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The efficiency and stability of bifacial perovskite solar modules are still

relatively low. Here we report bifacial minimodules with front efficiency
comparable to opaque monofacial counterparts, while gaining additional
energy from albedo light. We add a hydrophobic additive to the hole
transport layer to protect the perovskite films from moisture. We integrate
silicananoparticles with proper size and spacing in perovskite films to
recover the absorptionloss induced by the absence of reflective metal
electrodes. The small-area single-junction bifacial perovskite cells have a
power-generation density of 26.4 mW cm2under 1 sunillumination and
analbedo of 0.2. The bifacial minimodules show front efficiency of over
20% and bifaciality of 74.3% and thus a power-generation density of over
23 mW cm2atanalbedo of 0.2. The bifacial minimodule retains 97% of
itsinitial efficiency after light soaking under 1 sun for over 6,000 hours at

60=x5°C.

The certified power conversion efficiencies (PCEs) of small-area per-
ovskitesolar cells (PSCs) have rapidly increased to over 25% in the past
few yearswhichis comparable to the market-dominatingssilicon solar
cells butstillatamuchsmaller size (<1 cm?) (refs. 1,2). Rapidly improv-
ing stabilities have also been demonstrated with small-area PSCs by
composition and processing engineering of perovskites, interfaces
andelectrodes®”. Itis essential to transfer small-arealaboratory-scale
PSCs into large-area modules while maintaining their high efficiency
and good stability for the commercialization of this technology'*".
Somerecent efforts have been devoted to improving the efficiency and
stability of perovskite minimodules by suppressing iodide migration
viafilling theiodide vacancies®, reducing substrate interface voids with
solid-state carbohydrazide®, controlling the nucleation and crystal-
lization process by halide-templated strategy™ and various types of
additive engineering” . However, the highest stabilized efficiency
of perovskite minimodules is still far behind that of the small cells.
In addition, the stability of perovskite minimodules has been rarely

reported, particularly about the additional degradation pathways
specific to perovskite modules.

Bifacial structure hasbeen demonstrated to be powerfulinimprov-
ingthe energy yield of silicon solar modules by harvesting reflected and
diffused sunlight from the rear side'® 2. The market share of silicon
bifacial modules has quickly risen in recent years*. Albedo is defined
by the ratio of sunlight reflected by the ground surface, which deter-
mines the amount of extra radiation and gain of bifacial modules. An
average albedo of 0.2 or higher has been recorded in many geographic
locations®**, and outdoor performance testing of bifacial silicon
modules has shown a 5% to over 30% more power output than mono-
facial modules depending on the albedo and installation conditions
such as height and density of solar panels?**?%, Nevertheless, there
arevery few studies of bifacial perovskite cellsand modules, and their
efficiencies are far behind their monofacial counterparts® . Critical
challenges need to be addressed to achieve high-efficiency and
large-areabifacial perovskite solar modules, suchasincreased resistive
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Fig.1|Bifacial perovskite module structure and efficiency simulation.

a, Structure of a perovskite bifacial module. P1, P2 and P3 are the three scribing
lines in thin-film modules connected in series. b, Photo of a perovskite bifacial
minimodule from the front and rear sides with Ag grids, respectively. The
aperture area size of the minimodule is 39 mm x 55 mm. ¢, Simulated resistance
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loss and bifacial gain of perovskite bifacial modules as a function of space
betweenssilver grids under an albedo of 0.2.d, PGDs of a bifacial module under
different albedos based on a monofacial module that can produce an aperture
PCE of 20%.

loss from the rear semitransparent electrode and insufficient absorp-
tion of long wavelength light due to the absence of the reflective metal
electrodesin the bifacial device structure.

In this Article, we demonstrated the design and development of
perovskite bifacial minimodules with both record high efficiency and
stability. The bifacial minimodules achieved afront and rear efficiency
0f20.2%and 15.0%, respectively (certified stabilized front efficiency of
19.2% and rear efficiency of 14.1%), with an aperture area of over 20 cm?,
converting to a power-generation density (PGD) of over 23 mW cm™
under 1sun illumination and albedo of 0.2, which is much higher
than the best certified monofacial modules. The bifacial minimodule
retained 97% of the initial PCE after 6,000 hours of light soaking under
simulated 1-sunillumination.

Module structure and rear electrode

The rear electrode of bifacial modules requires a different design to
achieve low resistance loss comparable to metal electrodes. The bifacial
perovskite module structure is shown in Fig. 1a, which adopts a
p-i—n perovskite solar cell structure, and Fig. 1b shows the photo of a
perovskite bifacial module from the rear side. The bifacial perovskite
module has poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)
and fullerene (Cq,) as hole and electron transport layers (HTL and
ETL, respectively). Perovskites studied here have a composition of
formamidinium-methylammonium mixed-cation lead triiodide
(MA,,FA,;Pbl;) or formamidinium-caesium mixed-cation lead trii-
odide (FA,4,Cs0,05Pbl;) with slightly excess CsI'*"*. Among various trans-
parent electrode materials, transparent oxides deposited by sputtering,
suchasindiumtin oxide (ITO), are still one of the best choices because

of their industrial processability***. To avoid the sputter damage to
the underneath layers, a compact SnO, layer grown by atomic layer
deposition (ALD) is used as a buffer layer®®. Bifacial perovskite solar
modules have transparent conductive electrodes on both sides that
impose several new technical challenges to achieve a high efficiencyin
addition to those for monofacial ones. We achieved alow sheet resist-
ance of -30 Q per square with high transparency for ITO (150 nm) sput-
tered at room temperature (Supplementary Fig. 1), but the bifacial
minimodules still showed a poor fill factor (FF) of 0.39 when ITO was
directly used toreplace the copper electrode (Supplementary Fig. 2).

Applyingsilver gridsonarearITO electrode (Fig.1a,b) is an effec-
tive way to reduce resistance loss, but it requires a rational design to
balance the resistance loss and the shadowing effect of silver grids,
which reduces the bifacial gain. As shown in Fig. 1c, we calculated the
optimal Aggrid spacing using the maximum bifacial gain asareference
with aperovskite bandgap of1.53 eV. The details of the calculation can
be found in Supplementary Note 1and Supplementary Fig. 3. When
the width and height of Ag grids were fixed at 0.2 mm and 500 nm,
which is the narrowest grid we could make by thermal evaporation
using a shadow mask, a linear resistance of 8 Q cm™ was measured by
afour-point probe method. The modelling shows that the relative PCE
loss induced by the rear electrode resistance is reduced from 8.6% to
<0.9% after adding the Ag grid with a spacing of ~2 mm, accompanied
with anincrease of FF from 0.70 to 0.77. The bifacial perovskite mod-
ules gain15% more power output with an albedo of 0.2 compared with
monofacial modules. Figure 1d shows the maximum PGDs of bifacial
modules calculated under various albedos. The calculation was based
onamonofacialmodule with subcell operational voltage 0f 0.96 V,an
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active-areaoperational current density of 23 mA cm™, asubcell active
width of -0.6 cmand adead areawidth of ~0.05 cm, whichresultsinan
aperture efficiency of 20%, close to the best monofacial minimodule
achieved so far”, The simulated PGDs of bifacial modules are 21.5,23.1,
24.7 and 26.4 mW cm2under 1sunillumination with albedos 0f0.1,0.2,
0.3and 0.4, respectively. Increasing the width of evaporated Ag grids
resultsinlower total power output due to the shading loss, despite that
the resistance loss decreases (Supplementary Fig. 4a). We also calcu-
lated the PGDs using industry-ready screen-printed Ag grids that have
awidth of 20-80 pmand a height of 18 pm (ref. 39). A narrower Ag grid
isstill preferred toreduce shadingloss. The optimal Ag grid spacing is
1.7 mmat analbedo of 0.2, and the simulated PGD of bifacial modules
reaches 23.5 mW cm™ (Supplementary Fig. 4b). The module structure
and top-view microscope image of the perovskite bifacial module with
Aggrids are shown in Supplementary Fig. 5.

Hydrophobic additive in hole transport layer

The ALD deposition of SnO, imposes a second challenge of damaging
the perovskites for bifacial perovskite minimodule fabrication.
Hydrophobicadditives or surface treatment by two-dimensional (2D)
perovskites such as phenylethylammonium (PEA") are broadly used
to improve the moisture resistance of perovskites*>*', However, we
found thatalthough high-efficiency bifacial PSCs could be achievedin
small-area cells (0.08 cm?) using phenethylammonium iodide (PEAI)
asanadditive, itis frequently observed that a fraction of bifacial PSCs
from the same batch exhibit much lower FF compared with their
monofacial counterparts with C.,/bathocuproine (BCP) as ETL (Sup-
plementary Fig. 6), which leads to poor performance and reproduc-
ibility onlarge-areamodules. Weintroduced awater-repelling material,
tris(pentafluorophenyl)borane (TPFB), as an additive in perovskite
films to further alleviate the damage by moisture. The bifacial PSCs
with the optimized TPFB/Pb ratio of 0.007 mol%to Pb asan additivein
perovskite films showed obviously increased reproducibility, but the
PCE of bifacial PSCs remained low. Fortunately, we found mixing 5 wt%
of TPFBinto aPTAA hole transportlayer (HTL) surprisingly protected
the perovskite films from moisture damage during the ALD process
andresultedin an even better device reproducibility than addingitin
perovskite film or modifying the perovskite surface (Supplementary
Fig. 7). To demonstrate the increased moisture resistance by TPFB in
the HTL, we did anaccelerated test to find out how moisture in the ALD
chamber impacted the morphology of perovskite films by increasing
the water vapour pressure from 0.7 to 13 + 2 Torr, turning off the tin
supplier and removing the C, layer. The scanning electron microscope
(SEM)imagesinFig.2a,b show that the surface of the control perovskite
film was damaged after the accelerated test (red dashed circle in the
image), while the film with TPFB remained intact. Pbl, showed up in
the control perovskite film, as evidenced by the appearance of a Pbl,
diffraction peak from an X-ray diffraction (XRD) study, while it was not
obvious in the TPFB-modified film (Fig. 2c).

To find out why TPFBin PTAAwould enhance the moisture resist-
ance of perovskites, we first examined the crystallinity of perovskites.
XRD patterns show very small differences between the two types of
sample (Supplementary Fig. 8), indicating TPFBin PTAA did not change
the crystallization of initial perovskite films. The grain structure of
initial perovskite films also did not show obvious change from the SEM
images (Supplementary Fig. 9). We found that TPFB could dissolve
in the solvent (2-methoxyethanol) of perovskites and thus get into
perovskite films during the deposition and annealing process. X-ray
photoelectron spectroscopy (XPS) measurement of the perovskite
top surface shows the presence of F from TPFB, indicating that TPFB
canspread from the bottom HTL layer to the perovskite surface (Sup-
plementary Fig.10). The detection depth of XPS (<10 nm) is larger than
the thickness of the HTL, which makes it possible to quantify the change
of FinHTL usingelementsinITO, such asindium, asareference. It was
found that ~35% of TPFB added in the HTL spread into the perovskite

film (Supplementary Fig. 11). It should be noted that the added TPFB
is 5wt%in PTAA, so the amount of TPFB entering the perovskite layer
is ~0.067 mol% TPFB to Pb. The surface contact-angle measurement
directly confirmed that the modified perovskites with TPFB had amore
hydrophobicsurface (Supplementary Fig.12). Thus, we canreasonably
infer that part of TPFB spread from the HTL to the surface of perovs-
kite films and increased the moisture resistance of perovskite films,
asillustrated in Fig. 2d. TPFB was found to also passivate perovskite
films, evidenced by the stronger photoluminescence (PL) intensity
and longer recombination lifetime from perovskite films covered by a
layer of TPFB, as shownin Supplementary Fig. 13. Perovskite solar cells
with TPFB showed reduced trap density of states, further confirming
the passivation effect of TPFB (Supplementary Fig.14a). TPFB does not
change the Fermi level of perovskite film (Supplementary Fig. 14b),
while the addition of TPFB in PTAA pulled down the Fermi level of
PTAA from —4.51 eV to —4.82 eV as measured by ultraviolet photo-
electron spectroscopy (Supplementary Fig. 15). The p-doped HTL by
TPFB enables better energy alignment and conductivity***>, which
also contributes to the FF enhancement compared with devices with
TPFB as an additive in perovskites. The statistical result in Fig. 2e and
Supplementary Table1shows that bifacial PSCs fabricated on modified
HTLs have higher FF and much better reproducibility, thus leading to
improved performance for large-area bifacial minimodules. As shown
inFig. 2f, the bifacial module using TPFB:PTAA as the HTL has alarger
FF of 0.76 and much higher efficiency, while FF of the control is only
0.68 measured from the front side. We also checked the light stability
of perovskite films with and without TFFB inthe HTL under accelerated
testing conditions. As shown by the images in Supplementary Fig. 16,
perovskite films deposited on TPFB:PTAA degraded slower than con-
trol samples, proving that TPFB enhances the stability of perovskites.
It may be caused by the slightly modified grain-growth process that
resulted in smaller point-defect density as shown in the trap density
of states measurement.

Light scattering by dielectric nanoparticles

The third challenge for transferring monofacial modules into bifacial
ones comes from the loss of light absorption by perovskites of the
same thickness because of the absence of a reflecting/opaque metal
electrode. This would reduce short-circuit current density (/sc)
by ~1.3 mA cm™ due to the insufficient absorption in the red and
near-infrared (NIR) wavelength range (Supplementary Fig.17). Here
we introduced nanoparticles (NPs) in perovskites to scatter incident
sunlight and thus increase the optical path. We avoid using metal NPs
despite their plasmonic effect to enhance light absorptionbecause of
the concerns of their potential chemical reaction with perovskites and
strong non-radiative charge recombination at NP surfaces. Dielectric
NPs are applied here to scatter light based on resonant Mie scatter-
ing. Silicon oxide (SiO,) NPs are chosen because of their established
simple solution synthesis in large scale, excellent chemical stability
and compatibility with perovskites.

Light-scattering properties of spherical SiO, NPs were studied by
the three-dimensional finite-difference time-domain (FDTD) method
to find the optimized size and spacing for scattering of red and NIR
light in perovskite films. It was found that SiO, NPs should be larger
than 400 nm to efficiently scatter red and NIR light and smaller than
600 nm to minimize losing absorption of UV-visible light (Supple-
mentary Note 2 and Supplementary Fig. 18). To study the mechanism
of light scattering of NPs in perovskite film, we build a model that
confinestheincidentlightinthenearregion (1 pm x1pm)ofa500 nm
Si0, NP, as shown in Fig. 3a. A wide region (4.4 pm x 4.4 pm) with a
larger cross section was further defined, and two monitors were used
to record the absorptions in the perovskite film of the two regions.
Figure 3a shows the intensity distribution of 800 nm light in the y-z
plane of the perovskite film and air, where x-y is the device plane and
zisalongthedirection perpendicular to the device plane. Apparently,
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Fig.2|Hydrophobic additivein the HTL. a,b, SEM image of a moisture-exposed
perovskite film using PTAA as the HTL (a) and using TPFB:PTAA as the HTL (b).
Red circles indicate damaged areas of perovskite film. Scale bar equals 1 pm.

¢, XRD patterns of moisture-exposed perovskite films with and without TPFB

in PTAA. d, Schematic diagram of how TPFB prevented the damage of water to
perovskite. Yellow arrows indicate the spread of TPFB from the HTL to perovskite
film. e, Statistical distribution of the FF of bifacial small cells with PTAA and

Voltage (V)

TPFB:PTAA as the HTL. The lines from top to bottom indicate maximum, third
quartile (top box edge), median, first quartile (bottom box edge) and minimum
of the data. Min-Max, minimum and maximum of the data. Fourteen samples
were included for each condition. f, /-V curve of the front side of bifacial modules
with PTAA and TPFB:PTAA as the HTL. Both measurements have the same
minimodule aperture area of 25.03 cm? The minimodule has seven subcells
connected inaseries. The perovskite compositionis MA, ;FA, ;Pbl,.

the NP scatters asignificant portion of light into the transverse plane
of the perovskite filmas shown in the two wings (0.5 pm < |y| < 2.2 pm)
where no incident light exists. We further analysed how the changed
light intensity around NPs affect the light absorption by the perovskite
film. As shown in Supplementary Fig. 19, the absorption is obviously
enhanced in the wide region because of transverse scattering of red
and NIR light, which increases their optical path in perovskite film.
Considering that too-small NP spacing would reduce the perovskite
volume despite the enhanced light scattering, we studied the optimal
spacing of NPs to maximize the light absorption of the whole films.
Figure 3b shows the simulated absorption of incident light by perovs-
kite with different spacings of NPs. Itis shown that the perovskite film
with NP spacing from1-1.5 um canabsorb 5.4-19.8% more 800 nm light
than pure film from the front side; larger spacing also increases light
absorption butis not obvious.

SiO, NPs with a diameter of 500 nm were synthesized using a
reported method that can yield NPs with uniform size (Supplementary
Fig. 20)**, They were dispersed in ethanol and then pre-deposited
on ITO substrate using blade coating with the assistance of N, flow,
followed by the blading of HTL and perovskite layers. SEM images in
Fig. 3c,d and Supplementary Fig. 20a show that a monolayer of SiO,
NPs was formed by the simple blading process, and they were nicely
embeddedinthe perovskite layer without causing cracks in perovskites
orvoidsatthebottominterface. Although somebumpsshow up at the
surface of perovskite films that register the location of SiO, NPs, confor-
mal electron transfer layers and ITO electrodes could still be coated on
perovskites (Supplementary Fig. 21b). To control the spacing between

SiO, NPs, we prepared SiO, NP suspension with different concentra-
tions. We studied the absorption of perovskites with NPs of different
spacing by measuring transmittance (7) and reflectance (R) from front
side of the resultant films. As shown in Fig. 3e,f, embedded SiO, NPs
with an optimized NP concentration of 30 mg ml™ gives a NP spacing
of1-2 um (Fig. 3d and Supplementary Fig. 22) and obviously enhanced
the absorption (1- R - T) of red and NIR light by perovskites. The NPs
occupied1.9-7.6% of the total volume of the whole film, indicating these
perovskite solar cells containless lead but absorbed more light. Further
increasing the SiO, concentrationresulted in higher reflectance of red
and NIRlight, whichis due toreduced spacing and partial aggregation
of NPs (Supplementary Fig. 23). A photo of perovskite films with and
without embedded NPs in front of a light-emitting diode (LED) light
is shown in Fig. 3g, where the darker colour of film with NPs directly
indicates less transmittance and stronger absorption of red light.

To study how NPs affect the charge recombination and extraction,
photoluminescence (PL) intensities and PL decay lifetimes of perov-
skite film with and without embedded NPs were studied as shown in
Supplementary Fig. 24. Perovskite film with NPs exhibited comparable
PL intensity and carrier lifetime with the optimized perovskite films
without NPs, showing that these NPs do not introduce an additional
non-radiative charge recombination pathway to the perovskite films.
Small-size (8 mm?) MA,,FA, ;Pbl; bifacial perovskite cells processed
from SiO, NP solution of different concentrations were fabricated to
evaluate the light-scattering effect and charge extraction. Statistical
datain Fig. 3h and Supplementary Fig. 25 show the average front /s
of bifacial PSCs with optimal SiO, NP spacing increased from 23.1to
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Fig. 3| Enhancing absorption and photocurrent by embedded SiO, NPs.

a, Intensity distribution of light (800 nm) in the y-z plane of perovskite film

and air. The intensities in the two wings are magnified by ten times for better
visualization. The bottom-left inset shows the model of perovskite film
embedded with a SiO, NP, and light illuminates only the near region (1 pum x 1 um).
b, Simulated absorption of incident light by perovskite film with different
spacing (S) of NPs. ¢,d, Cross section (c) and tilted surface morphology of
perovskite film embedded with SiO, NPs (d). Dashed white circles indicate SiO,
NPs. The scale barsare1pm. e f, Transmittance (e) and reflectanceand1-R-T

of ITO/SiO,/PTAA/perovskite film embedded with SiO, NPs of different spacings,
withabreak from 25% to 75% added for clarity (f). g, A photo of perovskite films
withand without embedded NPs, taken with a LED light source behind the films.
Scale baris 20 mm. h, Statistical distribution of /s of bifacial PSCs with SiO, NPs
of different spacings. The lines from top to bottom indicate maximum, third
quartile (top box edge), median, first quartile (bottom box edge) and minimum
ofthe data. Fourteen samples were included for each condition. i, Front EQE and
integrated /. of bifacial PSCs with and without SiO, NPs. j,/-V curves of bifacial
PSCs with and without SiO, NPs.
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Fig. 4 | Photovoltaic performance of bifacial perovskite solar cells and
minimodules. a,/-V curves of the champion small-size bifacial perovskite solar
cell. b, EQE of front and rear side of the small-size bifacial perovskite solar cell.
¢, The measured stabilized efficiency of the front and rear side of the champion
small-size bifacial perovskite solar cell for 600 s, with estimated power-
generation density at an albedo of 0.2.d, /-V curves of the champion bifacial
minimodule with light coming from front and rear sides. e, The front and rear

aperture efficiencies of eight bifacial minimodules. f, NREL-certified stabilized
power output around the maximum power point with light from front and rear
sides, respectively. g, Evolution of efficiency of an encapsulated perovskite
bifacial minimodule at open-circuit condition in air under simulated 1-sun
illumination from the front side and 6-10% albedo light from the rear side. The
front surface temperature was 60 + 5 °C. Credit: f, National Renewable Energy
Laboratory.

23.9 mA cm 2 without notably changing device open-circuit voltage
(Voo) and FF, which confirm that the SiO, NPs with optimal spacing
did not introduce extra defects in the perovskite film and change the
charge collection or recombination process. The device efficiency
andreproducibility started to deteriorate with further increased SiO,
NP concentration, which can be explained by the aggregation of NPs
andincreased voids in perovskites as shown in Supplementary Fig. 23.
Front external quantum efficiency (EQE) of bifacial PSC with NPs in
Fig.3i overlapped with control PSCin wavelength range <600 nm but
clearly increased in wavelength range of 600-800 nm, confirms that
SiO, NPs can enhance absorption of red and NIR light by perovskite
PSCs without blocking charge diffusion and extraction. Perovskites

have sufficient long carrier-diffusion length so that photogenerated
charges can still be efficiently extracted even when some local areas
areblocked, which has been demonstrated by non-contact perovskite
solar cells and those with non-continuous poly(methyl methacrylate)
(PMMA) interfacial layers*e. As a result, the integrated front side /5.
from EQE increased from 22.5t023.3 mA cm™, matching well with the
statistical /sc measured from the current-voltage (/- V) scanin Fig. 3h.
Theembedding of the NPs significantly recovered the light absorption
loss after optimizing the concentration of the NPs, and the front PCE
of champion bifacial PSCsincreased from 22.1% to 23.2% (Fig. 3j). The
embedded NPs also slightly increase the light absorption when light
incidents from the rear side, which can be explained by transverse
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scattering of light by NPs and changed surface roughness of the perov-
skite film (Supplementary Fig. 26). The embedding of silica NPs did
not affect the stability of perovskite films, which was confirmed by
theaccelerated stability test under strong light intensity and elevated
temperature. Bifacial solar cells with and without NPs showed a
comparable degradation rate. (Supplementary Fig. 27).

Photovoltaic performance of bifacial modules
Combiningallabove strategies, the front PCE of the small MA, ;FA, ;Pbl,
bifacial PSCis comparable to the optimized opaque PSCs with Cu elec-
trode, and a rear PCE of 18.5% was reached, giving a high bifaciality
of ~80% (Fig. 4a and Supplementary Table 2). The Js. for light from
both sides were confirmed by EQE of bifacial PSCs (Fig. 4b), which
also shows that the parasitic absorption of Cy, limits the bifaciality.
Further study is needed to investigate whether the charge collec-
tion efficiency, or internal quantum efficiency, is different when
light comes in from either side. Benefitting from both high front
efficiency and bifacility, the bifacial cells with aperture area of 8 mm?
delivered an estimated power-generation density of 26.4 mW cm™
(PGDy,op + albedo x PGD,.,,) at an albedo of 0.2 (Fig. 4c), better than
any reported single-junction perovskite solar cells.

We fabricated bifacial minimodules with aperture areas from
14.3 to 25.1 cm® The champion MA,;FA, ;Pbl; bifacial minimodule
withanaperture area of >20 cm?showed a front aperture efficiency of
20.2% and rear aperture efficiency of 15.0% (Fig. 4d and Supplementary
Table 3), respectively. This converts to PGD of 23.2 and 24.7 mW cm™
atalbedos of 0.2 and 0.3, respectively. To understand how the albedo
lightimpacts the actual photovoltaic (PV) performance, we measured
the /-V of a bifacial minimodule under different albedos from 0.1 to
0.3 while keeping the front light intensity to be 100 mW cm™ The
albedo light was generated by LED array, and the light intensity was
calibrated by a silicon reference cell as illustrated in Supplementary
Figs.28and 29. With added albedo light, the V,,c of minimodules slightly
increased and FF slightly reduced, and the measured power-generation
densities are very close to PGDy,,, + albedo x PGD,.,, (Supplementary
Fig. 30 and Supplementary Table 4). The bifacial minimodules also
show good reproducibility, as shown by the statistics of PCE and other
parameters in Fig. 4e and Supplementary Table 5. We also fabricated
several bifacial modules with only ITO of the same thickness, and their
photovoltaic performances are summarized in Supplementary Table 6.
After removing the silver grid, the measured device FFs were reduced
from 75 £ 2% to 69.5 £ 0.5%, which is in excellent agreement with the
modelling resultin Note 1. Among eight bifacial minimodules with Ag
grids, the average frontand rear aperture efficiency reached 19.5% and
14.5%, respectively, giving average PGDs 0f 22.4,23.9 and 25.3 mW cm
with albedos of 0.2,0.3 and 0.4 (Supplementary Fig. 31), respectively.
The efficiency of the bifacial modules was certified by National
Renewable Energy Laboratory (NREL), giving a stabilized front
efficiency of 19.2% and rear efficiency of 14.1% for a minimodule
with aperture area of ~22.0 cm? (Fig. 4f and Supplementary Figs. 32
and 33). The certified front efficiency of the bifacial minimodule
is comparable to the best certified monofacial minimodules™™.

The operational stability and damp-heat stability of the encap-
sulated bifacial perovskite minimodules were tested based on
FA,0,CS00sPbl; perovskite due to its demonstrated good light stability™.
The best bifacial minimodule retained 97% of the initial PCE (7,,)
after light soaking for >6,000 hours from front side at open-circuit
condition and temperature of 60 + 5 °C (Fig. 4g and Supplementary
Fig. 34), which is the most stable reported perovskite minimodule.
Another minimodule maintained ~84% of the initial efficiency after
damp-heat testing for >1,000 hours (Supplementary Fig. 35). The very
good stability of these bifacial minimodules benefits from the ALD
Sn0, in addition to the very good intrinsic stability of FA,Cs,0sPbls
optimized by previous methods'. First, the ALD SnO, layer greatly
reduced the damage of perovskite in the laser scribing process, which

would otherwise form amorphous perovskites withreduced PLinten-
sity around P2 scribing lines (Supplementary Fig. 36). Although the
damaged regions do not affect the performance of fresh modules,
because they are in dead zone anyway, they would spread into active
areas after long-term illumination. Supplementary Fig. 37 shows the
spread of damaged regions from P2 in a regular module after light
soaking for 150 h. Second, most p-i-n structure monofacial opaque
modules use BCP as a buffer layer between C,, and Cu to enhance the
device efficiency, but the amorphous BCP deposited by thermal evapo-
ration could recrystallize during operation or at high temperatures.
Replacing BCP with the ALD SnO, layer also stabilized this interface.
Insummary, we have demonstrated the design and development
of perovskite bifacial minimodules with front efficiency comparable to
the best monofacial modules. The rear-grid electrode design enabled
a good balance of conductivity and bifacial gain. TPFB introduced in
PTAA spread to the perovskite surface and significantly enhanced the
water resistance and reproducibility of bifacial PSCs. The embedded
SiO, NPsin perovskite filmsincreased the absorption of bifacial PSCs by
scattering red and NIR light. The bifacial minimodules achieved ahigh
estimated power-generation density of over 23 mW cm2under albedo
of 0.2 and exhibited an excellent T, lifetime of over 6,000 h after light
soaking under simulated 1-sunlight in air without temperature control.

Methods

Materials

PTAA (average Mn 7,000-10,000), BCP, Pbl, (99.999% trace metals),
TPFB, dimethyl sulfoxide (DMSO), 2-methoxyethanol (2-ME), ethyl alco-
holand toluene were purchased from Sigma-Aldrich and used without
further purification. C¢, was purchased from Nano-CInc. MAI, FAI, Csl,
FACland phenethylammoniumiodide (PEAland PEACI) were purchased
from GreatCell Solar. CYTOP was purchased from AGC Chemicals
Americas Inc. Epoxy was purchased from Devcon Industries Inc.

Preparation of TPFB:PTAA

PTAA and TPFB were dissolved in toluene separately and then mixed
together with a weight ratio of 5:95,10:90 and 15:85 and then light
soaked under a solar simulator for 2-3 mins until the colour of the
mixed solution changed from transparent to light brown. The final
concentration of TPFB:PTAA in tolueneis 3.3 mg ml™.

Device fabrication

Patterned ITO glass substrates were cleaned by acetone and then
UV-ozone treated for 15 min before use. All perovskite solar devices
were prepared by blade coating at room temperature inside a fume
hood with a relative humidity of 30 + 5%. SiO, particles with a size of
~500 nm were ultrasonically dispersed into ethyl alcohol for 12 h and
allowed to stand for 20 min before use; the NP layer was deposited by
blade coating with the assistance of N, flow. The PTAA or TPFB:PTAA
layer with a concentration of 3.3 mg ml™ was dissolved in toluene and
blade coated on the NP layer. The MA ;FA, ;Pbl; perovskite precursor
solutions were prepared by dissolving corresponding organic halides
andleadiodidein2-ME and stored inan N,-filled glovebox. Before blade
coating, all the additives and DMSO were mixed and dilutedtoal.4 M
MA, ;FA,;Pbl; solution. The mole ratio of DMSO and additives to Pb
were controlled to be 25%. The precursor solution was blade coated on
theglass/ITO/SiO,/HTL substrates with N, flow. After that, the perovs-
kite films were annealed at 130 °C for 5 min in air. The Cs, osFA,4,Pbl;
perovskite precursor solutions was prepared by FAPbI, in 2-ME and
CsPbl;inDMSO ink. Before coating, it was mixed and diluted by 2-ME to
obtainaconcentration of 1.1 M Cs, osFA, o,Pbl;. FACI, PEACI or PEAI, FAI
and FAH,PO, were added as additives. The precursor solutionwas blade
coated on substrates withamovement speed of 20 mm s asreported
before, and the film was annealed at150 °Cfor2.5-3 mininair togetthe
perovskite phase. The monofacial PSCs were fabricated by thermally
evaporating C,, (30 nm), BCP (6 nm) and 100 nm copper. The bifacial
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PSCs were completed by thermally evaporating C,,, automatic layer
deposition (ALD) of SnO,, sputtering coating of ITO (110-150 nm) and
thermally evaporatingsilver grids (500 nm). The bifacial minimodules
were fabricated onthe pre-patterned large ITO glass substrates follow-
ing the same procedure of bifacial small cells. The laser scribing was
performed twice after the deposition of Sn0, and ITO, respectively.

Device characterization

Atthe University of North Carolina at Chapel Hill (UNC), the /-V charac-
teristics of solar cells and minimodules were performed using a xenon
lamp-based solar simulator (Oriel Sol3A, Class AAA Solar Simulator),
and the power of the simulated light was calibrated to 100 mW cm™
by a silicon reference cell (Newport 91150V-KG5). The albedo light
was generated by a LikeSuns LED array. The light intensity from the
rear side was also calibrated by the silicon reference cell. To avoid the
interference of two light sources, ablack board was inserted between
them for the measurement of bifacial performance. All devices were
measured using a Keithley 2400 source meter without temperature
controller, and the scan rate was around 0.1V s™ for small cells and
0.5 Vs forminimodules. At NREL, the current vs voltage was measured
with the NREL X-25 IV system using the NREL Asymptotic Pmax Scan
method. Asymptotic scans were measured by holding the cell at a set
of voltages near V,,,, until the current reaches an asymptotic level for
eachvoltage. The criterion for stabilizationis when the current change
per minute is less than 0.1%, the cell is biased to the next voltage. The
voltage vs asymptotic current data was then applied to a standard
P,..x derivation algorithm. EQE spectra were obtained with a Newport
QE measurement kit by focusing a monochromatic beam of light
onto the devices. SEM images were taken by a Hitachi S-4700 cold
cathode field emission scanning electron microscope. The transmit-
tance and reflectance were measured by a LAMBDA 1050 UV/Vis/NIR
spectrophotometer. PL mapping was conducted with PicoQuant
MicroTime 100 system at room temperature. The photoluminescence,
time-resolved photoluminescence (TRPL) studies were conducted
withaFluoTime 300system by PicoQuant. The XRD was measured by a
Rigaku SmartLab X-ray diffraction system. The resistances of sputtered
ITO andsilver grids were measured by a LakeShore 2-inch wafer probe
station with four probes. The XPS spectra were measured by aKratos
Axis Supra X-ray photoelectron spectrometer.

Device encapsulation and stability tests

A thin layer of CYTOP was blade coated on the rear side of the solar
modules and dried at 60 °C for 10 min in air, then the minimodules
were encapsulated by a cover glass (thickness of 1.1 mm) sealed with
Devcon 5-minute epoxy in a glovebox filled with N,. The operational
stability of minimodules were measured under open-circuit condition
in air, and a LED with intensity equivalent to AM 1.5 G was used as the
solar simulator; the temperature of the surface of the solar modules
was measured to be ~60 °C, and the relative humidity was 20-60%. For
the damp-heat stability, the encapsulated minimodules were placedin
an ESPEC Criterion Benchtop test chamber with controllable humidity
(-85%) and temperature (-85 °C). The PCEs of the solar modules at
different testing stages were extracted by taking it out for /-Vscan
using the same methods as the characterization part.

FDTD simulations

Simulations of the perovskite solar cells were conducted using the 3D
FDTD method with the Lumerical FDTD software. In a typical simula-
tion, a perovskite solar cell was modelled by a three-layer structure,
including an 850 nm-thick perovskite film ona100 nmITO layer over
a 500 nm silica glass. Single-silica NPs of different diameters were
embedded in the perovskite film (over the ITO layer). The real part
of the complex refractive index of the perovskite was measured by a
refractometer, and theimaginary part was calculated from the absorp-
tion spectrum of the perovskite film. The refractive index of ITO and

silicacame from the literature*”**, Awhite light source was visible from
the glass side with a linear polarization along the x axis and wave vec-
toralongthe zdirection. The transmission spectrum was recorded by
amonitor in air over the perovskite surface. Absorption by a certain
volume of the perovskite was obtained by calculating the net power
flow with a power transmission box enclosing the volume.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data generated or analysed during this study are included in the
published article and its supplementary information. Source dataare
provided with this paper.
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Identity of the independent certification laboratory Yes  Certified by NREL, Fig.4f, Supplementary Figure 32&33

that confirmed the photovoltaic performance |:| No
"% :
A copy of any certificate(s) Yes  Supplementary Figure 32&33
Provide in Supplementary Information |:| No
Statistics

|Z Yes  Fig.2e, Fig.3h, Fig.4e, Supplementary Table 1,Supplementary Table 5, Supplementary
Number of solar cells tested |:| No  Figure 6&7, Supplementary Figure 25
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o ) ) |Z Yes  Fig.2e, Fig.3h, Fig.4e, Supplementary Fig. 6-7, and Supplementary Figure 25
Statistical analysis of the device performance |:| No

Long-term stability analysis

Type of analysis, bias conditions and environmental IZ Yes  Section "Device encapsulation and stability tests", Fig.4g, and Supplementary Figure
conditions [JNo

For instance: illumination type, temperature, atmosphere

humidity, encapsulation method, preconditioning temperature
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