nature energy

Article

https://doi.org/10.1038/s41560-025-01817-6

Cationinterdiffusion controlfor2D/3D
heterostructure formation and stabilization
ininorganic perovskite solar modules

Received: 17 December 2023

Accepted: 17 June 2025

Published online: 16 July 2025

W Check for updates

Cheng Liu®'?, Yi Yang®'?, Jared D. Fletcher', Ao Liu', Isaiah W. Gilley ®’,
Charles Bruce Musgrave llI', Zaiwei Wang ® 3, Huihui Zhu', Hao Chen®’,
Robert P. Reynolds ®", Bin Ding ®?2, Yong Ding ®2, Xianfu Zhang'?,

Raminta Skackauskaite®, Haoyue Wan ® "3, Lewei Zeng®, AbdulazizS.R. Bati®’,
Naoyuki Shibayama®°?, Vytautas Getautis*, Bin Chen®’,

Kasparas Rakstys ®*
Edward H. Sargent®'3¢

, Paul J. Dyson®2/, Mercouri G. Kanatzidis® "',
& Mohammad K. Nazeeruddin ®?’

Inorganic perovskite solar cells could benefit from surface passivation
using 2D/3D perovskite heterostructures. However, conventional spacer
cations fail to exchange with the tightly bonded Cs cation in the inorganic
perovskite to form 2D layers atop; or, when they do enable formation of a
2D layer, they migrate under heat, degrading device performance. Here we
investigate the mechanisms behind 2D/3D heterostructure formation and
stabilization. We find that 2D/3D heterostructure formation is driven by
interactions between ammonium groups and [Pbl,]*” octahedra. We thus
incorporate electron-withdrawing fluorine to enhance inorganic-organic

cationinterdiffusion and promote heterostructure formation. We note that
stability relies on interactions between the entire spacer cations and [Pbl]*
octahedra. We therefore introduce anchoring groups that double cation
desorption energies, preventing cation migration at elevated temperatures.
CsPbl,/(perfluoro-1,4-phenylene)dimethanammonium lead iodide
heterostructures enable an efficiency of 21.6% and a maximum power point

operating stability at 85 °C 0f 950 h. We demonstrate 16-cm* modules with
an efficiency of 19.8%.

Inorganic perovskites, with restricted ion migration and high decompo-
sition temperatures, have emerged as promising photovoltaic materi-
als, offering increased photo and thermal stability compared to their
organic-inorganic hybrid counterparts' . Single-junction perovskite
solar cells (PSCs) utilizing inorganic perovskites as the active layer
have achieved power conversion efficiencies (PCEs) exceeding 21%
onsmallareas (<0.1 cm?) (refs. 7-10) and up to 26% whenincorporated
into tandem solar cells" .

However, surface defects generated on the film during
high-temperature solution processing of inorganic perovskites result

in non-radiative charge recombination at device interfaces, limiting
the PCE to levels far from the Shockley-Queisser theoretical value™ ™.
Additionally, theimperfect Goldschmidt tolerance factor contributes
todecreased phase stability ininorganic perovskites, particularly under
humid conditions™2°.

Toaddress theseissues, surface passivation with two-dimensional
(2D) perovskites and their organic ligands has been developed to
reduce surface defects and enhance long-term stability in inorganic
PSCs? %, However, conventional spacer cations either fail to form 2D
layers atop inorganic 3D perovskite—probably due to the strongionic
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2D/3D heterostructures. IPA, isopropanol.

lattice formed by Cs"and [Pbl]* octahedra, which hinders the accom-
modation of bulky organic layers>'*; or they migrate, particularly
under elevated temperature, resulting in heterostructure collapse,
loss ofinterfacial passivation and accelerated device degradation® .
Theseissues—either the inability to form 2D layers or the instability of
the formed layers—are particularly problematic given the phase insta-
bility of inorganic perovskites under external stresses. The formation
and stabilization mechanisms of 2D/3D heterostructures until now
havebeenunderexploredintheinorganic perovskite field. Acompre-
hensive design of cation structures should beinvestigated to uncover
these mechanisms and address these challenges, thereby contributing
to the construction of a robust heterojunction for achieving efficient
and stable inorganic PSCs.

Inthis study, we posit that the interactionbetween spacer cations
and [Pbl,]* is crucial for the formation and stabilization of the 2D/3D
heterostructure'***%*' (Fig. 1). We explored a set of spacer cations
with varying functional groups and found that the formation of these
heterostructures is driven by the interaction between ammonium
groupsand [Pbl,]* octahedra; whereas their stabilization hinges on the
interactions between spacer cations and [Pbl,]* octahedra. Building on
this understanding, we studied cations bearing electron-withdrawing
fluorine atoms at the molecular tail to strengthen the ammonium-
[Pbl,]* interactions and promote interdiffusion between inorganic
cationsand organic spacers, facilitating the formation of 2D/3D hetero-
structures. In parallel, incorporating extraanchoring groups enhanced
spacer cation—-[Pbl]* interactions, doubling the cation desorption
energy and stabilizing the heterostructures against cation migra-
tion under elevated temperatures. As a result, we identified CsPbl,/
(perfluoro-1,4-phenylene)dimethanammonium lead iodide hetero-
structures that enable a PSC efficiency of 21.6% with MPP operational
stability of 950 h at 85 °C. Furthermore, perovskite solar modules
measuring 16 cm?achieved an efficiency 0f19.8%.

Construction of 2D/3D perovskite
heterostructures

Webegan by screening spacer cations based on two principles: (1) incor-
porating electron-withdrawing fluorine into tail groups should enhance

theinteractions between ammonium groups and [Pbl¢]* octahedra®’;
(2)adding additional anchoring groups, such as Dion-Jacobson cations,
should strengthen the overall interaction between spacer cations and
[Pbl,]* octahedra®.

We therefore explored a series of spacers featuring distinct
functional groups of benzylammonium moieties (Fig. 2a), namely
phenylmethylammoniumiodide (PMAI), 2,3,4,5,6-(pentafluorophenyl)
methylammoniumiodide (penta-FPMAI) and (perfluoro-1,4-phenylene)
dimethanammonium iodide (tetra-FPDMAL,).

We examined 2D perovskite formation in the presence of such
spacer cations, dynamically casting isopropanol solutions of organic
halide salts onto CsPbl; perovskite films. The challenge in forming 2D
perovskites on CsPbl, arises from the low solubility of Csl in isopro-
panol and the strong ionic bonding between Cs* and the [Pbl]* octa-
hedral framework'>** (Supplementary Fig. 1). As shown in Fig. 2a, the
photoluminescence (PL) spectraindicate that nodistinct 2D perovskite
emission is observed on the CsPbl, surface following post-treatment
with PMAI. We infer that PMAI primarily remains adsorbed on the
perovskite surface in its molecular form rather than forming a 2D
perovskite structure (Supplementary Fig.2).In contrast, the emerging
PL peaks at about 488 nm for the films treated with penta-FPMAl and
tetra-FPDMAI, reveal cation exchange with Cs*ions and the formation
of 2D perovskites. Shoulders at lower energy (509 nm) may be assigned
to the edge state commonly observed in 2D perovskites™.

The formation of 2D/3D heterostructures is further corroborated
by characteristic 2D perovskite diffraction peaks observed in the X-ray
diffraction (XRD) patterns (Supplementary Fig. 3 and Supplementary
Tablel). Incident-angle-dependent grazing-incidence wide-angle X-ray
scattering (GIWAXS) images (Supplementary Figs. 4 and 5) show that
the Bragg scattering rings at g = 0.498 A for the CsPbl,/(tetra-FPDMA)
Pbl, sample gradually disappear as the incident angle increases, indi-
cating that the (tetra-FPDMA)PbI, layer is present only on the surface
of CsPbl,. Scanning electron microscope (SEM) images, PL maps and
time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth
profile suggest the formation of a conformal 2D (tetra-FPDMA)PbI,
layer on top of CsPbl; films, with an estimated thickness of ~3 nm
(Supplementary Figs. 6-8).
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To elucidate the formation of 2D/3D heterostructures, we
analysed the structures of these 2D perovskites. Single crystals of
(penta-FPMA),Pbl, and (tetra-FPDMA)PbI, were synthesized and
characterized by single-crystal X-ray diffraction after growth from
slowly cooled saturated solutions of organic halide salts, PbO, Hl and
H,PO, (Fig.2b, Supplementary Fig. 9 and Supplementary Tables 2-17).
We examined hydrogen bonding interactions between ammonium
groups and [Pbl]* octahedra within 2D perovskites (Fig. 2c and Sup-
plementary Table 2), finding average N--I distances of 3.77 A, 3.63 A
and 3.64 A for (PMA),Pbl,, (penta-FPMA),Pbl, and (tetra-FPDMA)PbI,,
respectively**”. This indicates that fluorination of the spacer cation, or
theintroduction of more electron withdrawing on the aromatic system,
results in shorter (that is, stronger) hydrogen bonding interactions
between -NH;" and [Pbl]*" as a result of the ammonium site holding
more positive charge®**° (Supplementary Fig. 10). This improved
hydrogen bonding of ammonium groups enhances the ability of cati-
onsto replace Cs*and occupies [Pbl]* octahedral frames during the
post-treatment process, facilitating the formation of 2D layers on
CsPbl; surfaces.

We analysed the crystal structures of the 2D perovskites and
summarized their dihedral angles and average lattice misfit levels
(f.ve) relative to CsPbl, (refs. 41,42; Supplementary Table 18). In both
(penta-FPMA),Pbl, and (tetra-FPDMA)PbI,, the lead iodide layers are
distorted appreciably, exhibiting a [Pbl]*” dihedral angle (that is,
out-of-planetilting) of 13.7 and 14.0°, respectively, substantially greater
than 10.5° observed in (PMA),Pbl, (refs. 34,43). The dihedral angle of
(penta-FPMA),Pbl, and (tetra-FPDMA)PbI, closely approaches that of
CsPbl; (14.95°). Additionally, (tetra-FPDMA)PbI, exhibits the lowest
fave 0f1.65% among these 2D perovskites, with (penta-FPMA),Pbl, and
(PMA),Pbl, showing f,,. values of 1.85% and 2.35%, respectively. This

suggests a quasi-epitaxial relationship between CsPbl, and the highly
fluorinated 2D perovskites, which further facilitates the construction of
2D/3D heterostructures*****, Further investigation of surface passiva-
tionvia the thermal evaporation method confirmed that solvent effects
on heterostructure formation are negligible (Supplementary Fig. 11).
Instead, the enhanced hydrogen bonding, coupled with quasi-epitaxial
alignment, serves as the primary driving force governing heterostruc-
ture formationininorganic perovskite systems.

Exploring stable 2D perovskite materials

While fluorination of the spacer cation facilitates the formation of 2D
layers on CsPbl, surfaces, it remains uncertain whether these cations
will migrate into the 3D perovskite bulk, particularly under heating—
a phenomenon commonly observed with other widely used spacer
cations®™%,

Weevaluated theintrinsic stability of 2D perovskites by calculating
cation desorption energies using density functional theory (Fig. 3a).
The 2D perovskites with additional anchoring groups (tetra-FPDMA)
Pbl, exhibit cation desorption energies of 18.1 eV. This value is nearly
doublethose of 2D perovskites with a single anchoring group, such as
(penta-FPMA),Pbl, and (PMA),Pbl,, which have desorption energies
0of 10.0 eV and 9.1 eV, respectively. Furthermore, (penta-FPMA),Pbl,
exhibits higher cation desorption energies than its non-fluorinated
2D perovskite (PMA),Pbl,, suggesting the incorporation of fluorine
into the spacer cation may further enhance the structure stability of
2D perovskites.

We established an accelerated experiment to investigate the sta-
bility of 2D perovskitesin environments enriched with Cs, as depicted
in Fig. 3b. The 2D perovskite films of (PMA),Pbl,, (penta-FPMA),Pbl,
and (tetra-FPDMA)PbI, were fabricated by spin coating
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Fig. 3| Stability of 2D perovskite materials under Cs-rich environments.

a, Cation desorption energies of the (PMA),Pbl,, (penta-FPMA),Pbl, and (tetra-
FPDMA)PbI, 2D perovskites. The red dashed circles indicate cation vacancies.
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characteristic PL peak intensity at 530 nm, 487 nm and 489 nm (c) and normalized
characteristic XRD peak intensity at 6.1°,5.0° and 6.8° for the (PMA),Pbl,, (penta-
FPMA),Pbl, and (tetra-FPDMA)PbI, films, respectively, before and after dippingina
Csl/isopropanol solution (d). ‘Norm. denotes normalization to the intensity of the
freshsample. Further information is available in Supplementary Figs.12 and 13.

N,N-dimethylformamide (DMF) solutions containing the respective
benzylammoniumiodide salts and Pbl, onto glass substrates.

PL spectra (Fig. 3c and Supplementary Fig. 12) reveal that upon
immersion in a saturated Csl/isopropanol solution for 60 s, both
(PMA),Pbl, and (penta-FPMA),Pbl, films lost their characteristic emis-
sionpeaksat 530 nmand 487 nm, respectively. XRD patterns (Fig. 3d and
Supplementary Fig.13) confirmed the complete disappearance of their
2D perovskite phase, with yellow (§) phase CsPbl, and Pbl, diffraction
peaks observed. Conversely, the (tetra-FPDMA)PbI, film retained about
85% of its initial PL emission at 489 nm. Substituting Csl with formami-
diniumiodide (FAI) yielded similar results (Supplementary Fig.14). These
results suggest that ligands with more anchoring groups can enhance
the structural stability of 2D perovskites in a Cs/FA-rich environment.

We utilized 1,4-phenylenediammoniumiodide (PDMAL) to further
test the aforementioned findings. Post-treatment with PDMAI, does
not facilitate the formation of 2D perovskite on the CsPbl, surface
(Supplementary Fig. 15), resulting from the weaker bonding between
-NH;"and [Pbl]*", as evidenced by the longer average N--:1 distance of
3.75 A in (PDMA)PbI,, compared to 3.64 A in the fluorinated 2D per-
ovskite (tetra-FPDMA)PbI,**. Additionally, the standalone (PDMA)
Pbl, film retained 76% of its initial PL at 525 nm after dipping in CslI,
despite quasi-2D phase emissions (Supplementary Fig. 16), due to
its higher cation desorption energy of 16.5 eV, surpassing that of the
mono-ammonium-based (PMA),Pbl, (Supplementary Fig.17).

Stability of the 2D/3D heterostructures

Toassess the stability of the 2D/3D heterostructures, we performed the
X-ray photoelectron spectroscopy (XPS) depth profile analysis on the
bothfreshand aged samples of CsPbl,/(penta-FPMA),Pbl, and CsPbl,/

(tetra-FPDMA)PbI, (Fig. 4a). After post-annealing at 85 °Cfor5 h, theF1s
XPS peak dramatically decreased in the CsPbl,/(penta-FPMA),Pbl, sam-
ple, whereas the CsPbl,/(tetra-FPDMA)PbI, sample maintained its peak
intensity well under the same ageing conditions. We also conducted
ToF-SIMS on these samples (Fig. 4b). We found that after ageing, the
signal of penta-FPMA" decreased at the film surface while increasing
in the bulk, suggesting migration of the spacer cation in the CsPbl,/
(penta-FPMA),Pbl, sample. Conversely, the distribution of the spacer
associated with tetra-FPDMA” remained relatively stable, indicating
enhanced stability of the CsPbl,/(tetra-FPDMA)PbI, heterostructure.

Time-dependent PL spectra of the CsPbl,/(penta-FPMA),Pbl,
sample showed an initial emission at 487 nm attributed to
(penta-FPMA),Pbl, with a monolayer thickness (n =1), which faded
over time. Concurrently, emissions above 575 nm corresponding to
2D phases with higher n values gradually increased (Fig. 4c). These
results indicate that the (penta-FPMA),Pbl, 2D perovskite structure
is thermodynamically unstable in a Cs*-rich environment, leading to
Cs"incorporation and transformation of the 2D structure over time,
thatis, cation migration between 2D and 3D layers. Notably, this cation
migration was observed to occur faster than the phase degradation
of black-phase CsPbl; under damp heat conditions (Supplementary
Fig.18). In contrast, the CsPbl,/(tetra-FPDMA)PbI, sample, featuring
two anchoring groups and four fluorine groups, exhibited a stable PL
emission at489 nm over time.

Device performance and stability

We assessed the energy level alignments of the perovskite hetero-
structures using ultraviolet photoelectron spectroscopy and ultra-
violet-visible spectra (Fig. 5a and Supplementary Figs. 19 and 20).
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b, ToF-SIMS of CsPbl,/(penta-FPMA),Pbl, and CsPbl,/(tetra-FPDMA)PbI, films
before and after ageing at 85 °C for 5 h. ¢, Time-dependent PL images of CsPbl,/
(penta-FPMA),Pbl, and CsPbl,/(tetra-FPDMA)PDbI, films. Colour scale indicates PL
intensity (a.u.): 0-12,000 for penta-FPMA and 0-40,000 for tetra-FPDMA.

The (tetra-FPDMA)PbI, layer exhibits a higher conduction band and
amarginally higher valence band compared to the CsPbl, perovskite,
which is advantageous as it blocks electrons while facilitating hole
transport. On the other hand, (penta-FPMA),Pbl, presents a slight
energy mismatch (0.12 eV) in the valence band at the interface.

We also analysed film uniformity by examining the PL intensity dis-
tribution on CsPbl, films (Fig. 5Sb and Supplementary Fig. 21). The nar-
rower PLintensity distribution observed in the CsPbl,/(tetra-FPDMA)
Pbl, sample indicates greater spatial homogeneity compared to both
CsPbl,/(penta-FPMA),Pbl, and CsPbl, samples.

The photovoltaic performance of the CsPbl, PSCs was investigated
inaregular n-i-p configuration comprising fluorine-doped tin oxide
(FTO)/TiO,/SnO,/CsPbl,/(tetra-FPDMA)PbI,/2,2’,7,7’-tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-OMeTAD)/
Auasshown in the cross-section SEM image (Supplementary Fig. 22).
The best-performing device, based on (tetra-FPDMA)PbI,, exhibits
a PCE of 21.6%, compared to 20.2% and 20.9% for the control and
(penta-FPMA),Pbl,-passivated CsPbl; PSCs (Fig. 5¢,d and Supple-
mentary Fig. 23), respectively, with a steady-state efficiency of 21.1%
(Supplementary Fig. 24).

Toinvestigate the passivation effects of (tetra-FPDMA)PbI, per-
ovskite in large-area devices, CsPbl; perovskite modules consisting
of eightinterconnected sub-cellsin a series configuration were con-
structed (Supplementary Fig. 25). With the 2D/3D heterojunction,
the best-performing module achieved a PCE 0f19.8% (corresponding
toanaperture-area PCE 0f 18.4%) over an active area of 16.0 cm*and
alow cell-to-module PCE loss of 2% (absolute), exhibiting negligible
hysteresis (Fig. 5e). The module was evaluated by the Photovoltaic
Laboratory of the Institute of Micro Technique (IMT), Neuchatel,
Switzerland, and an active-area PCE of 18.8% (corresponding to an
aperture-area PCE of 17.5%) was obtained (Supplementary Fig. 26).
The external quantum efficiency spectrum (Supplementary Fig. 27)
demonstrated a bandgap of -1.7 eV. As the size was increased to
an active area of 28.2 cm?, a high PCE of 18.7% was obtained (Sup-
plementary Fig. 28). To the best of our knowledge, these modules
have the highest reported PCEs among inorganic-based perovskite
modules****~52 (Fig. 5f).

To evaluate the device stability, we measured the ToF-SIMS of
the device after ageing at 85 °C for 24 h (Fig. 5g and Supplementary
Fig. 29). We found that Li ions from the spiro-OMeTAD layer tend to
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of passivation strategy, evaluated across 8 devices for each condition (n=8;
biological replicates). In the boxplots, the mean (open square), median (centre
line), Istand 99th percentiles (x) and whiskers (outliers) are shown.d,e,/-V
characteristics of the best-performing (tetra-FPDMA)Pbl,-based CsPbl; PSC
(d) and module (e) withactive areas of 0.05 cm? and 16.0 cm?, respectively. /. is

Time (h)

the short-circuit current density and V. is the open-circuit voltage. FF, fill factor.
f, Summary of the PCEs for the state-of-the-art inorganic-perovskite-based solar
modules>***™2 (Supplementary Table 19). a.c., active area; a.p., aperture area.

g, Intensity of Li* ion migration into perovskite films with different passivation
strategies after ageing at 85 °C for 24 h. h, MPP tracking for devices operating at
85°C under illumination with simulated AM 1.5 G illumination (100 mW cm2)
using alight-emitting diode light source in N,. The initial efficiencies of the
control-, (penta-FPMA),Pbl,- and (tetra-FPDMA)PbI,-based devices were 16.6%,
18.0% and 18.9%, respectively. Ty, denotes the time required for the device to
reach 80% of its initial PCE.

migrate into perovskite films during ageing, especially in the con-
trol and (penta-FPMA),Pbl, devices. The (tetra-FPDMA)Pbl,-based
device, however, showed less Liion migration, indicating the blocking
effect of the (tetra-FPDMA)PbI, layer at the perovskite/HTL interface.
Additionally, the (¢tetra-FPDMA)PbI, capping layer plays a key role in
reducing the moisture penetration and suppressing phase degradation

(Supplementary Fig. 30). Humidity stability tests were performed on
devices without encapsulation under ambient conditions with a rela-
tive humidity of ~-50%. The tetra-FPDMAPbI, capping layers enhanced
device stability, achieving a PCE retention of 83% after 300 h of ageing,
compared to 64% and 54% for (penta-FPMA),Pbl, and control devices,
respectively (Supplementary Fig. 31).
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Wetheninvestigated the long-termoperating stability of encapsu-
lated devices by maximum power point tracking under continuous AM
1.5 Gilluminationat 85 °CinaN, environment. Unstable spiro-OMeTAD
was replaced with poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
to eliminate the hole transport layer as a source of instability’®. The
(tetra-FPDMA)PbI,-based device shows a T, lifetime (representing the
time it takes to reach 80% of the initial PCE) of 950 h (Fig. 5h), consid-
erably surpassing the (penta-FPMA),Pbl,-based and control devices,
which exhibited 270 h and 120 h, respectively. The (tetra-FPDMA)
Pbl,-based module also demonstrated superior stability under light
illumination at 65 °C, retaining 80% of initial efficiency after 500 h (Sup-
plementary Fig. 32). This stability enhancement comes from the dual
role of the 2D capping layer: the layer extends the lifetime of surface
passivation by preventing the degradation of the 3D/2D heterojunction;
and it improves the phase stability of the underlying 3D perovskite,
suppressing surface lattice distortion and preventing water-induced
phase degradation.

Conclusions

We demonstrated the mechanisms behind the formation and stabiliza-
tion of 2D/3D heterostructures oninorganic perovskite surfaces: the
formation of heterostructuresis primarily driven by the interactions
between ammonium groups and [Pbl,]*” octahedra, whereas their
stabilization hinges on the interactions between entire spacer cati-
ons and [Pblg]* octahedra. We incorporated electron-withdrawing
fluorine to increase the positive charge at the ammonium site,
promoting cation exchange with Cs for the heterostructure forma-
tion, while introducing extra anchoring groups to strengthen the
interaction between spacer cations and [Pbl,]* octahedra, thereby
immobilizing the cations and stabilizing the heterostructures at
elevated temperatures. This approach enhances the efficiency of
inorganic PSCs and modules while ensuring their stable operation at
elevated temperatures. These results underscore the transformative
potential of rational cation design in producing stable 2D/3D het-
erostructures that enhance both the performance and stability of
perovskite optoelectronics.

Methods

Materials and methods

Lead iodide (Pbl,, 99.99%) was purchased from Tokyo Chemical
Industry. Caesium iodide (Csl, >99.9%) and 2,2’,7,7’-tetrakis(N,N-d
i-p-methoxyphenyl-amino)-9,9’-spirobifluorene (spiro-OMeTAD,
99.9%) were purchased from the Xi’an Polymer Light Technology
Corp. Hydroiodic acid (57 wt% in water), chlorobenzene (99.8%),
N,N-dimethylformamide (DMF, 99.9%), dimethyl sulfoxide (DMSO,
99.9%), titanium diisopropoxide bis(acetylacetonate) (TAA, 75 wt%
inisopropanol), diethyl ether (99%), 4-tert-butylpyridine (TBP, 98%),
acetonitrile (99.8%) and isopropanol (99.5%) were purchased from
Sigma-Aldrich. SnCl, (99%) was ordered from Acros Organics. Lithium
bis(trifluoromethane)sulfonamide (LiTFSI), FK 209 Co(lll) TFSI and
PDAIL, were purchased from Greatcell Solar Materials. All reagents
were used as received without further purification. DMAPbI; was pre-
pared by reaction of Pbl, and hydroiodic acid in DMF*. PMAI** and
penta-FPMAP* were prepared as previously reported. Synthesis pro-
cedures of tetra-FPDMALI, were described in Supplementary Fig. 33.

Synthesis of single crystals

Single crystals of (tetra-FPDMA)PbI, and (penta-FPMA),Pbl, were syn-
thesized by combining 0.1 mmol (23.3 mg) PbO and 0.1 mmol (45.9 mg)
(tetra-FPDMA)I, or 0.2 mmol (65.0 mg) (penta-FPMA)l in a vial with
approximately 4 ml HI (57% w/w) and 0.25 ml H;PO, (50% w/w). The
solutionwas heated to 200 °C on a hot plate with stirring until all solid
wasdissolved. Once dissolved, the temperature waslowered to130 °C
for1day, and then the hot plate was turned off and the solution left to
cool to room temperature. After equilibrating at room temperature,

crystals were picked directly from the acid solution and suspended in
paratone oil for the single-crystal XRD measurements.

X-ray crystallography

Intensity data of a plate single crystals of (tetra-FPDMA)PbI, was col-
lected at 300 K. A suitable single crystal with dimensions of approxi-
mately 0.5 x 0.5 x 0.5 mm?®was mounted on aglass fibre with paratone
oil on a STOE StadiVari diffractometer equipped with an AXO Ag Ka
micro-focus sealed X-ray A-MiXS source (1=0.560834 A), running at
65kVand0.68 mA, andaDectris Pilatus3 R CdTe 300 K Hybrid Photon
Counting detector. Datareduction was performed with the X-Area soft-
ware package using numerical absorption correction using X-Shape.
The structures were solved with the ShelXT structure solution pro-
gramme using the Intrinsic Phasing solution method and by using
Olex2 asthe graphicalinterface. The models were refined with ShelXL
using least-squares minimization.

Intensity data of plate single crystals of (penta-FPMA),Pbl, was col-
lected at 293 K using a STOE imaging plate diffraction system (IPDS-II)
with graphite-monochromated Mo Ka radiation operating at 50 kV
and 40 mAwitha34 cmimage plate. The X-AREA, X-RED and X-SHAPE
software packages were used for dataextraction and integration and to
applyanalyticalabsorption corrections. Direct methods and full-matrix
least-squares refinement against F2 were performed with the SHELXTL
package.

Device fabrication. FTO substrates were cleaned using detergent,
deionized water, acetone and isopropanol by an ultrasonic cleaner.
The TiO, layer was obtained by spray pyrolysis in ambient air using a
diluted solution of TAA in isopropanol (1:15, volume ratio) at 450 °C,
followed by annealing for 30 min. After cooling down, 0.1 M SnCl,
aqueous solution was deposited on the substrate at 3,000 rpm for
30 sand the SnO, films were dried at190 °Cfor 1 h. Thenthe substrates
were transferred into the nitrogen glovebox for film deposition. The
0.7 M CsPbl, precursor solution was prepared by dissolving Csl and
DMAPbI; with al:1molar ratio in DMF and DMSO mixed solvent with a
9:1volume ratio. CsPbl; films were prepared by spin coating 30 pl pre-
cursorsolutionat1,000 rpm for10 s with aramping rate of 200 rpms™
and at 2,500 rpm for 30 s with a ramping rate of 1,000 rpm s™. The
substrates were taken out from the glovebox and put onto a hotplate
inambient at 180 °C for 25 min to obtain uniform CsPbl, films. For post
treatment, 10 mM organic halide salts were dissolved in isopropanol
and the 100 pl solution was dynamically spin coated at 5,000 rpm for
20 s, followed by annealing at 100 °C for 2 min. Dynamically spin coat-
inginvolves the process of introducing the solution while the substrate
isinspinning. The spiro-OMeTAD solution was prepared by dissolving
75 mg spiro-OMeTAD in chlorobenzene with 32 pl TBP, 20 pl LiTFSI
in acetonitrile (1.8 M) and 8 pul FK209 in acetonitrile (1 M). Then 35 pl
spiro-OMeTAD solution was spin coated on the perovskite substrates
at 3,000 rpm for 20 s. Finally, 70 nm Au was thermally evaporated as
the electrode.

Module fabrication. The fabrication process for each layer isthe same
asthat of the small-area PSCs except for the amount of precursors for
spin coating. The 200 pl perovskite solution, 300 pl post-treatment
solution and 300 pl spiro-OMeTAD solution were used for module
fabrication. FTO substrates were patterned by a1,064 nmYb fibre laser
(Trotec) with nine sub-cells connected in series. The laser power for P1,
P2and P3were12 W,3 Wand 3 W, respectively.

Density functional theory calculation. All density functional theory
(DFT) calculations were performed using the Vienna Ab initio Software
Package version 6.2.1°. The Perdew-Burke-Ernzerhof functional was
used for all calculations and augmented with Grimme’s D3 empirical
correction for London Dispersion forces®*”. Projector augmented wave
pseudopotentials were used to describe all atoms®. 1x 3 x 3K point
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gridsin Monkhorst-Pack schemes were used for all calculations. Experi-
mentally determined crystal structures were used as starting points for
allgeometry optimizations, in which atom positions, cell volumes and
cellshapeswere all degrees of freedom. For defect states, the cell shape
and cell volume were kept identical to the analogous pristine crystal
lattices. Awavefunction energy cut-off of 1x107¢ eV was adopted along
withaforce cut-offof 0.02 eV A™.

Characterization. '"H NMR spectra were recorded at 400 MHz on a
Bruker Avance lll spectrometer with a5 mm double resonance broad
band BBO z-gradient room temperature probe, ?C NMR spectrawere
collected using the same instrument at 101 MHz. The chemical shifts,
expressed in ppm, wererelative to tetramethylsilane. All nuclear mag-
netic resonance (NMR) experiments were performed at 25 °C. Reac-
tions were monitored by thin-layer chromatography on ALUGRAM
SIL G/UV254 plates and developed with UV light. Silica gel (grade
9385, 230-400 mesh, 60 A, Aldrich) was used for column chroma-
tography. Elemental analysis was performed with an Exeter Analytical
CE-440 elemental analyser, Model 440 C/H/N/.MS were recorded on
Waters SQ Detector 2 Spectrometer using the electrospray ionization
technique. The PL spectra were collected using a confocal Raman
system (excitation wavelength =473 nm) integrated with SWIFT and
DuoScan technologies. GIWAXS was recorded through a Huber dif-
fractometer and photon energy 0f12.39 keV (1.0 A) at beamline BL19B2
of SPring-8 with PILATUS 300 K 2D X-ray detectors. FEI Sirion-200
scanning electron microscope was used to get scanning electron
microscopy images. Ultraviolet photoelectron spectroscopy was
performed on the perovskite films on glass substrates using an AXIS
Nova spectrometer (Kratos Analytical) with a He-l source (21.22 eV).
ToF-SIMS was performed using an IONTOF M6 instrument with a Bi;"
(30 keV) primary ion beam. Current density (/)-voltage (V) charac-
teristics were measured with a solar simulator (Oriel, 450 W xenon,
AAA class) and aKeithley 2400 source meter. A Sireference cell (KGS,
Newport) was used for calibration before measurements to ensure
the AM 1.5 G standard. For small-area PSCs, the voltage scan rate and
scan steps were 100 mV s™ and 20 mV, respectively, and the active
area was 0.049 cm?. For perovskite solar modules, the voltage scan
rate was 200 mV s and scan step was 50 mV, and the aperture areas
were 17.20 cm? and 30.74 cm?, respectively. External quantum effi-
ciency spectrawere measured using IQE200B (Oriel). The maximum
power point tracking measurement was conducted on encapsulated
devices under light-emitting diode illumination (100 mW cm™) at
85°Cwith N, flow.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are provided
in Supplementary Information. Source data are provided with this

paper.
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Solar Cells Reporting Summary

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

IXI Yes The aperture area for the solar cells was 0.05 cm2 (Methods). The aperture area for
I:l small and large modules was 17.2 cm2 and 30.74 cm?2, respectively (Method-
No Characterization).

Area of the tested solar cells

Explain why this information is not reported/not relevant.

The aperture area of the solar cells was defined by an opaque metal mask with

square aperture of area of 0.05 cm2 (Methods). The aperture area of small and large

I:l No modules was defined by an opaque metal mask with rectangular apertures of 17.2
and 30.74 cm2, respectively (Method-Characterization).

Method used to determine the device area |X| Yes

Explain why this information is not reported/not relevant.

2. Current-voltage characterization

See Fig. 5d,e and Supplementary Figure 28.
Current density-voltage (J-V) plots in both forward |X’ Yes & PP yre
and backward direction D No

» The scanning step was 20 and 50 mV for solar cells and modules, respectively. The
Voltage scan conditions IXI Yes  scanning rate was 100 and 200 mV/s for solar cells and modules, respectively.
I:l No (Method-Characterization).

Explain why this information is not reported/not relevant.

Current density (J)-voltage (V) characteristics of the devices were characterized at

Test environment IXI Yes  room temperature in air (Method-Characterization).

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

% No preconditioning of the device was applied before the measurement (Method-
Yes

Protocol for preconditioning of the device before its Characterization).

characterization [ Ino
Explain why this information is not reported/not relevant.
See Figure 5h and Supplementary Figure 31 and 32.
Stability of the J-V characteristic ) . -
y Yes Explain why this information is not reported/not relevant.

I:'NO

3. Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during I ves The devices showed negligible hysteresis behaviors

the characterization
o

Yes  Figure 5d,e and Supplementary Figure 28

Explain why this information is not reported/not relevant.

Related experimental data
D No Explain why this information is not reported/not relevant.
4. Efficiency
External quantum efficiency (EQE) or incident Yes € Supplementary Figure 27.

photons to current efficiency (IPCE) I:l No | Explain why this information is not reported/not relevant.
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A comparison between the integrated response under
the standard reference spectrum and the response
measure under the simulator

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
|:| No

|:| Yes
IZ No

Yes
|:| No

|Z| Yes
|:| No

|:| Yes
IZ No

IZ Yes
|:| No

|:| Yes
IZ No

|Z Yes
|:| No

|Z Yes
|:| No

Yes
|:| No

Yes
|:| No

Yes
|:| No

The JSC obtained from the J-V characteristics was found to be consistent with the
value integrated from the external quantum efficiency (EQE) spectrum. (Figure 5d
and Supplementary Figure 27).

Explain why this information is not reported/not relevant.

Provide a description of the measurement conditions.

Explain why this information is not reported/not relevant.

Light source is a Xe arc lamp from a ScienceTech Al Light Line Class AAA solar
simulator. The reference solar cell is from Sciencetech (SCI-REF-Q) (Method-
Characterization).

Explain why this information is not reported/not relevant.

The light intensity was calibrated by the reference solar cell (SCI-REF-Q) from
Sciencetech (Method-Characterization).

Explain why this information is not reported/not relevant.

Provide a value of the spectral mismatch and/or a description of how it has been
taken into account in the measurements.

We rely on efficiency results verified by third parties.

The active area of the solar cells was defined by an opaque metal mask with square
aperture of the area of 0.05 cm2 (Methods). The aperture area of small and large
modules was defined by an opague metal mask with rectangular apertures of 17.2
and 30.74 cm2, respectively (Methods).

Explain why this information is not reported/not relevant.

Report the difference in the short-circuit current density values measured with the
mask and aperture area.

We didn't measure the solar cells with apertures of different sizes.

The Photovoltaic Laboratory of the Institute of Micro Technique (IMT) in Switzerland.

Explain why this information is not reported/not relevant.

Supplementary Figure 26.

Explain why this information is not reported/not relevant.

Eight devices for each condition were tested (Supplementary Figure 23).

Explain why this information is not reported/not relevant.

Fig. 5c and Supplementary Figure 23.

Explain why this information is not reported/not relevant.

The maximum power point tracking (MPPT) measurement was conducted on the
encapsulated devices under LED illumination (100 mW cm-2) at 85°C with N2 flow.
(See Figure 5h and Method-Characterization)

Explain why this information is not reported/not relevant.
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