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Inthe fabrication of FAPbl,-based perovskite solar cells, Lewis bases play a
crucial rolein facilitating the formation of the desired photovoltaic a-phase.
However, aninherent contradiction exists in their role: they must strongly
bind to stabilize the intermediate 6-phase, yet weakly bind for rapid removal
to enable phase transition and grain growth. To resolve this conflict, we
introduced an on-demand Lewis base molecule formation strategy. This

approach utilized Lewis-acid-containing organic salts as synthesis additives,
which deprotonated to generate Lewis bases precisely when needed and could
be reprotonated back to salts for rapid removal once their role is fulfilled. This
method promoted the optimal crystallization of a-phase FAPbI, perovskite
films, ensuring the uniform vertical distribution of A-site cations, larger grain
sizes and fewer voids at buried interfaces. Perovskite solar cellsincorporating
semicarbazide hydrochloride achieved an efficiency of 26.1%, with a National

Renewable Energy Laboratory-certified quasi-steady-state efficiency of
25.33%. These cells retained 96% of their initial efficiency after 1,000 h of
operation at 85 °C under maximum power point tracking. Additionally,
mini-modules with an aperture area of 11.52 cm? reached an efficiency of
21.47%. This strategy is broadly applicable to all Lewis-acid-containing organic
salts with low acid dissociation constants and offers a universal approach to
enhance the performance of perovskite solar cells and modules.

State-of-the-art perovskite solar cells (PSCs) and modules utilize
formamidinium lead iodide (FAPbI,)-based absorbers' . Achieving
high-quality FAPbI; photovoltaic films requires lower annealing tem-
peratures to minimize the loss of volatile species such asiodine (I) and
formamidinium (FA)®’. However, FAPbI, crystallizes into the desired
a-phase—essential for photovoltaics—only at annealing temperatures
above 150 °C, whereas lower temperatures lead to the formation of
the non-photovoltaic §-phase*®. To facilitate a-phase formation,

methylammonium chloride (MACI) is oftenintroduced, as the smaller
MA' cations and CI” anions aid crystallization’". Unfortunately, incor-
porating MAinto the perovskite lattice compromises the device’s ther-
mal stability'*'*. As an alternative, MA-free FAPbI, films commonly
integrate inorganic A-site cations such as caesium (Cs) and rubidium
(Rb) to enhance film quality and stability”* . However, this approach
presents two challenges: reduced film quality—characterized by smaller
grainsizes and voids at the buried interface™**°—and inhomogeneous
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Fig.1|Influence of the on-demand formation of SEmolecules on the
formation of FAPbI, perovskite films. a,b, XRD patterns of the Ref and Target
FAPDI, films before (top) and after (bottom) annealing. The images in the inset

illustrate the crystalline structures of FAPbl,;:DMSO and 6-FAPDbI,. ¢, Reversible
deprotonation-protonation processes of the SECI molecule. d, Extended X-ray
absorption fine structure spectra obtained from Ref and Target precursor films.

vertical distribution of A-site cations due to differing crystallization
rates between all-inorganic perovskites (CsPbl, and RbPbl;) and
FAPDI, (ref. 16). To address these issues, researchers have explored
methods such as seeding homogeneous film formation to mitigate
phase separation'*” and incorporating the additive 1-(phenylsulfonyl)
pyrrole to improve the vertical cation distribution of A-site cations™®.
These strategies have enhanced the vertical distribution of inorganic
A-site cations, resulting in higher power conversion efficiency (PCE)
and improved PSC stability.

Another approach involves accelerating the transition of
FAPbI, from the 8-phase to the a-phase’>?"?. In perovskite processing,
Lewis base molecules coordinate with Pb ions on the surface of the
6-phase, and the rapid removal of these molecules (such as dimethyl-
formamide (DMF) and dimethylsulfoxide (DMSQ)) has been shown
to facilitate this phase transition?’. However, this method faces a
fundamental trade-off: although strong coordination helps stabilize
the intermediate 8-phase and activates Pb-I bonds, it also slows the
extraction process, hindering the rapid transition to the a-phase? %,

We hypothesized that creating and subsequently eliminating
Lewis base molecules on demand could resolve the issue of conflicting
requirements. To achieve this, we used semicarbazide hydrochloride
(SECI), a Lewis-acid-containing salt that deprotonated to generate
semicarbazide (SE) Lewis base molecules. Once their rolein the phase
transition was complete, these molecules could be rapidly removed
by reprotonation, converting them backinto salt. This reprotonation
process occurred swiftly on solvent removal. The on-demand forma-
tion of SE Lewis base molecules facilitated the desirable crystallization
of photovoltaic a-phase FAPbI, films, leading to the homogeneous
vertical distribution of A-site cations, larger grain sizes and reduced
void density atburied interfaces. This strategy significantly enhanced
the performance of PSCs, achieving a PCE of 26.12%, with a certified
quasi-steady-state PCE of 25.33% at National Renewable Energy
Laboratory (NREL)—outperforming PSCs without the SECI additive
(23.04%). Furthermore, devices incorporating SECI retained over
96% of their initial efficiency after 1,000 h of maximum power point
tracking (MPPT) under simulated AML.5 illumination at 85 °C. This
approachalso demonstrated excellent scalability, achieving champion

PCEs of 24.41% for 1.2-cm? cells and 21.47% for 11.52-cm? (aperture
area) mini-modules.

Influence on phase transitionin FAPbI, films

We first examined how our strategy influenced the phase transi-
tion of pure FAPDI; thin films, with the commonly used DMF and
DMSO solvents as references for comparison®~2, When FAPbI, films
were processed without SECI (Ref; Fig. 1a, top), the intermediate
&-phase initially formed after anti-solvent dripping, exhibiting an
X-ray diffraction (XRD) peak at11.8°. This phase then transitioned into
aFAPDbI;-DMSO intermediate phase due to the presence of residual
DMSO molecules, as indicated by the XRD peak at 8.1° (refs. 33,34).
Although the exact crystal structure of the FAPbl,-DMSO intermedi-
ate phase has not been reported, our density functional theory (DFT)
calculations suggested that it formed through DMSO diffusioninto the
6-phase (Fig.1a (inset); thefitting results are shown in Supplementary
Fig.1). Onthe surface of the FAPbl;:DMSO intermediate phase, DMSO
molecules coordinated with Pbions, whereasinside the structure, they
interacted with FAions viaweak Coulombic attraction, withacalculated
binding energy of 0.3 eV, due to the lone-pair electrons on the oxygen
atoms of DMSO. The lattice parameters shifted froma = b=8.66 Aand
c=790 Aintheintermediate §-phasetoa=b=12.20 Aandc=7.44 A
inthe FAPbI,-DMSO intermediate phase.

Incorporating a small amount of SECI additive (1% target) sig-
nificantly altered the growth process of FAPbI,; thin films. Asshownin
the XRD patterns (Fig. 1b, top), the intermediate &-phase formed and
remained, even though the precursor contained the same amount
of DMSO. This behaviour can be attributed to the much lower acid
dissociation constant (pK,) of SE* cations compared with MA*and FA*
(Fig. 1c and Supplementary Fig. 2). The -NH;" group in SE* is bonded
to the strongly electronegative -C=0 group, resulting in weaker pro-
ton binding. By contrast, the -NH," group in MA* and the NH," group
in FA" are bonded to -CH; and -C-N groups, respectively, which are
less electronegative. Simulated pK, values indicated that SE* cations
readily deprotonate into SE in DMF- and DMSO-based precursors
(Supplementary Fig. 2). On solvent removal, SE molecules repro-
tonate back to SECI. This reversible deprotonation-reprotonation
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Fig. 2| Effects of the on-demand formation of SE molecules on the
crystallization of Cs- and Rb-containing perovskite films. a, In situ XRD
patterns of the Ref and Target films after anti-solvent treatments. The intensity
for each region is normalized by the highest intensity. b, In situ GIWAXS of the
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Refand Target perovskite films during annealing. ¢, GIWAXS patterns of the
annealed Ref and Target films. d-f, SEM images of the Ref (top) and Target
(bottom) films before (d) and after (e and f) annealing. Scale bar, 1 um. g, DMSO
signals from the TR-MS measurements of the Ref and Target films.

process was experimentally confirmed via Fourier transforminfrared
spectroscopy (Supplementary Fig. 3). In SECI powder, a narrow peak
corresponding to the -NH," group broadened to an NH,-associated
peak when dissolved in DMF and then reverted to the narrow peak
on DMF removal. DFT calculations further suggested that SE mol-
eculesbind more strongly to Pbions on the surface of the intermediate
6-phase than DMSO molecules (Supplementary Fig. 4). This stronger
coordination shortens Pb-0 bond lengths and extends Pb-I bond
lengths, thereby facilitating the phase transition'®. Extended X-ray
absorption fine structure analysis of the Pb L-1ll edges (Fig. 1d; raw data
areshownin Supplementary Fig. 5) further supported this coordination
mechanism. The Pb-O bond length decreased from1.75At01.68 A in
the presence of SECI, whereas the Pb-I bond length increased from
2.64 At02.70 A, withareduction in the Pb-Isignalintensity—confirm-
ing SE coordination at the §-phase surface. This stronger coordination
stabilized the &-phase, preventing DMSO diffusion and thereby inhib-
iting the formation of the FAPbI,-DMSO intermediate phase. This is
consistent with the observation that the 6-phase remained intact after
anti-solvent dripping.

Next, we investigated the effects of annealing on phase transi-
tions. Inthe reference sample, the FAPbl;-DMSO intermediate initially
reverted to the 6-phase on annealing at 100 °C due to the release of
strongly coordinated DMSO molecules (Fig. 1a, bottom). Because of
this strong coordination, the formation of the a-phase only occurred
after annealing at 170 °C. A possible pathway for this §-to-a-phase
transition isillustrated in Supplementary Fig. 6*. This delayed transi-
tionresulted in poor film quality, as reflected in the XRD data (Fig. 1a,
bottom). In sharp contrast, as shown in Fig. 1b (bottom), the Target
sample underwent a phase transition as early as 100 °C, producing
high-quality a-phase films with further annealing. On the basis of these
findings, we concluded that on annealing, DMF and DMSO evaporated

quickly, leading to the protonation of SE molecules back into SECI
salt (Supplementary Fig. 3). This process removed SE molecules from
the surface of the intermediate 5-phase, thereby accelerating the
6-to-a-phase transition at significantly lower temperatures (100 °C
instead of 170 °C). Furthermore, SECI remained in the perovskite
film due toits thermal stability, as confirmed by Extended Data Fig. 1.

The on-demand formation of SE molecules played a crucial role
in facilitating the rapid transition from the 6-phase to the a-phase. If
pre-synthesized base molecules were used as additives, they would
coordinate with Pb ions on the §-phase surface, requiring higher
annealing temperatures for removal. To validate this, we introduced
carbohydrazide (CBH) molecules as an additive'®, as pre-synthesized
SE molecules were unavailable. Since CBH exhibits even stronger coor-
dination with Pbions than SE (Supplementary Figs.4 and 7), it further
stabilized the intermediate 6-phase. Due to this stronger coordination
energy, CBH molecules were more difficult to remove during annealing,
leadingto aresidual 5-phase even after heating to170 °C (Supplemen-
tary Fig. 7b). By contrast, the reversible reprotonation process of SE
molecules depended solely on the concentration of uncoordinated
solvents, which evaporated more easily on annealing. This enabled
phase transition at lower temperatures. Similar results were observed
when using CBHCI, salt as anadditive (Supplementary Fig. 8). Thus, the
on-demand deprotonation and reprotonation of Lewis base molecule
halide salts present an effective strategy to accelerate the §-to-a-phase
transition in FAPbI,. This approach helped balance crystallization
rates betweenall-inorganic perovskites and FAPbI,, promoting a more
homogeneous vertical distribution of A-site cations.

Effects on vertical distribution of A-site cations
Previous studies have shown that all-inorganic CsPbl; perovskite crys-
tallizes faster than the organic A-site FAPbI, perovskite>'**¢, leading
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Fig. 3 | Vertical distribution of A-site cations and film stability. a, TOF-SIMS profiles of the Ref and Target films. b,c, PL curves and hyperspectral PL mappings of the

Refand Target films. Scale bar (PL mapping), 10 pm.

toinhomogeneous phase formation. This results in an undesirable
vertical gradient, with inorganic A-site cations concentrated at the
bottom and organic cations accumulating at the top. To investigate
the impact of our on-demand strategy on the vertical distribution of
A-site cations, we examined the composition FA, gsMA 0sCS.0sRbo.0s
Pbl, ¢sBr, 5, awell-established formulation known for its high efficiency
inPSCsandits widespread useinresearch®~*°, Our findings (Fig. 2a and
Supplementary Fig. 9) revealed similar trends to those observed in
FAPDL,. In the reference (Ref) films, the intermediate &-phase initially
formed and then transitioned to the FAPbl,-DMSO phase. However,
inthe SECI-treated films (Target), the intermediate §-phase remained
stable. The inclusion of Cs and Rb facilitated the formation of a small
amount of a-phase in both Ref and Target samples, probably due to
their smaller ionic sizes, which promoted the phase transition.

To investigate the phase formation dynamics during annealing,
we conducted in situ grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements. Inthe Reffilm, it took 7 min for the 6-phase to
disappear (Fig.2b), whereas in the Target film, this transition occurred
in just 2.5 min. The final films exhibited similar absorption spectra
(Supplementary Fig.10) and identical GIWAXS patterns (Fig. 2c), both
displaying the 5-RbPbl, GIWAXS signature at 0.73 A%, Since SECI did not
alter the perovskite film’s bandgap, we concluded that it was not incor-
porated into the perovskite lattice. In particular, the diffraction rings of
the (100) plane at 1.0 A'showed a stronger intensity in the Target film,
whereas the Reffilmretained aring corresponding to the FAPbl,-DMSO
phase before and after annealing (Supplementary Fig. 11 and Fig. 2c).
The weak ring in the Ref film after annealing suggested that DMSO
moleculeswerenot fully removed at100 °C. Additionally, the Target film
exhibitedimproved morphology (Fig.2d-f), in contrast to the Ref film,
which contained horizontal grain boundaries (Supplementary Fig.12).
The absence of voids in the Target film correlates with the efficient
removal of DMSO"™*%*, as further confirmed by temperature-resolved
mass spectroscopy (TR-MS). In the Ref film, a strong DMSO emis-
sion was detected even above 140 °C (Fig. 2g), whereas in the Target
film, only aweak DMSO signal was observed. The optimal SECl concen-
tration was determined to be 2 mg ml™ (Extended Data Fig. 2).

The depth distributions of elements and phases in the annealed
perovskite films were analysed using grazing-incidence XRD with
incident-angle scanning (Supplementary Fig. 14) and time-of-flight
secondary ion mass spectrometry (TOF-SIMS; Supplementary Fig.15).
The grazing-incidence XRD results revealed that in the Ref film, Rb was
concentrated at the bottom interface but deficient at the top surface,
whereas the Target film exhibited a more homogeneous Rb distribu-
tion. These findings aligned with the TOF-SIMS depth profiles (Fig. 3a,
bottom), which showed a higher Rb concentration near the buried
interface in the Ref film but a more uniform vertical distribution in
the Target film. Moreover, the SECl signals in the Target film appeared

evenly distributed (Fig. 3a, bottom), contributing to effective grain
and surface modulations, as reflected by the Pb4fand 13d X-ray pho-
toelectronspectroscopy chemical shifts (Extended Data Fig. 3)***. To
further examine the vertical A-site cation distribution, we analysed
the FA cation profile, as Cs was the reference source for the TOF-SIMS
measurement. The FA depth profile (Fig. 3a, top) showed a lower sig-
nal intensity near the buried interface in the Ref film, indicating Cs
accumulation in this region. The X-ray photoelectron spectroscopy
depth profiles (Extended Data Fig. 4) further confirmed the vertical
regulation of A-site cations by SECI. Although the Ref film exhibited
higher Csand Rb concentrationsinthebottomregion, the Target film
displayed amore uniform distribution of these cations. Thisimproved
homogeneity in the Target film also explains the photoluminescence
(PL) results obtained from glass- and film-side measurements (Fig. 3b).
Inthe Ref film, the glass-side emission showed a 6-meV higher energy
than the film-side emission, whereas in the Target film, no energy dif-
ference was observed between the two sides.

The time-resolved PL spectrarevealed longer carrier lifetimes in
the Target film compared with the Ref film (Supplementary Fig. 16).
Additionally, the PLintensity and PL quantumyield in the Ref film were
higher when measured from the glass side than from the film side (Sup-
plementary Fig.17 and Fig.3b). This observation aligned with the inho-
mogeneous vertical distribution of RbPbl,, where RbPbl; preferentially
accumulated near the buried interfacein the Ref film. By contrast, the
Target film exhibited amuch smaller difference between the glass-side
and film-side PL measurements, indicating amore uniform vertical dis-
tribution of RbPbl,. Reducing voids at the buried interfaceis expected
toimprove hole extraction at the hole-transporting layer-perovskite
interface in the p-i-n solar cell***¢, a result further supported by the
transient photovoltage measurements of bifacial PSCs fabricated with
the Refand Target perovskite films (Supplementary Fig. 18). Further-
more, space-charge-limited current measurements (Supplementary
Fig.19) revealed a significant reduction in trap density, decreasing
from 3.58 x 10" cm™®in the Ref film to 2.15 x 10" cm®in the Target film.

We used hyperspectral PLimaging to assess the stability of the Ref
and Target films under 1-sun 532-nm laser illumination (Supplemen-
tary Fig. 20). As shown in Fig. 3¢, the Ref film displayed a significant
decreaseinintensity after exposure, whereas the Target film remained
unchanged, exhibiting no signs of degradation (Extended DataFig. 5).

Device performance

We constructed p-i—ninverted solar cells (Fig. 4a and Supplemen-
tary Table 1) with the architecture F-doped tin oxide (FTO)/2-(3,6-
dimethoxycarbazol-9-yl)ethylphosphonicacid (MeO-2PACz)/perovs-
kite/fullerene (C4,)/bathocuproine (BCP)/Ag, utilizing a perovskite
composition of FA, gsMA 4sCSg.0sRbg 0sPbl, ssBrg 5. The perovskite
layer had a thickness of approximately 760 nm (the cross-sectional
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Fig. 4 |Impact of the on-demand formation of SE molecules on device
performance. a,b,/-V curves of the champion Ref and Target PSCs (a) and the
quasi-steady-state (QSS) curve certified by NREL (b) of the champion Ref and
Target PSCs. ¢, Statistical diagrams of the V,c and PCE values of the Ref and
Target devices (30 individual samples; whiskers, minimum value for lower and

maximum value for upper; bounds of box: 25th and 75th percentiles; centre:
mean).d, MPPT stability of the PSCs at 85 °C. e, /-V curves of the champion
efficiency for large-area devices and mini-modules. Credit: b, National
Renewable Energy Laboratory.

scanning electron microscopy (SEM) image is shownin Supplementary
Fig.21). The/-Vcurvesand detailed parameter optimizations are shown
in Extended Data Fig. 6 and Supplementary Table 1. The Ref device
achieved a PCE 0f 23.04% (reverse scan (R))/21.57% (forward scan (F)),
whereas the Target device (2 mg mI™ SECI) exhibited a champion PCE
0f 26.12% (R)/25.9% (F). The measured short-circuit current densities
(/,) of both devices closely aligned with the values integrated from the
external quantum efficiency (EQE) spectra (Supplementary Fig. 22),
yielding 24.91 mA cm 2 for the Ref device and 25.32 mA cm 2 for the
Target device. Additionally, anindependent measurement of the Target
deviceatthe NREL confirmed a certified quasi-steady-state efficiency
of 25.33% (Fig. 4b; the certificate is shown in Supplementary Fig. 23).

Figure 4c presents the statistical distributions of the V. values
and PCEs for 30 individual Ref and Target devices, whereas the distri-
butions of J,. and fill factor are shown in Supplementary Fig. 24. The
Target devices demonstrated consistentimprovements across all the
photovoltaic parameters compared with the Ref devices. In particular,
the Target devices achieved amaximum V. 0f1.215 V (Supplementary
Fig. 25), resulting in a V,c deficit of just 0.325V, among the lowest
reported values for inverted PSCs (Supplementary Table 2). Addi-
tionally, the incorporation of CBHCI, also enhanced the photovoltaic
performance, yielding an efficiency of 25%, compared with 24.4% with
lower CBH concentrations (Extended Data Fig. 7). To assess whether
the on-demand formation strategy could also improve the vertical
distribution of A-site cations in other perovskite compositions, we
investigated FA, osCs, osPbl;and FA, ,Cs, ;Pbl;, both of which exhibited
the same homogenization trend (Supplementary Fig. 26).

We evaluated the stability of encapsulated Ref and Target devices
under MPPT with continuous simulated AM1.5illumination under ambi-
ent conditions (Supplementary Fig.27). The Ref device exhibited rapid
degradation, withits PCE dropping below 80% of its initial value after
1,000 h of MPPT. By contrast, the Target device maintained its initial
PCE even after 3,000 h of MPPT. Additionally, an encapsulated Target
device retained 96% of its initial efficiency after 1,000 h of MPPT under
simulated AML.5illumination at 85 °C (Fig. 4d). By comparison, the Ref

device degraded to 90% of its initial PCE within just 100 h under the
same conditions. The enhanced photothermal stability of the Target
device can be attributed to the homogeneous vertical distribution of
A-site cations and its higher crystallinity.

We explored the initial scaling of PSC fabrication and mini-module
development. A 1.21-cm? device achieved a champion PCE of 24.41%
witha V,.0f 1.2V (Fig. 4e, yellow curves; statistical dataand EQE curve
areshowninSupplementary Figs. 28 and 29). For mini-modules, we fab-
ricated mini-modules on 5 x 5 cm? substrates containing five subcells
with ageometric fill factor of 94.8% (Supplementary Fig. 30), demon-
strating good reproducibility (Supplementary Fig. 31). The champion
mini-module delivered a PCE of 21.47% (Fig. 4e) with an aperture area
of 11.52 cm?and an active-area efficiency 0f 22.65%. Both the large-area
device and mini-module retained 98% of their initial PCEs after 1,000 h
of MPPT under ambient conditions (Supplementary Fig. 32).

Conclusion

We haveintroduced and demonstrated that the on-demand formation
of Lewis base molecules is an effective strategy to facilitate the tran-
sition from the 8-phase to the a-phase in FAPbI, perovskite. The key
mechanismbehind this processinvolves deprotonationand reprotona-
tion, which accelerates the formation of a-phase FAPbI, and prevents
the preferential formation of the 5-phases of CsPbl, and RbPbl;. Rb
ions diffuse outwards during annealing, forming RbPbl; at the grain
surfaces, film surfaces, grain boundaries and buried interfaces, ulti-
mately achieving a homogeneous vertical distribution. This uniform
A-site cation distribution and larger grain sizes would significantly
enhance solar cell performance.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Materials

The organic halide salts for perovskite precursors, such as methylam-
monium bromine and formamidinium iodide, were ordered from
Greatcell Solar. The powders of lead iodide, lead bromine, caesium
iodide, BCP, 1,3-propane-diammonium iodide and MeO-2PACz were
purchased from TCI. The solvents (DMF, DMSO, ethanol, chloro-
benzene and isopropyl alcohol), rubidium iodide, CBH and SECI
were bought from Sigma-Aldrich. C,, was obtained from Nano-C.
Tetrakis(dimethylamino) tin(1v) (50-1815 tin) for the atomic layer
deposition of SnO, was purchased from Strem Chemicals.

FAPDI, film preparation

The FAPbI, precursors were prepared by dissolving formamidinium
iodide and lead iodide into DMF:DMSO (volume ratio, 4:1) at a con-
centration of 1 M. The SECI (3 mg mlI™) and CBH (2.4 mg ml™) are
introduced at the same molar amount. The FAPbI, films were spin
coated on FTO substrates with the spin procedure of 2,000 rpm for
30 s and 150-pl chlorobenzene (CB) anti-solvent treatment at 20 s,
following different annealing temperatures for 10 min. The wet
FAPbI, films were coated into aglovebox and transferred to XRD stages
within1min.

Device fabrication

The FTO (size: 2.5 x 2.5 cm?) substrates were ultrasonically cleaned
successively using Micro-90, water, acetone and isopropyl alcohol for
15 min. Before the coating processes, the FTO glasses were exposed
to ultraviolet (UV)-ozone for 30 min for better wettability. Then,
MeO-2PACz (0.5 mg mlin ethanal) hole-transporting layers were spin
coatedonFTOataspinspeed of 3,000 rpm for 30 sinaglovebox, and
annealed at100 °C for 10 min. After cooling, a 50-pl perovskite precur-
sorwas dropped onthe substrate and coated at1,000 rpm for 10 s and
4,000 rpm for 40 s. Then, 150 pl chlorobenzene as the anti-solvent
was dropped on the wet films before 10 s from the end of the coat-
ing procedures. Then, the films were annealed at 100 °C for 15 min
to complete the phase transition and grain growth. The perovskite
precursors (Ref, 1.5 M) were prepared according to the literature’. The
SECI was directly added into the precursor with different concen-
trations. The precursors were filtered with a 0.22-pm polytetra-
fluoroethylene membrane before use. As mentioned previously?®,
the precursor could be usable within 1 month. After annealing,
1,3-propane-diammonium iodide (0.3 mg mlin isopropyl alcohol)
was used for surface passivation on the perovskite at a spin speed of
4,500 rpmfor 30 s, followed by annealing at 100 °C for 5 min. Finally,
the substrates were transferred into avacuum chamber to evaporate
25-nm Cgp, 6-nm BCP and 130-nm Ag. To measure MPPT stability at
85 °C, three changes were made: (1) very thin VNPB layer (0.5 mg ml™*
in CB, coated at 6,000 rpm for 30 s) was inserted between MeO-2PACz
and perovskite; (2) BCPwas replaced by 25-nmatomic-layer-deposited
C¢o; (3) the Ag electrode was changed into 80-nm Au. The bifacial
structure was prepared via sputtering 150-nmindium zinc oxide on an
atomic-layer-deposited SnO, layer. For mini-module fabrication, the
FTO substrates (5 x 5 cm?) were first scribed with P1 lines with laser,
and the deposition procedures were the same as above. The P2 and
P3 lines were scribed before and after Ag evaporation, respectively.
Before the/-Vmeasurements, the modules were heated at 100 °C for
2 min to remove the adsorbed water.

Characteristics of films and devices

The UV-vis spectra were recorded on a PerkinElmer Lambda 1050
devicewithascanning region of 250 nmto 800 nmata2-nmstep. The
thermogravimetry analysis (TG) of SECl powder was conducted on TGA/
SDTAS851e and the temperature scanning was performed from 25 °Cto
300 °Cwithastep of 5°C min"underaN, flow rate of 30 ml min™. The
XRD patterns of the perovskite films were collected using a Rigaku

Ultima-Illinstrument with Cu Ka X-ray sourceillumination. The Fourier
transform infrared spectroscopy data of the powders and solution
were obtained using a neaSNOM-nanoFTIR device with potassium
bromide tablet carriers. The X-ray absorption fine structure spectra
of Pb L-l1ll edge (13,035 eV) were obtained on the as-coated wet FAPbI,
films using the same parameters as the literature®. The electron-beam
energy of the storage ring was 3.5 GeV with the maximum stored cur-
rentof 300 mA. The extended X-ray absorption fine structure spectra
were fitted based on the raw data with ATHENA and ARTEMIS software
(version 0.9.26). The GIWAXS datawere taken at the Complex Materials
Scattering (11-BM) beamline of the National Synchrotron Light Source
II, Brookhaven National Laboratory. The spin-coating and annealing
procedures were the same asthe device fabrication, and the difference
wasthat all the operations were performed under ambient conditions
(relative humidity, 40%). The samples for annealing were transferred
from the spin coater to a hotplate (room temperature) within 10 s. It
totally took 14 min for the alignments for detecting the planar sub-
strates (10 min) and preheating to 100 °C (4 min), and we started to
collect the GIWAXS images after aligning. The TOF-SIMS measure-
ments were performed on TOF-SIMS V (ION TOF) with a beam of Cs*
at an energy of 1keV on an area of 200 x 200 pum?. The SEM images
were collected on Hitachi S-4800 at a scanning voltage of 4 kV. The
samples for the top-view and cross-section SEM measurements were
coated onindiumtinoxide. The TR-MS measurements of the perovskite
films were performed at the custom-built temperature programmed
desorption (TPD) system. Before heating and signal detection, the
chamber with the sample should be vacuumed for 12 h (dark condi-
tion) to remove the residual gas. The PL and time-resolved PL data
were recorded on a custom-built system with a Horiba Symphony-II
charge-coupled device detector/Horiba iHR 320 and Becke & Hickl
time-correlated single-photon counting (HPM100-10 and SPM130),
respectively. The hyperspectral PL tests were conducted on photons?.
The 532-nm laser was used as the light source with anintensity of 1 sun.
The X-ray photoelectron spectroscopy depth profiles of the films were
measured onaKratos AXIS ULTRA system. The PL quantumyield data
were obtained from the integrating sphere with a pre-calibrated fibre
coupled toaspectrometer (Ocean Optics QE Pro) with an intensity of
~300 mW cm™ The films were encapsulated with UV epoxy and cover
glass before measuring. The transient photovoltages were measured
fromboth sides of the bifacial PSCs with PicoScope 6454 controlled by a
custom-built Python code. The devices were encapsulated by UV epoxy
and ultrathin glasses. The /-V curves of the devices were recorded
using Keithley 2400 with the AM1.5 solar irradiation (G20 Company).
Thetest procedureistoscanfrom-0.2Vto1.4 Vatarateof 100 mVs™.
Theareas of the devices are defined by the overlapping areas of Agand
FTOsubstrates, and 0.049-cm?and 1.21-cm? masks were used to define
the aperture area for the /-V measurements. The EQE spectra of the
corresponding devices were obtained from the IVQE8-C model (PV
Measurements) to quantify the /... The spectra of the solar simulator
and EQE equipment were calibrated using standard solar cells (certified
by NREL). The MPP tracking of the unit cells, large areaand mini-module
were tested at a custom-built system comprising the Keithley 2400
system and under simulated AML.5 illumination. The temperature
around the devices was around 35 °C. The high-temperature MPPT
stability of the devices was measured on an oven with the temperature
controlled at 85 °C.

DFT calculations

DFT calculations were performed using the Vienna ab initio simulation
package with projector augmented wave potentials*®. A plane-wave
energy cut-off of 500 eV and al-centred 2 x 2 x 2 k-mesh were used
for the calculations. The exchange-correlation interactions were
treated with the generalized gradient approximation of the Perdew-
Burke-Ernzerhof parameterization®. Grimme’s D3 correction were
alsoincluded to deal with the van der Waals interactions™.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The main datasupporting the findings of this study are available in the
Article and its Supplementary Information. Additional data are avail-
able from the corresponding authors on reasonable request.
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Extended Data Fig. 1| TG spectrum of SECI powders (7.591 mg). The powders decompose at atemperature of around 165.4 °C.
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Extended Data Fig. 2| XRD patterns of the films with different SECI concentrations. The film with 2 mg/mL SECI shows the strongest XRD intensity among all the
conditions.
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Extended Data Fig. 3| XPS spectra of the Ref and Target films. In comparison to the Ref, the Target shows an obvious peak of -C = O (a), confirming the existence of
SEClin the annealed film. The chemical shifts of the Pb 4f(b) and 13d (c) binding energies in the Target film reflect the change in the distribution of A-site cations.
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(c), (d) extracted Rb/Pb and Cs/Pb ratios at different depths in the Ref and Target films.
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Extended Data Fig. 5| Thermal stability of the perovskite films. XRD patterns of the aged Ref and Target perovskite films.
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Voltage (V)

Voc/V Jsc/mA/em? FF/% PCE/%

1.6 mg/mL CBH F 1.141 2481 73.52 20.81
R 1.139 24.80 75.32 21.28

0.5 mg/mL CBH F 1.166 25.54 80.22 23.89
R 1.173 25.53 81.48 24.40

2.9 mg/mL CBHCI2 F 1.172 2536 77.78 23.12
R 1.168 2532 80.93 23.93

1.5 mg/mL CBHCI2 F 1171 25.62 82.42 24.76
R 1.178 25.59 82.93 25.00
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Extended Data Table 1| Photovoltaic parameters of the p-i-n PSCs with different SECl concentrations

Voc/V Jsc/mA/cm? FF/% PCE/%

Ref F 1.127 25.33 75.57 21.57
R 1.138 25.32 79.96 23.04

1 m%/mL 1.145 25.61 80.161 23.51
R 1.142 25.63 82.136 24.04

2 mff mL 1.187 25.79 84.62 25.90
R 1.185 25.78 85.51 26.12

4 m%’“‘l‘ 1.164 2435 68.211 19.33
R 1.162 24.38 71.136 20.15
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Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted papers
reporting the characterization of photovoltaic devices and provides structure for consistency and transparency in reporting. Some list items might
not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on Nature Research policies, including our data availability policy, see Authors & Referees.

» Experimental design

Please check the following details are reported in the manuscript, and provide a brief description or explanation where applicable.

1. Dimensions

A f the tested <ol I |X| Yes 0.049 cm2 mask for unit cells and 1.21 cm2 mask for large-area devices
rea of the tested solar cells

|:| No Explain why this information is not reported/not relevant.

. ) The aperture shade masks are used for photovoltaic performance collections
Method used to determine the device area |X| Yes

|:|No

Explain why this information is not reported/not relevant.

2. Current-voltage characterization

Current density-voltage (J-V) plots in both forward |X| Yes  Figs. 43 and 4e, Supplementary Figs. 21, 22, 24 and 25

and backward direction |:| No
o The J-V curves were measured from 1.4 V to -0.2 V with a scanning rate of 100 mV/s
Voltage scan conditions X Yes  (voltage step of 10 mV and delay time of 100 ms)

|:| No Explain why this information is not reported/not relevant.

Encapsulated devices were measured in ambient condition at room temperature with

Test environment |X| Yes the controlled relative humidity range from 30% to 50%

|:| No Explain why this information is not reported/not relevant.

|X| Ves No preconditioning was used for the unit cell and large-area devices. The mini-

Protocol for preconditioning of the device before its modules need be pre-heated at 100 °CC for 2 min before measuring (method),

characterization [ Tno
Explain why this information is not reported/not relevant.
Maximum power point was verified (Supplementary Fig. 26).
Stability of the J-V characteristic EI Yes Explain why this information is not reported/not relevant.

|:|No

3. Hysteresis or any other unusual behaviour

Provide a description of hysteresis or any other unusual behaviour observed during the

Description of the unusual behaviour observed during |:| Yes o/ o
characterization.

the characterization
|X| No  We observed negligible hystersis in our devices

|X| Yes  Figs. 4a, 4e, Supplementary Figs. 21, 22, 24 and 25
Related experimental data
|:| No Explain why this information is not reported/not relevant.

4. Efficiency

External quantum efficiency (EQE) or incident X ves Fig-4band Supplementary Fig. 28

photons to current efficiency (IPCE) |:| No | Explain why this information is not reported/not relevant.

A comparison between the integrated response under [ yes  Certified results in Fig. 4b and Supplementary Figs. 22

the standard reference spectrum and the response |:| No | Explain why this information is not reported/not relevant.
measure under the simulator
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For tandem solar cells, the bias illumination and bias
voltage used for each subcell

Calibration

Light source and reference cell or sensor used for the

characterization

Confirmation that the reference cell was calibrated
and certified

Calculation of spectral mismatch between the
reference cell and the devices under test

Mask/aperture

Size of the mask/aperture used during testing

Variation of the measured short-circuit current
density with the mask/aperture area

Performance certification

Identity of the independent certification laboratory
that confirmed the photovoltaic performance

A copy of any certificate(s)

Statistics

Number of solar cells tested

Statistical analysis of the device performance

Long-term stability analysis

Type of analysis, bias conditions and environmental
conditions

|:| Yes
|X| No

El Yes
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

EI Yes
|:| No

Provide a description of the measurement conditions.

No tandem solar cells were fabricated in this work.

Characteristics of films and devices: The standard solar cells (certified by NREL) were
used to check the spectra of solar simulator and EQE equipments.

Explain why this information is not reported/not relevant.

The standard solar cell was used as the reference for calibration

Explain why this information is not reported/not relevant.

The spectral mismatch is negligible as the difference between the Jsc and EQE results

Explain why this information is not reported/not relevant.

Characteristics of films and devices: 0.049 cm2 mask for unit cells and 1.21 cm2 mask
for large-area devices

Explain why this information is not reported/not relevant.

Fig. 4c and Supplementary Figs. 23, 27 and 30

Explain why this information is not reported/not relevant.

Fig. 4b and Supplementary Figs. 22, certified J-V from NREL with quasi-steady-state
efficiency of 25.33%

Explain why this information is not reported/not relevant.

Supplementary Figs. 22

Explain why this information is not reported/not relevant.

30 separated devices for each composition were fabricated ( Supplementary Figs. 23,
27 and 30).

Explain why this information is not reported/not relevant.

Supplementary Table 1

Explain why this information is not reported/not relevant.

Characteristics of films and devices: The room-temperature MPPT of the
encapsulated unit, large-area and mini-module cells were tested at the custom-built
system with the Keithly 2400 and simulated AM 1.5 illumination at 35 C. High-
temperature MPPT was measured on the oven with controlled temperature of 85 C.
Both measurements were conducted at ambient condition with the humidity around
40% to 60%.

Explain why this information is not reported/not relevant.
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