-perovskite

tandem solar cell fabricated with a 1.78-eV WBG top cell and a 1.21-eV NBG bottom cell.

Table 1. Photovoltaic performance of bifacial and mono-facial devices. Summary of photovoltaic
parameters for semitransparent 1.21 eV Pb-Sn cell (ST-NBG), bifacial tandems fabricated with
1.65-eV and 1.78-eV WBG top cells without (A=0%) and with 30% of albedo light (A=30%,), and

mono-facial tandem with 1.78-eV WBG top cell.

Device Voc (V) Jsc(mA/cm?) FF (%) n (%)

ST-NBG /A=0% 0.85 302 76.4 19.6
Bifacial (1.65 eV)/A=30% 2.01 194 75.0 293
Bifacial (1.78 eV) /A=30% 2.05 15.7 74.7 24.0
Bifacial (1.65 eV) /A=0% 1.99 10.9 76.8 16.7
Bifacial (1.78 eV) /A=0% 2.03 13.4 76.0 20.6
Mono-facial (1.78 eV) 2.03 15.4 78.1 24 .4

Energy-yield simulations
We simulated the energy yield of bifacial all-perovskite tandem solar cells and their mono-

facial counterparts to illustrate the benefits of bifacial configuration, as shown in Fig. 4. The
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installation parameters—such as ground cover, use of tracking, ground clearance, row spacing,
and location—can be used (to some extent) to tailor the effective albedo for the applications of
bifacial all-perovskite tandem devices (40). For example, annual average effective albedos of 25%
and 34% can be achieved in Phoenix (Arizona, USA) with white sand as the ground surface using
single-axis tracking and fixed-tilt systems, respectively; these effective albedo values are reduced
to 10% and 13%, respectively, when assuming the exact same system configurations on brown
loam ground, which presents a lower surface albedo (Fig. S20). Fig. 4a and 4b show the relation
between the annual energy yield and the bandgap of the WBG top cell for mono-facial and bifacial
tandem modules installed in Phoenix on white sand or brown loam in single-axis-tracking (Fig. 4a)
or fixed-tilt (Fig. 4b) systems. As expected, higher average effective albedos reduce the optimal
bandgap of the WBG top cell and boost the energy yield in a wide range of top-cell bandgaps when
compared with mono-facial tandem devices (40-43). That is, bifaciality relaxes the constraint on
the bandgap of the WBG top cell. For instance, with single-axis tracking on white sand in Phoenix,
the maximum annual energy yield could be increased from 879 kWh/m? for mono-facial tandem
modules with a 1.78-eV WBG top cell to 983 kWh/m? for bifacial tandem modules with a 1.65-
eV WBG top cell (Fig. 4a), an 11.8% increase of the energy yield. For bifacial tandem modules
with single-axis on brown loam, the increase in energy yield is more limited, with an improvement
of 5.5% from 870 kWh/m? to 918 kWh/m? when switching from mono-facial with a 1.78-eV WBG
cell to bifacial with an optimal 1.73-eV WBG cell (Fig. 4a). The effect of the WBG-cell voltage
deficit Woc on the annual energy yield under different effective albedo conditions is presented in
Fig. 4c-f. Fig. S21 and Table S1 summarize the Woc of reported high-Voc WBG perovskite solar
cells (53) and Fig. S21 also shows the Woc model we used in our simulations, where our Woc

model assumes a reduction of Woc when decreasing the bandgap of the WBG cell. Fig. 4c shows
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that, in Phoenix on white sand with single-axis tracking, if Woc of 1.78 eV WBG cells is reduced
by 90 mV—from 0.57 V to 0.48 V—the annual energy yield of corresponding bifacial tandem
devices will improve by 5.2%, from 882 kWh/m? to 928 kWh/m?. Therefore, bifacial all-perovskite
tandem solar cells not only harvest additional albedo light to increase the energy yield, but also
decrease the optimal bandgap of the WBG cell, opening the way to using cells with lower Woc
and, thus, allowing a further increase in energy yield. As crystalline silicon PV panels are shifting

to bifacials, there are albedo-enhancing technologies being deployed to increase energy yield.
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Modeled WBG-cell Woc
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Fig. 4. Energy-yield simulations for bifacial all-perovskite tandem solar modules. Simulated
annual energy yield ofbifacial and mono-facial all-perovskite tandem solar modules installed on
white sand and brown loam in Phoenix, AZwith (a) single-axis-tracking and (b) fixed-tilt systems.
The modeled relation between the bandgap ofthe WBG-cell and its voltage deficit Woc is based

on the best WBG-cell reported in the Perovskite Database, as detailed in the Supplementary
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Information. Note that, as opposed to our WBG-cell, these best WBG-cells are not necessarily
semi-transparent or process-compatible with integration into a tandem device. Hence, our
devices—on which the constraint are substantially stronger—present a slightly larger Woc than
assumed in the model. The shaded areas represent the ranges of WBG-top-cell bandgaps for which
bifacial tandem modules outperform their optimized mono-facial counterparts. Calculated annual
yield of bifacial all-perovskite tandem solar modules with different WBG-top-cell bandgaps and
voltage deficits Woc installed in Phoenix, AZ on (c and d) white sand and (e and f) brown loam
with single-axis tracking (c and e) and fixed tilt (d and f). The dots represent the WBG-top-cell
bandgaps and Woc of the best cells reported in the literature, the dashed line represent the

bandgap— Woc relation we have assumed in the simulations shown in Fig. 4a and 4b.

For the energy yield simulation result in Fig. 4, the impact of temperature and dead areas
were not included. The impact of temperature on the performance of the modules was ignored in
here for two reasons: 1) experimentally validated temperature coefficients for the NBG- and WBG-
cells were not available, and 2) a custom thermal model specific to thin-film all-perovskite tandem
modules would have to be built, for which the parameters are unknown and dependent on design
and technology choices that are yet to be made. Consequently, building a specific thermal model
implies assumptions that go beyond the scope of the current publication. However, we assume that
the thermal coefficients of the NBG- and WBG-cells are of the same sign—as opposed to
perovskite/silicon tandem modules (54)—so temperature effects should have a minimal impact on
current matching between the sub-cells. So far, there is no standard geometric fill factor to
reference for perovskite modules, how bifacial all-perovskite tandems will be implemented at the

commercial scale still need to be found out, therefore, we reported active-area power densities in
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Fig. 4 a and b without considering the dead areas (scribe-lines, module frame, etc.) of the module.
A geometric fill factor must be assumed to translate these numbers into “full-module” numbers,
and adding such a constant geometric fill factor across all modules would only decrease the
absolute energy yield but not change the shape of the curves in Fig. 4. Thus, our main conclusions
remain unchanged regarding the optimal bandgap for the WBG-cell.

For the cost estimation of photovoltaic module, the difference between mono-facial and bi-
facial tandem devices is the change from thermal evaporated BCP/Cu to sputtered ITO electrode
with SnO; buffer layer. Based on the cost estimation by Li ef al. and Chang et al. (4,55), the cost
of thermal evaporated BCP/Cu electrode is ~$2/m? among the total cost of $45.23/m? for all-
perovskite tandem solar cells, and the estimated cost of SnO; buffer layer and sputtered ITO
electrode is $0.57/m? and $1.77/m?, respectively (4,55). This shows that there will be less than 1%
of cost changes between mono-facial and bifacial all-perovskite tandem solar cells, while the
efficiency gain can be as large as 10% based on the energy-yield simulations. Therefore, the

bifacial all-perovskite tandem solar cells will be attractive for the solar energy harvesting.

DISCUSSION

In summary, we report the fabrication of efficient bifacial all-perovskite tandem solar cells
based on enhanced narrow-bandgap Pb-Sn perovskite sub-cells with an embedded light-scattering
layer and non-acidic HTL. We develop a resin-particle based light-trapping layer to increase the
photon pathlength in semitransparent Pb-Sn perovskite solar cells and replace the acidic
PEDOT:PSS hole transport layer with neutral PEDOT for better thermal stability to achieve
efficient charge collection. As a result, the efficiency of semitransparent Pb-Sn perovskite solar

cells is boosted from 15.6% to 19.4%, which benefits the performance of bifacial all-perovskite
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tandem solar cells. With 30% of albedo light, bifacial all-perovskite tandem solar cells could use
1.65 eV perovskite instead of 1.78 eV perovskite as WBG sub-cells. As a result, 1.78-eV
perovskite cells—which exhibit large voltage deficit Woc —can be avoided, and, using a 1.65-eV
WBG cell instead, the Woc of tandem device is reduced, leading to an equivalent efficiency of

29.3% under 30% of albedo light.

MATERIALS AND METHODS

Materials. Pbl> (99.999%), PbBr2 (99.999%), Snlz (99.999%), Csl (99.999%), barium iodide
(Baly, 99.995%), rubidium  iodide (RbI, 99.9%), bathocuproine (BCP),
tris(pentafluorophenyl)borane (95%), choline chloride (>98%), 1,4-Diaminobutane (BDA, 99%),
methylamine solution (33 wt.% in absolute ethanol), N,N-dimethylformamide (DMF, anhydrous,
99.8%), dimethyl sulfoxide (DMSO, anhydrous, 99.8%), toluene (anhydrous, 99.8%), isopropyl
alcohol (anhydrous, 99.5%), ethyl acetate (anhydrous, 99.8%), sulfonic acid cation exchange
resins (Amberlyst 15, hydrogen form) were purchased from Sigma-Aldrich. MEO-2PACz (>98%)
was purchased from TCIL. PEDOT:PSS (Clevios™ P VP A14083) and PEDOT (HTL Solar 3) were
purchased from Ossila. Formamidinium iodide (FAI), phenethylammonium bromide (PEABr),
and phenethylammonium chloride (PEACI) were purchased from GreatCell Solar. Ceo was
purchased from Nano-C Inc. Aqueous single-layer graphene-oxide (GO) solution with
concentration of 500 mg/L. was purchased from Graphene Supermarket. MAPbCI; single crystals
were synthesized using a previously reported method(56). Copper (Cu) pellets and the indium tin
oxide (ITO) target were purchased from Kurt J. Lesker Company. Polytetrafluoroethylene (PTFE)

and Nylon filters were purchased from VWR.
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Preparation of precursor solutions.

Pb-Sn perovskite precursor solution: 2.0 M Cso2FAosPbosSnosls (1.21 eV) Pb-Sn
perovskite solution was prepared by dissolving 0.41 M Csl, 1.64 M FAIL 1.0 M Pblz, 1.0 M Snl;
and 0.1 M SnF; in mixed solvent of DMSO and DMF with a volume ratio of 1:3. After stirring at
room temperature in N>-filled gloveboxes overnight, 2.5 mg/ml PEACI, 0.78 mg/ml Balz, and 0.42
mg/ml Rbl were added into the precursor solution. The perovskite precursor solution was filtered
with 0.22-um PTFE filter before use.

WBG perovskite precursor solutions: 1.35 M Csg4FAgsPbl204Broos (1.78 €V) precursor
solution was prepared by dissolving 0.54 M Csl, 0.81 M FAI 0.648 M PbBr2, 0.702 M Pbl,
0.054M MAPDCI3 single crystals, and 1.0 mg/ml PEABr in mixed solvent of DMSO and DMF
with a volume ratio of 3:7 and stirred at room temperature in gloveboxes overnight. 1.65 eV
perovskite precursor was prepared by mixing 1.78 eV perovskite precursor with FAPbI; precursor
(1.8 M in mixed solvent of DMSO and DMF with volume ratio of 3:7) at volume ratio of 1:0.6.

PEDOT:PSS solution: Commercial Clevios™ P VP Al 4083 solution (pH value of 1-2)
was filtered with 0.22-um Nylon filter before use.

PEDOT solution: HTL Solar 3 solution (pH value of ~2, without PSS ionomer) was mixed
with tris(pentafluorophenyl)borane solution (2.6 mg/mL in toluene) at volume ratio of 1:1 and was
filtered with 0.22-um PTFE filter before use.

Resin particle suspension: Commercial cation exchange resins Amberlyst 15 were first
mixed with high-concentration NaOH aqueous solution under stirring to convert from hydrogen
form to sodium form. After washing with deionized water and drying in an oven, the sodium-form
cation-exchange resins were finely powdered in isopropyl alcohol using a 130-W ultrasonic

processor for 4 hours. This suspension solution was used for deposition of resin-particle layers.
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Pb-Sn perovskite solar cells fabrication. Patterned ITO/glass substrates were sequentially
cleaned in deionized water, acetone, and isopropyl alcohol with ultrasonication for 30 min, and
then UV-ozone treated for 15 min before use. Acidic PEDOT:PSS hole transport layers were
coated onto ITO/glass substrate by spin-coating the PEDOT:PSS solution at 5000 r.p.m for 30 s
and annealing at 150 °C for 15 min in ambient condition. Neutral PEDOT hole transport layers
were coated onto ITO/glass substrate by spin-coating the PEDOT solution at 6000 r.p.m for 30 s,
annealing at 150 °C for 15 min in N»-filled glovebox, and spin-coating the films with 0.4 wt%
methylamine in ethanol at 5000 r.p.m for 30 s to neutralize the PEDOT layer. Acidic PEDOT hole
transport layers were obtained by spin-coating the PEDOT solution at 6000 r.p.m for 30 s and
annealing at 150 °C for 15 min in N2-filled glovebox. The resin-particle layers were deposited by
spin-coating the resin-particle suspension solution at 2500 r.p.m for 30 s twice and annealing at
100 °C for 5 min. Then, the NBG perovskite precursor solution was spin-coated at 1500 r.p.m for
18 s and 3500 r.p.m for 45 s, 0.13 mL of ethyl acetate was quickly dropped onto the spinning
substrate after 55 s elapsed, followed by annealing at 130 °C for 7 min. For surface passivation, a
0.02 mM BDA solution in toluene was dropped onto the perovskite films during spin-coating at
5000 r.p.m for 30 s followed by annealing at 70 °C for 5 min. The devices with Cso/BCP/Cu
electron transport layers and electrodes were finished by sequentially depositing Ceo (20 nm),
BCP (8 nm), and Cu (90 nm) on the perovskite film by thermal evaporation. For the devices
with Ceo/ALD-SnO2/Cu stack, 20 nm of Ceo were first thermally evaporated, followed with
deposition of 15 nm of SnO2 through 210 ALD cycles at 85 °C for 150 min in a Cambridge
NanoTech Savannah G2 tool, and finished with thermal evaporation of a 90-nm-thick Cu

electrode. The devices with Cso/ALD-SnO2/ITO were finished with a 80-nm-thick ITO
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electrode, which was on top of the SnO: buffer layer sputtered from a 4-inch ITO target at a
power of 100 W in a Kurt J. Lesker PVD 75 Pro Line tool under argon atmosphere with 0.4%
of oxygen. A pyramidally textured polydimethylsiloxane (PDMS) layer was added to the glass

surface to reduce the reflection (57). The device areas of Pb-Sn solar cells were 8 mm?.

Bifacial all-perovskite tandem solar cells fabrication. The bifacial all-perovskite tandem solar
cells were fabricated with the stack of following layers: glass (700 um)/ITO (120 nm)/MEO-
2PACz (monolayer)/ WBG (540 nm)/Ceo (20 nm)/SnO2 (15 nm)/graphene-oxide (<5 nm)/PEDOT
(30 nm)/resin (~1000 nm)/NBG (1200 nm)/Cso (20 nm)/SnO2 (15 nm)/ITO (80 nm). 2 mM MEO-
2PACz in isopropyl alcohol was spin-coated at 6000 r.p.m for 20 s onto UV-ozone treated
ITO/glass substrates and annealed at 100 °C for 30 min. Then, the WBG perovskite precursor
solution was spin-coated onto the MEO-2PACz HTL at 3000 r.p.m for 30 s. After spin-coating,
N2 was blown on the film for 40 s using an N2 gun, the film was then annealed at 65 °C for 1 min
and 105 °C for 20 min. Then, 1 mg/ml PEABr in isopropyl alcohol was spin-coated onto the
annealed perovskite film followed with annealing at 100 °C for 10 min. Subsequently, 1 mg/ml
choline chloride in isopropyl alcohol was spin-coated onto the perovskite film, followed by
annealing at 100 °C for 20 min. Next, 20 nm of Ceo were thermally evaporated, and 15 nm of
SnO2 were deposited through 210 cycles ALD at 85 °C. After ALD deposition, the as-purchased
graphene-oxide solution was spin-coated on the top of ALD-SnO> followed by annealing at 105
°C for 30 min to get a less than 5 nm of recombination layer. Neutral PEDOT, resin-particle layer,
Pb-Sn NBG perovskite, Cso, ALD-SnO2, and sputtered ITO electrode were deposited by the same

procedures as the single-junction semi-transparent NBG perovskite solar cells. Pyramidally
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textured PDMS layers were added to both surfaces of device to reduce the reflection. The device

areas of bifacial all-perovskite tandem solar cells were 8 mm?2.

Characterization. Current—voltage (J-V) measurements were performed using a Keithley 2400
source meter at a scan rate of 0.1 V-s ! under AM1.5G illumination (100 mW/cm?), which was
produced by a Xenon-lamp-based solar simulator (94043 A, Newport Sol3A™ Class AAA). The
light intensity was calibrated using a 91150-KGS silicon reference cell mounted with a KG5
window. J-V measurements with albedo light were performed under illumination from both the
front side and the rear side, with the cell’s front side illuminated at 1-sun-equivalent using a
Xenon-lamp-based solar simulator (Oriel 67005) whereas the cell’s rear side was illuminated by
a separate Xenon-lamp-based solar simulator (94043 A) equipped with an integrated partial -sun
attenuator to tune the intensity of rear illumination to 0.3-sun-equivalent. EQE measurements
were conducted with a Newport QE measurement kit, by focusing a monochromatic light beam
from a Xenon Arc lamp coupled with a Bruker Vertex 80v Fourier Transform Interferometer
onto the devices. Then the photocurrent was obtained through Stanford Research SR570 current
preamplifier. EQE of devices were calibrated by a Newport reference silicon solar cell with a
known EQE. In tandem devices, the EQEs of the WBG sub-cells and the NBG sub-cells were
measured under infrared bias light (~940 nm) and blue bias light (~470 nm) at an equivalent
intensity of ~0.3 sun, respectively. X-ray diffraction (XRD) patterns were acquired with a
Rigaku Miniflex 6GBenchtop XRD system. GIXRD measurements were carried out with a
Rigaku SmartLab diffractometer using Cu Ka radiation, and the height of films was calibrated
before each measurement. For the characterization of the reaction products of Pb-Sn perovskite

films under thermal stress, Pb-Sn perovskite films deposited on varying HTLs and on bare
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ITO/glass were soaked in 8 mL toluene in sealed 50 mL vials inside N2-filled gloveboxes. After
annealing on 100 °C hot plate with temperature of toluene solution at 85 °C for 48 hours, the
extracted reaction products in toluene were characterized through absorptance measurement by
PerkinElmer LAMBDA 1050+ UV/Vis/NIR spectrophotometers. 1> vapor treatment was carried
out by sealing the perovskite films with ~0.1 g of I> powder in 20 mL vials inside N»-filled
gloveboxes in the dark. The I> powder was sublimated into I vapor, which reached and reacted
with the perovskite films. After I vapor treatment, the samples were taken out of the vials and
annealed at 50 °C in N»-filled gloveboxes for 3 min in order to sublimate the adsorbed I>. The
reaction products were then extracted by soaking the films in 4 mL toluene for absorptance
measurement by PerkinElmer spectrophotometers. Scanning electron microscopy (SEM) images
were taken with a FEI Helios 600 Nanolab tool. Transient photovoltage (TPV) decays were
measured under 1-sun illumination, using a 337-nm laser pulse (SRS NL 100 Nitrogen Laser,
pulse duration of less than 3.5 ns) to add a small perturbation to the background illumination.
The voltage of the device was measured with a digital oscilloscope (DOS-X 3104A) with an
input impedance set to 1 MQ. For TPC measurement, the device was connected to the
oscilloscope with an input impedance set to 50 Q to form a short-circuit condition, and the
photocurrent variation (Al) was created by the 337-nm laser pulse (SRS NL 100 Nitrogen Laser)
under dark condition. The device size for TPC measurement was reduced by scribing with a
knife to reduce the capacitor to <100 pF for a RC constant of <5 ns. Haze characterization was
performed with a Lambda 950 UV-VIS spectrophotometer from PerkinElmer that equipped
with a 150 mm integrating sphere. We measured the diffuse transmittance and total

transmittance of the sample, respectively, and calculated the Haze by the ratio of the two spectra.
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Annual energy yield simulations. Annual energy yield simulations were carried out by
combining results from the software SunSolve™ from PV Lighthouse—used to obtain the front
and back irradiances (in suns-equivalent) on bifacial modules—with a bifacial tandem device
model developed in-house (40). For the four power-plant configurations considered (fixed-tilt on
brown loam, single-axis tracking on brown loam, fixed-tilt on white sand, single-axis tracking on
white sand), we used the SunSolve™ Yield tool to determine the photo-generated current densities
from front and rear irradiance over the course of a model year in the case of bifacial silicon PERC
modules. We simulated unit PV systems with either single-axis tracking or fixed tilt configuration
located in Phoenix, AZ. The unit system consists of a single module (977 cm x 1958 cm) in portrait
orientation mounted on a 12.5-cm-diameter torque tube that is 1.6 meters above the ground. It
presents a full system with a module row pitch of 5.5 meters and 2 cm gap between modules in the
same row. In the single-axis-tracking case, rows are oriented north-south, with a max tilt angle of
+60° and back-tracking implemented. In the fixed-tilt case, rows are oriented east-west with a tilt
of 29°. Spectrally resolved albedos for brown loam and white sand were extracted from the ASTER
database (58) and used as inputs in SunSolve, assuming reflection off the ground surface to be
lambertian. For each hour of the year, we extracted the front and rear photo-generated current
densities for standard PERC modules and, knowing the front and rear Jsc of these PERC modules
under AM1.5G illumination (direct illumination for the front Jsc, diffuse illumination for the rear
Jsc), we converted the hour-per-hour front and rear photo-generated currents into irradiances
(direct on the front, diffuse on the rear) in numbers of suns-equivalent.

These hour-per-hour front and rear irradiances (in suns-equivalent) were used as inputs for
our bifacial tandem device model. This model is adapted from the earlier work from Onno et al.

on perovskite/silicon bifacial tandem devices (40). To ensure that the total front EQE of modeled
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all-perovskite bifacial tandem modules is independent of the WBG-cell bandgap, we assumed that
both perovskite layers were conformally deposited on textured glass. Thus, we minimized
interferences at the band-edge of the WBG cell. We used the spectrally resolved complex refractive
indices of 1.65-eV WBG and 1.21-eV NBG perovskites—determined by ellipsometry and
spectrophotometry—as inputs in the SunSolve™ Power tool to calculate the front (direct
illumination) and rear (diffuse illumination) total EQEs of the assumed all-perovskite bifacial
tandem module, and confirmed that both EQEs were independent of the WBG-cell bandgap.
Similar to the technique used by Onno et al. (40) (itself inspired by previous work from Manzoor
et al. (59)), for arbitrary WBG-cell bandgaps, we reconstructed the front WBG- and NBG-cell
EQEs from the total front EQE by shifting the absorptance of the WBG cell. For each hour of the
year, we calculated the photo-generated currents in both sub-cells from the reconstructed front and
rear WBG- and NBG-cell EQEs and from the irradiances (in suns-equivalent) extracted from

SunSolve™ assuming a spectral irradiance equal to AM1.5G scaled by the number of suns-

equivalent. The underlying assumption is that the all-perovskite tandem modules present an
angular sensitivity similar to that of the bifacial PERC modules simulated in SunSolve™ Yield.
Hourly resolved J-V curves were then calculated for each sub-cell, using one-diode models for
both sub-cells. For each WBG-cell bandgap, the equilibrium recombination current of the WBG-
cell was adjusted to match the assumed Voc deficit. The equilibrium recombination current of the
1.21-eV NBG-cell was adjusted to match the Voc reported in Table 1. For each hour of the day,
the tandem module yield was then computed by finding the maximum power point with the

constraint of current matching between the WBG and NBG cells, assuming a total series resistance

of 15 Q.cm?.
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Fig. SI. Impact of ALD process on total absorptance. Total absorptance (1-R), where R is the
reflectance, of Pb-Sn perovskite solar cells fabricated on acidic PEDOT:PSS with electron

transport layers and cathodes consisting of C&fBCP/Cu and (T, AL.D-SnO- ('it.
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Fig. S2. Impact ofpost-deposition annealing on photovoltaic performance. J-V curves ofPb-Sn
NBG cells fabricated on acidic PEDOT:PSS without and with post-deposition annealing. Post-
deposition annealing of ITO PEDOEPSSZPb-Sn samples was carried out inside Nz-filled
gloveboxes at 85 °C. for 150 min, followed with thermal evaporation of € B(7 (//. Post-
deposition annealing of ITO PEDOEPSSZPb-Sn perovskite/Ceo samples was carried out inside
the ALD vacuum chamber at 85 °C_for 150 min without any Sn or waterprecursorpulse, followed
with thermal evaporation of BCP/Cu. Control sample was ITOPEDOEPSSZPb-Sn

perovskite Cso BCPCu withoutpost-deposition of Pb-Sn perovskitefilm.
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Fig. §3. Thermal stability ofsemi-transparent Pb-Sn cells. Evolution ofphotovoltaic parameters

ofsemi-transparent Pb-Sn cellsfabricated on acidic PEDOEPSS and on neutral PEDOT during

thermal stability test at 85 °C in gloveboxesfor 1000 hours.
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Fig. S4. Photovoltaic performance of semitransparent Pb-Sn cells on different HTLs.
Photovoltaic parameter distribution of 10 semitransparent cellsfabricated on acidic PEDOT:PSS
andneutral PEDOT, respectively. The box indicates the standard deviation and the line inside box

represents the mean value.
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Fig. S5. Impact ofHTLs on thermal stability of NBGfilms. XRDpatterns ofperovskitefilms with
different HTLs on the top surface—with the HTLs transferred using PDMS stamps—after post-

deposition annealing at 1SO °Cfor 45 min.

To exclude the possible impact of grain size, we made Pb-Sn perovskite films all on
ITO/glass substrates, where different HTLs were transferred by PDMS stamp onto the top surface
ofthese films. Again, the Pbh characteristic peak at 12.7° only appeared for the perovskite films
with acidic PEDOTPSS and acidic PEDOT on top surface after post-deposition annealing, but not
for the perovskite film with neutral PEDOT (Fig. S5).

To transfer the HTL, a piece of PDMS was attached to a glass substrate and treated with
oxygen plasma for 30 s, the HTL solution was then spin-coated onto the PDMS substrate at 3000
rpm for | min and annealed at 100 °C for 5 min. The dry HTL on the PDMS substrate was
subsequently transferred onto the top surface of the perovskite film, with the HTL side facing

down.

45



HTL-free Acidic PEDOT
-10 - -10 -

Voltage (V) Voltage (V)

Fig. S6. Impact of HTLs on photovoltaic performance of Pb-Sn perovskite cells. J-V curves of
1.21 eVCs0.2FA0.8Pbo.58n0.513 perovskite solar cellsfabricated on (a) bare ITO glass without HTL
and (h) acidic PEDOTas HTL with (‘a, H(7' ¢/ and € AL.D-SnO - ¢/ electron transport layers

and cathodes
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Fig. 87. GIXRDpatterns ofannealed Pb-Sn perovskitefilms with PEDOT:PSS. GIXRDpatterns
of Pb-Sn perovskite films with acidic PEDOT:PSS (a) at the bottom surface and (b) at the top
surface (obtained by transferring a dry PEDOT: PSSfilm using a PDMS stamp) after annealing at

130 °Cfor 45 min.

Even though there was no detectable PbE XRD peak formed after post-deposition
annealing at 85 °C for 150 min, considering the as-fabricated sample required thermal annealing
at 130 °C for 7 min, we carried out post-deposition annealing at 130 °C for longer time to amplify
the possible reaction.

Grazing incidence X-ray diffraction (GIXRD) was used to determine where the formation
of PbE occurred. With incident angles of 0.5° and 5°, the diffraction signals are collected from the
top 30 nm from the surface and from the whole 1200 nm thick film, respectively. GIXRD data in
Fig. S7a shows that comparatively less PbE forms in the vicinity ofthe top surface than in the
whole film after post-deposition annealing at 130 °C for 45 min for a NBG film with acidic
PEDOTPSS at bottom surface—with a PbE characteristic peak at 12.7° that is smaller with an
incident angle of 0.5° than with an incident angle of 5°. On the other hand, when the PEDOT PSS
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layer is added on top surface of the perovskite film—by transferring a dry PEDOT:PSS film using
a PDMS stamp—more Pblz forms in the vicinity of the top surface than in the whole film after
post-deposition annealing at 130 °C for 45 min (Fig. S7b)— the Pbl> characteristic peak at 12.7°

is now much larger with an incident angle of 0.5°.
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Fig. S8. Impact of I: vapor on Pb-Sn perovskite. XRD patterns of Cso.2FAo.sPbo.5Sno.513 NBG
perovskite films after I vapor treatmentfor different time lengths, compared with XRD patterns
ofthe NBGperovskitefilm before vapor treatment and ofPbh. NewlyformedXRDpeaks, obtained

after 12 vapor treatment, are highlighted with dashed lines.
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Fig. 9. Comparison ofthe impact of I> vapor on Pb-only perovskite and Pb-Sn perovskite. (a)
Absorptance spectra of the reaction products of Cso.2FAo.sPbo.5Sno.5Is and Cso.iFAo0.9Pbls
perovskitefilms after 12 vapor treatment (sealedwith I powder in vials) for 20 min. After 1. vapor
treatment, the samples were taken outfrom the vials andannealed at 50°Cfor 3 min in the glovebox
in order to sublimate the adsorbed I), the reaction products were then extractedfor absorptance
measurement using toluene, (b) XRD patterns and (c) SEM images of Cso.iFA0.9Pbls perovskite

films after I) vapor treatment.

We performed the 2 vapor treatment on Pb-only perovskite films. The absorptance spectra
in Fig. S9a show that Cso.1FA0.9PbE films were more resistant to 12 vapor compared to mixed Pb-
Sn perovskites. No notable amount of [2 formed in the case ofthe Cso.lIFA0.9PbE perovskite film.
After 10 min of 2 vapor treatment, XRD patterns show no change for the Cso.iIFA0.9PbE film (Fig.
S9b). After 20 min of I2 vapor treatment, PbE was the only new chemical species formed, with no
other new peak. SEM images show no obvious change ofthe film morphology (Fig. S9c).

The Cso.lIFA0.9PbE perovskite films were prepared at room temperature by blade coating
at 20 mm/s with 250 pm of coating gap under the blowing nitrogen knife, with a precursor solution
consisting of 1.0 M FAPbE and 0.11 M CsPbE in a 2-MEZDMSO solvent mixture. Formamidinium

hypophosphite, formamidinium chloride and phenyl ethyl ammonium chloride were added into the
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precursor solution as additives at molar percentages of ~1.0%, ~1.5% and ~0.15% of the Pb2" ions,

respectively. The blade-coated films were annealed at 150 °C in air for 3 min.
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Fig. SI0. Impact ofiresin-particle layer on thermal stability. XRD patterns ofannealedperovskite
films depositedon ITO resin-particle layer, bare ITO glass substrate, andITO acidic PEDOT:PSS

substrate. Post-deposition annealing was carried out at ISO °Cfor 45 min in N2-filledgloveboxes.
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Fig. SIl. Impact of'resin-particle layer on absorptance. Absorptance spectra of glass (670

pm) ITO (200 nm) substrate without andwith a resin-particle layer.
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Fig. S12. Morphology of'resin-particle layer, (a) Top-view surface SEM image and (b) cross-

sectional SEMimage ofresin-particle layer on 1/O glass substrate.
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Fig. SI3. Impact of light-trapping resin-particle layer on photovoltaic performance.
Photovoltaic parameter distribution of'10 semitransparent Pb-Sn singlejunction cells on neutral
PEDOT with and without light-trapping resin-particle layer under front illumination. The box

indicates the standard deviation and the line inside box represents the mean value.
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Fig. S14. Haze effect ofresin-particle layer. Measured haze ofglass ITO substrate without and

with resin-particle layer.
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Fig. SI5. Impact ofresin-particle layer on reflectance and transmittance. Reflectance (R) and
transmittance (1) of semitransparent Pb-Sn single junction cells on neutral PEDOT with and

without light-trapping resin-particle layer underfront illumination.
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Fig. SI6. Impact of light-trapping resin-particle layer on perovskite film morphology. SEM
image of Pb-Sn perovskite films deposited on neutral PEDOT (a) without and (b) with light-

trapping resin-particle layer.

58



1.2

1.0 -
None (36.8 ns)
Trapping (33.7 ns)
£ 0.6 -
0.2
z 0.0
-100 0 100 200

Time (ns)

Fig. SI7. Impact of light-trapping resin-particle layer on transient photocurrent result.
Normalized transient photocurrent (TPC) ofsemitransparent Pb-Sn perovskite cells without and
with light-trapping layer. The device size for TPC measurement was reduced by scribing with a
knife to reduce the capacitor to <100 pFfor a RC constant of <5 ns. Laser pulse during TPC

measurement was illuminatedfrom the glass ITO HTL side.
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Fig. SI8. Structure of bifacial all-perovskite tandem solar cells. Schematic of the stack of

fabricated bifacial all-perovskite tandem solar cells with material and thickness ofeach layer.
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Fig. §19. Photovoltaic performance of bifacial all-perovskite tandems. Photovoltaic parameter
distribution of’15 bifacial tandems fabricated in same batch with 1.78-eV and 1.65-eV WBG top
cells under illumination with 30% ofalbedo light, where the box indicates the standard deviation

and the line inside box represents the mean value.
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Fig. S20. Effective albedo at different conditions. Distributions in power ofthe effective albedo
in aphotovoltaic powerplant installed in Phoenix on (a,b) brown loam and (c,d) white sandwith

single-axis-tracking (a,c) andfixed-tilt (b,d) systems.
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Fig. S21. Reported experimental Woe values and model assumption. Voltage deficit Woe values
(dots) ofthe best WBG perovskite solar cells reported in the perovskite database from reference
53. The stars correspond to the Woe achievedwith semi-transparent WBG cells in this study. The
dashed line shows the relation between the Woe and the bandgap ofthe WBG cell assumed in our

simulations ofmono-facial and bifacial tandem devices.
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Table S1. Reported experimental Woc values of WBG cells. Summary of bandgap, Woc, and Voc

Jfor the WBG perovskite solar cells from reference 53 shown in Fig. 4c-f and Fig. S21.

Bandgap (eV) Woc (V) Voc (V)

1.45 0.28 1.17
1.45 0.28 1.17
1.47 0.39 1.08
1.48 0.33 1.15
1.49 0.396 1.094
L5 0.35 1.15
1.51 0.31 1.2

1.52 0.37 1.15
1.53 0.393 1.137
1.54 0.43 1.11
1.55 0.37 1.18
1.56 0.37 1.19
1.57 0.338 1.232
1.58 041 1.17
1.59 0.4 1.19
1.6 0.28 1.32
1.61 0.405 1.205
1.62 0.42 1.2

1.63 0.396 1.234
1.64 0.43 1.21

1.65 0.4 1.25
1.66 0.51 1.15
1.67 0.47 1.2

1.68 0.484 1.196
1.7 0.51 1.19
1.71 0.47 1.24
1.72 0.4 1.32
1.73 0.46 1.27
1.74 0.49 1.25
1.75 0.502 1.248
1.76 0.51 1.25
1.77 0.52 1.25
1.78 0.55 1.23
1.79 0.506 1.284
1.81 0.542 1.268
1.82 0.5 1.32
1.83 0.54 1.29
1.84 0.549 1.291
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