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The certified quasi-steady-state efficiency of reported inverted perovskite
solar cells (PSCs) has rarely surpassed 26%, primarily attributed to interfacial
energy-level misalignment and defect-mediated non-radiative recombination.
Here we report a surface-phase-transformation strategy of introducing a
minuscule amount of N-methyl pyrrolidone (NMP) into the piperazinium
diiodide (PDI)-dissolved isopropanol solution to mitigate these challenges. We
demonstrate that NMP induces a distinct crystallization pathway on perovskite
surfaces during the post-treatment stage, transitioning fromasolvated
intermediate phase to the a-phase perovskite, bypassing the conventional
6-intermediate-phase - a-phase route, whichimproves the crystallinity of
perovskite surfaces and reduces contact losses. Moreover, NMP enhances
theinteraction between PDI and perovskites, further optimizing interfacial
band alignment. Consequently, we demonstrate high certified power
conversion efficiencies 0f26.87% (stabilized efficiency), 23.00% and 29.08% for
single-junction PSCs, mini-modules and all-perovskite tandems, respectively.
Maximum-power-point tracking retains 96% of initial efficiency after 2,500 h
under 1-sunillumination at 65 °Cinambient air.

Since the pioneering report on stable solid-state perovskite solar cells
(PSCs) in 2012', perovskite photovoltaics have attracted widespread
attentiondueto their low-cost fabrication, long charge-carrier diffusion
lengths and high charge-carrier mobility>. Recently, inverted (p-i-n)
PSCs have graduallybecome aresearchhotspot dueto their advantages
in power conversion efficiency (PCE), stability, and compatibility with
tandem solar cells®, underscoring their potential for commercializa-
tion. Nevertheless, inverted PSCs with certified quasi-steady-state

efficiencies exceeding 26% are still rarely reportedin theliterature. The
primary bottleneckliesin the inevitable non-radiative recombination
losses, particularly at the perovskite/charge transport layer interface*”".
Notably, the development of hole transport materials in recent years
has notably mitigated non-radiative recombination losses at the buried
interface®, leading to asubstantial leap in the performance of inverted
PSCs over the past two years. In contrast, non-radiative recombina-
tion at the perovskite/electron transport layer (ETL) interface poses a
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more formidable challenge®, limiting the efficiency of inverted PSCs,
asevidenced by anotable reductionin photoluminescence (PL) quan-
tumyield in perovskite/ETL samples*”, Although numerous surface
passivation strategies have been attempted to address thisissue** ¢,
high-performance inverted PSCs rely on mostly conventional pas-
sivation strategies based on ammonium ligands or two-dimensional
(2D) perovskite passivation°. However,ammonium ligands are sus-
ceptible to deprotonation under light-thermal stress®?, leading to
vacancy defects and limiting their passivation effectiveness; similarly,
2D perovskites may also hinder charge transport®. Therefore, amore
advanced passivation pathway is still required for further exploration.

Here we reportasurface-phase-transformation strategy involving
crystallization dynamics to minimize non-radiative recombination
losses at the perovskite/ETL interface by introducing a minuscule
amount of polar aprotic N-methyl pyrrolidone (NMP) into a piper-
azinium diiodide (PDI)-dissolved isopropanol (IPA) solution. We dem-
onstrate that NMP has a prominent role in a distinct crystallization
pathway onthe ultrathin perovskite surface during the post-treatment
process, enabling a transition from a solvated intermediate phase to
the a-phase perovskite, bypassing the conventional 6-intermediate
phase > a-phase route, which notably enhanced the crystallinity of
perovskite surfaces and reduced contact losses. Furthermore, NMP
enhanced the interaction between PDI and the perovskite surface
without inducing the formation of 2D perovskites, further opti-
mizing interfacial band alignment and suppressing non-radiative
recombination. Consequently, the phase-transition-assisted
surface-phase-transformation approach yielded certified PCEs of
26.87% (stabilized efficiency) with a high fill factor of 86.06% for
single-junction PSCs, 23.00% for mini-modules (aperture area of
11.09 cm?) and 29.08% for all-perovskite tandem solar cells. Moreover,
our devices maintained 95% and 96% of their initial PCEs after aging for
over1,000 hat85°CinanN,atmosphere and operating for over 2,500 h
at 65 °Cunder 1-sun-equivalent white-light light-emitting diode (LED)
illuminationin air, respectively.

Exploring the interplay of passivators and
solvents

State-of-the-art inverted PSCs currently employ organic ammo-
nium salts (Supplementary Fig. 1) as surface passivators, including
propane-1,3-diammoniumiodide (PDAL,), 3-(methylthio)propylamine
hydroiodide (3MTPAI), phenethylammonium chloride (PEACI), pip-
erazinium iodide (PI), phenethylammonium iodide (PEAI) and PDI,
to address surface defects and mitigate complex interfacial carrier
recombinationissues*®**. This effectiveness is attributed to the strong
interaction between ammonium groups and the perovskite surface
(Supplementary Figs. 2 and 3) and the induced n-type doping on the
surface®*. We first conducted the conventional post-treatment with
passivator-bearing IPA solutions (saturated passivator solutions)
and investigated the dependence of photovoltaic performance
on passivators. The current-voltage characteristics of the devices
indicate that post-treatment improved PCEs compared with the
control devices (without passivation). Among the treated samples,
the PDI-treated device exhibited the greatest enhancement in PCE
(Fig. 1), probably due to its highest binding energy to the perovskite
surface (Supplementary Fig. 3). The average device efficiency was
enhanced from 24.80% to 25.49%, achieving a level roughly compara-
ble to most previously reported high-efficiency inverted PSCs based
on normal-bandgap perovskites (Supplementary Fig. 4).

However, the low solubility of PDI (Supplementary Fig. 5) in weakly
polar IPA (dipole moment = 1.66 D) limits its passivation effectiveness,
resulting in the device not fully exhibiting its potential. To address
this, we introduced a minute quantity of polar aprotic solvent into
the PDI-IPA solution, with a volumetric ratio of polar aprotic solvent
to IPA of 1:200. This minuscule amount of polar aprotic solvent is
intended to dissolve the ultrathin layer of perovskite films for surface

phase transformation (Fig. 1a). We first tried N,N-dimethylformamide
(DMF), atypical parent solvent widely used in perovskite precursors?*,
We observed that the DMF-embedded PDI-IPA solution (denoted
as PDI-DMF in Fig. 1b) hardly increased the average PCE of devices,
probably dueto the formation of the 6-phase on the perovskite surface
(Supplementary Fig. 6). However, interestingly, the addition of other
polar aprotic solvents led to notable enhancement in PCE (Fig. 1b).
These solvent systems included IPA-dimethyl sulfoxide (DMSO)
(denoted asIPA-D), IPA-diethyl sulfoxide (denoted as DESO), IPA-NMP
(IPA-N), IPA-1,3-dimethyl-2-imidazolidinone (denoted as DMI) and IPA-
N,N-dimethylpropyleneurea (denoted as DMPU). The highest average
PCE (>26.5%, Fig. 1b; the representative current density-voltage (/- V)
curves of the surface post-treatment strategies involved in Fig. 1b are
showninSupplementary Fig. 7) was achieved with the IPA-N combina-
tion. Moreover, scanning electron microscopy images suggest that
surface passivation using the polar-aprotic-solvent-embedded PDI
enhancesthe reconstruction effect on the perovskite surface (see IPA-D,
IPA-N and DESO cases in Supplementary Fig. 8). The nodules observed
inthe coordinating-solvent-treated films may originate from the redis-
tribution of Pbl, on the perovskite surface, induced by the coordinat-
ing solvent, thereby exerting a ‘shearing’ effect on Pbl, (see details in
Supplementary Fig. 9 and Supplementary Note1). Such redistribution
of Pbl, may also have arole inimproving the non-radiative recombina-
tion characteristics of perovskite films®. This finding was supported
by steady-state PLresults, where the IPA-N post-treated perovskite film
showed the strongest PL intensity (Supplementary Fig.10). The polar
aprotic solvents have been classified into two categories on the basis
of their basicity, as defined in terms of Gutmann donor number (DN*,
where DN* = DN/38.8) and Kamlet-Taft S values: < DN* (DESO, DMPU
and DMSO) and 8 > DN* (DMland NMP)*. Interestingly, the PLintensity
of these perovskite films also follows a distinct trend: for § < DN*, the
PLintensity increasesin the following order:IPA-D > DMPU > DESO; for
[ =DN*, the PLintensity ranks as IPA-N > DMI. This trend is consistent
with the tendency observed in device efficiency in Fig. 1b. Therefore,
we focus our further investigation on the two representative cases of
IPA-D and IPA-N.

IPA-N characteristics

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measure-
ments at differentincidence angles were further performed to charac-
terize the crystallinity of the corresponding perovskite films, both at the
surface (Fig. 1c,f,i) (incidence angle of 0.2°; the diffraction intensity data
presentedinalogarithmic scale are shownin Supplementary Fig. 11) and
inbulk (incidence angle of 0.8°) (Supplementary Fig. 12). All GIWAXS
scattering results exhibited some degree of local in-plane ordering
and anon-uniform distribution along the rings, but no strong texture
was observed?. The intensity of the (100) crystal plane (g =1.0 A™) on
perovskite surfaces is stronger for the NMP- and DMSO-embedded
IPA (IPA-N and IPA-D) than for IPA alone (Supplementary Fig. 13).
However, within the bulk of the perovskite films, the (100) crystal
plane intensity shows no notable difference among the three condi-
tions (Supplementary Fig. 14), indicating that this strategy primar-
ily enhances the crystallinity of perovskite surfaces. Additionally, no
2D perovskite phase was observed in the annealed perovskite films,
either on the surface or in the bulk. Notably, time-of-flight secondary
ion mass spectrometry results indicate that, in both the IPAand IPA-N
cases, PDI primarily remains in the surface region of the perovskite
layer (Supplementary Fig. 15).

In situ GIWAXS measurements were further employed to gain
deeper insight into the structural evolution of perovskite surfaces
during the spinning and annealing processes of post-treatment. The
time evolution of GIWAXS spectra during the spinning process for IPA-,
IPA-D- and IPA-N-treated perovskite films is shown in Fig. 1d,g,j. The
GIWAXS snapshots taken at the end of the spinning process (30 s after
spinning) for corresponding cases are shown in Supplementary Fig.16.
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Fig.1| The role of IPA-N on perovskite surfaces. a, Schematic illustration

of the surface-phase-transformation process via surface passivation using a
minute amount of polar aprotic solvent (X) in the PDI-containing IPA solution
(X:IPA=1:200, v/v). The molecular structure of the studied polar aprotic solvents
is displayed. b, PCEs of the control (black) and passivated PSCs (sky blue and
lightred). The PCEs are presented as mean + s.d. from 20 independent devices
per condition. Passivation agents include PDI, PEAI, PI, PEACland DMDP (the
binary passivation using PDAI, and 3MTPAI*) dissolved in IPA (sky blue) and
X-embedded IPA (light red). Black, blue and light-red dashed lines denote the
average efficiencies of control, PDI-IPA- and PDI-IPA-N-treated perovskite
devices, respectively. The device efficiencies of control, DMDP, PEACI, P, PEAI,
PDI, PDI-DMF, PDI-IPA-D, PDI-DESO, PDI-DMI, PDI-IPA-N and PDI-DMPU are

30 o] 30 60 90 120 150 180
Time (s)

24.67% + 0.27%,25.10% + 0.25%, 25.00% + 0.33%, 25.18% + 0.31%, 25.00% + 0.34%,
25.49% +0.19%, 25.45% + 0.36%, 26.25% + 0.19%, 25.91% + 0.30%, 26.30% + 0.21%,
26.59% + 0.20% and 26.04% + 0.28%, respectively. c,f,i, 2D GIWAXS patterns of
the IPA- (c), IPA-D- (f) and IPA-N-treated (i) perovskite films. c,f,i share acommon
colour scale bar, whichis placed above c. a.u., arbitrary units. Theincidence angle
was 0.2°.g,and g,, represent the out-of-plane and in-plane scattering vector
components, respectively. d,g,j, In situ GIWAXS patterns during the spinning
process for the IPA (d), IPA-D (g) and IPA-N (j) cases. Intensity increases upwards
along the colour bar, as indicated by the vertical arrow. e, h k, In situ GIWAXS
patterns during the annealing process for the IPA (e), IPA-D (h) and IPA-N (k)
cases. Intensity increases upwards along the colour bar, as indicated by the
vertical arrow.

The aprotic-solvent-assisted surface treatment did not induce any
additional 6-phase formamidinium lead triiodide (6-FAPbL,) inter-
mediate phase (for example 6H (101)/2H (100)) on the surface%.
Interestingly, multiple weak-scattering rings (peaks) at low g values
(=0.4-0.7 A, Supplementary Fig.17) were observed in the IPA-D case. In
contrast, only asingle scattering ring atalow g of 0.59 A" was observed
for the IPA-N case; this was absent from the IPA case without aprotic

solvent. These new peaks are ascribed to solvated phases—for example,
FA,Pb,l;—2DMSO and (FA---NMP) Pbl, structures®. It should be noted
thatasmallamount of NMP (or DMSO) interacts with FA* or Pb2* cations
through hydrogenbonding or coordination bonding, leading to differ-
encesinthe energy required for the transition from the corresponding
solvent intermediate phase to the a-phase (Supplementary Fig. 18),
whichis probably the reason for the different solvate phases induced
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intheIPA-N and IPA-D cases during the spinning process. In particular,
the IPA-treated sample represents a conventional surface passivation
approach and does not involve any phase-transition behaviour.

During the annealing process (Fig. 1e,h,k), the corresponding
solvated intermediate phases gradually disappear as the annealing
time increases for IPA-D and IPA-N cases. The absolute intensities of
allthe perovskite peaks decreased over time. We speculate that during
this in situ treatment PDI gradually coated and accumulated on the
surface of the perovskite film as the processing time increased, poten-
tially screening the X-ray scattering from the underlying perovskite
film*. Therefore, the IPA-N (or IPA-D) cases tuned the crystallization
dynamics on perovskite surfaces by inducing solvated intermedi-
ate phases during the spinning process. Subsequently, the solvated
intermediate phases transformed into the a-phase perovskite during
the annealing process, rather than the traditional crystallization path-
way (6-intermediate phase to a-phase) observed in the typical bulk
transition®°2, which is beneficial for reducing stacking defects during
the crystallization process and enhancing the crystallization quality of
perovskite surfaces®. Itisimportant to emphasize that NMPis not the
only solvent capable of inducing a positive effect. Other solvents with
similar donor numbers can also have a role and exhibit comparable
improvementsin device performance. Since NMP and DMSO represent
two distinct categories of donor-type solvents, we reasonably selected
them as representative examples to systematically analyse the unique
chemical interactions that different solvents exert on the perovskite
surface during the post-treatment process.

The regulation of the crystallization dynamics on the perovskite
surface also affects the residual stress at the surface termination. We
further investigated the residual stress at perovskite surfaces using
the grazing-incidence X-ray diffraction technique with the 26-sin’*p
method* and a penetration depth of 50 nm (Supplementary Note 2).
We found that the diffraction peaks of the controland IPA cases gradu-
ally shifted to lower 26 positions on varying ¢ from 5°to 45°, while the
diffraction peaks of the IPA-N case slightly shifted to higher 26 posi-
tions (Supplementary Fig.19a-c). The slopes of the fitted lines for the
corresponding films by fitting 20 as a function of sin’p are shown in
Supplementary Fig.20a. The control and IPA cases exhibited negative
slopes, indicating that the films were subjected to tensile stress. In
contrast, the slope of the IPA-N case showed a slightly positive value,
suggesting favourable compressive stress (Supplementary Fig. 20b).
We also conducted grazing-incidence X-ray diffraction analysis based
on the (100) plane to further validate the rationale of using the (210)
plane for evaluating the film stress (Supplementary Fig. 21). These
resultsindicate that the IPA-N system canrelease residual tensile stress,
which is beneficial for the efficiency and stability of PSCs.

Insitu probing of IPA-N passivation dynamics

To reasonably reveal the role of the tailored solvated intermediate
phases in defect passivation on the perovskite surface, we further
employed in situ PL measurements to monitor the corresponding
perovskite films during the spinning and annealing processes. The
insitu PLspectrafor IPA-and IPA-N-treated perovskite films during the
spinning process are showninFig. 2a,d. PLintensities increased rapidly
forboth cases, suggesting a passivation effect of PDI on the perovskite
surface. We noted that the PL intensity of the IPA-N-based perovskite
film reachedits maximum value (2.3 x 10*) at 4.4 s, compared with that
(1.6 x 10*) for the IPA-based film at 3.5 s (Fig. 2c). A slower time to reach
the maximum PL with a higher PL intensity observed under the IPA-N
conditionisindicative of a different passivation pathway compared with
theIPA case. A decreasein the PLintensity after reachingits maximum
ispresumably due to the exposure of the native defective surface dur-
ing solventevaporation. Importantly, the passivation effect was more
pronounced when PDI was coupled with the IPA-N solvent system, as
confirmed by steady-state PL and /- V curves (Supplementary Fig. 22).
Asstronginteraction between PDI and FA", as measured using nuclear

magneticresonance (SupplementaryFig.23and SupplementaryNote3),
is responsible for surface passivation, preventing the deprotonation
reaction between A-site cations and suppressing the formation of FA
vacancies on perovskite surfaces®.

During the annealing stage (Fig. 2b,e,f), the PL intensity of
IPA-N-based perovskite films reaches its peak faster compared with
theIPA condition, indicating that IPA-N exhibits better reactivity with
the perovskite surface®. Moreover, the maximum PL intensity of the
IPA-N-based perovskite film was higher than that for IPA-based films,
indicating that the transformation of the solvated intermediate phases
into the a-phase under the IPA-N condition could effectively passivate
surface defects. Subsequently, the continuous decrease in PL intensity
after reaching its maximum intensity for both casesis attributed to the
thermal quenching effect of PL*.

We further compared the suppression effect oniodine vacancies
(V) at the perovskite surface in both cases using density functional
theory (DFT) calculations. The results indicate that the presence of
NMP enhances the interaction energy of the original PDI-IPA system
with V, on perovskite surfaces (Supplementary Fig. 24). Moreover,
the oxygen atom in NMP has a more negative partial charge (-0.53 €”)
compared with that in IPA (-0.42 e”), making for stronger hydrogen
bonding, as evidenced by the shorter bond length (Fig. 2g). This leads
tostronger interactionenergy (AE,,) between NMP and PDI compared
with IPA (Supplementary Fig. 25), which explains the more effective
defect passivation observed under IPA-N conditions, supported by
the time-resolved PL measurements (Supplementary Fig. 26 and
Supplementary Table 1). Compared with the control (1.18-ps) and
IPA (2.09-ps) cases, the IPA-N case showed a notably longer carrier
lifetime (3.91 ps), suggesting that the non-radiative recombination
was notably suppressed. In addition, the notably reduced metallic
Pb cluster (Pb®) observed from the X-ray photoelectron spectros-
copy (Supplementary Fig. 27 and Supplementary Note 4) suggests a
suppressed formation of Pbl,-related degradation products under
vacuum®, Therefore, the PDIin the IPA-N system can preferably sup-
pressinsitu defect-assisted non-radiative recombination by adjusting
the crystallization kinetics on perovskite surfaces via the solvated
intermediate phase (Fig. 2h, Supplementary Fig. 28 and Supplementary
Note 5). Consequently, a high-quality, low-defect perovskite surfaceis
obtained, whichis crucial for achieving top-performing PSCs.

Analysis of surface and interfacial losses
We further evaluated the uniformity of perovskite surfaces using
laser confocal fluorescence lifetime imaging microscopy. As shown
in Fig. 3a-c, the IPA-N system exhibited improved uniformity and
enhanced PL lifetimes compared with those of control and IPA cases,
indicating that IPA-N improved the uniformity of surface electrical
properties, whichis crucial for reducinginterfacial contactlosses. This
is particularlyimportant for the fabrication of large-areasolar modules.
To further investigate interfacial carrier recombination,
we measured the PL quantum yield (PLQY) of the correspond-
ing stacked devices and estimated the quasi-Fermi level split-
ting using PLQY (Supplementary Note 6). As shown in Fig. 3d and
Supplementary Fig. 29, the IPA-N-treated perovskite films exhibited
notably enhanced PLQY compared with the control and IPA cases.
Notably, after [6,6]-phenyl-C,;-butyric acid methyl ester (PCBM)
deposition (w/ PCBM), the IPA-N case retained more than 70% of its
initial PLQY, whereas the PLQY of the control case decreased notably.
This indicates that IPA-N notably reduces interfacial non-radiative
recombination, as reflected in the quasi-Fermi level splitting value
(Supplementary Figs. 30 and 31 and Supplementary Table 2) for the
IPA-N case (1.202 eV), showing a 28-meV enhancement compared with
the control case (1.174 eV) under the condition with PCBM.
Ultraviolet photoelectron spectroscopy measurements
were used to look into the effect of the IPA-N strategy on the
band-edge energies of perovskites (Fig. 3e, Supplementary Fig. 32
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Fig. 2| Insitu probing of IPA-N passivation dynamics. a,d, In situ PL spectra
during the spinning process for the IPA-treated (a) and IPA-N-treated (d)
perovskite films. b,e, In situ PL spectra during the annealing process for the IPA-
treated (b) and IPA-N-treated (e) perovskite films. ¢,f, In situ PL spectra showing
wavelength shift of the maximum peaks of IPA and IPA-N cases during spinning
(c) and annealing (f) processes. g, Binding configurations of PDI on NMP@FAPbI,
and IPA@FAPbI, surfaces, showing hydrogen bonding (H---O) and the Mulliken

Pb-1 0,
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Solvated phase
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charge onthe O atom of NMP and IPA (the dashed circle means the hydrogen
bonds, and the indicated value is the charge on the oxygen).H,C,N, O,1and Pb
atoms are represented as white, light-red, light-blue, red, purple and brown
spheres, respectively. h, Schematic illustration of the mechanism of the IPA-N
treatment, showing phase conversion via the solvated intermediate phase on
perovskite surfaces.

and Supplementary Table 3). We found that the Fermi level (E;) on
IPA-N treatment shifted closer to the conduction band minimum
of the perovskite surface, which is favourable for electron extrac-
tion at the perovskite/ETL interface. We also assessed the electron
density (n) in the conduction band near the perovskite surface’
(Fig. 3f and Supplementary Fig. 33). The electron density increased
to 3.4 x 10" cm™ after IPA-N treatment compared with 2.2 x 10’ cm™
and 2.3 x10° cm for control and IPA cases, respectively, which is
attributed to the improved n-type doping effect of the IPA-N sys-
tem. We further employed femtosecond transient absorption spec-
troscopy to study the impact of IPA-N treatment on the dynamics of
charge extraction at the perovskite/PCBM interface (Fig. 3g-i and
Supplementary Fig.34). Both the control and IPA-N cases exhibited a
characteristic ground-state bleaching (GSB) signal at approximately
785 nm. Notably, the IPA-N case (Fig. 3g) showed a faster GSB recovery
thanthe control case (Fig. 3h). Tracking the decay of the GSB at 785 nm
revealed that earlier electron extraction was obtained after IPA-N treat-
ment" (Fig. 3i and Supplementary Table 4), indicating that the IPA-N
system facilitates electron extraction at the perovskite/ETL interface.

Photovoltaic characteristics

Using the IPA-N strategy, we fabricated inverted PSCs with the
structure ITO/NiO,/SAMs/perovskite/PCBM/BCP/Ag, where ITO
is indium tin oxide, NiO, nickel oxide, SAMs self-assembled mol-
ecules ([4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]lphosphonic acid
(Me-4PACz) and 4,4’,4"-nitrilotribenzoicacid (NA) were mixed to use
as the SAMs for hole-selective contact)>* and BCP bathocuproine
(Supplementary Fig. 35). The photovoltaic parameters of the devices
are displayed in Supplementary Figs 36 and 37, and summarized in
Supplementary Table 5. The /J-V curves of the champion PSCs for
control, IPA and IPA-N devices, along with those for the IPA-D system,
are displayed in Supplementary Fig. 38. Obviously, the efficiencies
ofthe devices based on the IPA-N are higher than those of the control
and IPA cases, with contributions from the synergistic enhancement
of the open-circuit voltage (V,), short-circuit current density (Jsc)
and fill factor. The control device yielded a PCE of only 24.97%, with
Voc=1.145V, Jsc =26.00 mA cm2and fill factor = 83.86% (steady-state
PCE of 24.51% after maximum-power-point tracking (MPPT) for
300 s). Surprisingly, the IPA-N device showed a PCE of 26.80%

Nature Energy


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-025-01912-8

a Control b

Lifetime (ns)

IPA-N

d 10 e
w/o PCBM

8-| —@— w/PCBM
—~ = —~
& 61 2 ]
5 | p o e T 8
2 4 L%: F 175 _4.64 -4.53 = 108

(0] } 10°

Control oA AN Control IPA - IPA-N Control  IPA IPA-N

g9 h i 2

29 IPAN 27 control At 785 nm Electron extraction

o e o P 1.0 w/ PCBM

..... < ]
5 2 ’8‘ 24 _<U' 08 Control
Q Q —— Fittin
£ N 0.6 - 9
§ -4 :(, -4 — Tg
<
£ 04

< -6 e 2,000 -6 § ||?A-.N

-8 4,000 8 0.2 — Fitting

6,000
10— ‘ ‘ ‘ ‘ ‘ -10 ‘ ‘ ‘ ‘ ‘ o ‘ ‘ ‘ ‘
740 760 780 800 820 840 740 760 780 800 820 840 0 1,000 2,000 3,000 4,000 5,000

Wavelength (nm)

Fig. 3| Analysis of surface and interfacial losses. a-c, Fluorescence lifetime
imaging microscopy of the control (a), IPA-treated (b) and IPA-N-treated (c)
perovskite films. Scale bars, 10 pm. d, PLQY of the control, IPA-based and
IPA-N-based perovskite films with and without PCBM deposition. e, Schematic
diagram of energy levels of conduction band minimum (CBM) and valence
band maximum (VBM), along with £, derived from ultraviolet photoelectron
spectra.f, nin the conduction band near the perovskite surface with different
post-treatment methods. g,h, Femtosecond transient absorption spectra
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ataselected pump-probe delay time of IPA-N (g) and control (h) perovskite

films with PCBM ETL. i, Corresponding GSB decay at 785 nm of the control and
IPA-N-treated perovskite films with PCBM ETL. AA, difference in optical density
between the excited state and the ground state of a sample. Solid lines represent
biexponential fits to the experimental data (grey triangles and purple circles),
described by y = A, exp(~t/1,) + A, exp(-t/7,), where 7,and 7, correspond to the fast
and slow decay components, respectively. The fitted lifetimes are summarized in
Supplementary Table 4.

(steady-state PCE of 26.58%). The external quantum efficiency (EQE)
datashowed that the integrated /s of the champion IPA-N device was
25.61 mA cm™ (Supplementary Fig. 39), further confirming that both
PDIand NMP are indispensable for enhancing the PCE of the devices
(Supplementary Fig.40). Furthermore, on the basis of the IPA-N strategy
and the optimized substrates (fluorine-doped tin oxide substrates from
Asahi), we achieved an impressive PCE of up to 27.19% under reverse
scan (steady-state PCE of 26.95%) and a fill factor as high as 86.70%
(Fig.4aand Supplementary Table 6). The IPA-N devices were certified
by the Chinese National Center of Inspection on Solar Photovoltaic
Products Quality, where a PCE of 27.27% with afill factor of 86.06%
from the reverse /-V scan (stabilized PCE of 26.87%) was confirmed
(Supplementary Fig. 41). This result is one of the highest certified PCEs
among inverted PSCs (Fig. 4b and Supplementary Table 7).

To gain insights into the mechanism of the improved fill factor
viathe IPA-N approach, we conducted an fill factor loss analysis (Sup-
plementary Note 7 and Supplementary Figs. 42 and 43). Theimproved
fill factoris mainly attributed to reduced non-radiative recombination
losses, indicating that defect-assisted trap states were suppressed,
which is consistent with the corresponding thermal admittance
spectroscopy measurement results (Supplementary Fig. 44), where

the IPA-N device exhibited a lower trap density of states®. Capaci-
tance-voltage (C-V) characterization was used to explore the sepa-
ration of photogenerated carriers. The built-in potential (V;) values
were1.00 Vand 1.05 V for the control and IPA-N devices, respectively
(Supplementary Fig. 45), which was beneficial for charge separation
and transport’®, as further confirmed by the transient photocurrent
results (Supplementary Fig. 46).

To further evaluate the upscaling capability of the IPA-N approach,
we successfully fabricated top-performing mini-modules with an aper-
tureareaof11.09 cm?(Fig. 4c). The mini-module exhibited animpressive
PCE 0f 23.17% (Supplementary Table 8, Vo =5.93 V, Jc = 4.85 mA cm™
andfill factor = 80.57%) from the reverse scanned/-Vcurve. A high cer-
tified PCE 0f23.00% with afill factor of 80.39% for an IPA-N mini-module
wasdemonstrated by anindependently accredited laboratory (Hang-
zhou branch of TUV Rheinland Group) (Supplementary Fig. 47). This
resultrepresents one of the highest reported certified PCEs for inverted
mini-modules (Supplementary Fig. 48 and Supplementary Table 9).

In addition to efficiency, we also considered the impact of
the IPA-N method on the stability of perovskite films and devices.
Atomic-force-microscopy-based infrared spectroscopy results
showed that the IPA-N-treated film exhibited stronger infrared activity
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Fig. 4| Device performance and stability. a, The reverse scanned (RS) and
forward scanned (FS) /-V curves of the champion inverted PSC (single junction)
based on the IPA-N method (fabricated on fluorine-doped tin oxide substrates).
Inset: the steady-state curve of the device. b, Comparison of certified fill factor
(FF) and PCE of our device with those of other representative high-performance
(PCE > 25%) inverted PSCs reported in the literature**3%!3153132545 ¢ The

RS and FS/-V curves of the champion mini-module with an aperture area of
11.09 cm?*based on the IPA-N method. Inset: a photograph of the real device.

d, Operational stability of encapsulated single-junction devices under
continuous 1-sun-equivalent white-light LED illumination with MPPT at 65 °C
inambient air (40 + 5% relative humidity). The initial PCEs of the representative
controland IPA-N devices used for the operational stability test were 24.27% and
26.12%, respectively. e, The RS and FS /-V curves of the champion perovskite/
perovskite tandem device. Inset: the device structure with the IPA-N-treated WBG
perovskite. f, EQE of the perovskite/perovskite tandem solar cells showing EQE
corresponding to WBG and narrow-bandgap (NBG) subcells.

at 1,712 cm™ (characteristic vibrational mode of FA) compared with
the control case after 500 h of aging at 85 °C in a nitrogen glovebox
(Supplementary Fig. 49 and Supplementary Note 8). The weaker activ-
ity of FAinthe control sample might be attributed to the volatilization
of FAand theincreased formation of Pbl, during thermal aging. Further-
more, the aged control sample exhibited a pronounced reductioninthe
(100) diffraction peakintensity and asubstantial increase in the relative
intensity of the Pbl, peakin the XRD pattern (Supplementary Fig.50a,b).
In contrast, the IPA-N-treated film showed only a slight enhancement
ofthe Pbl, signal, while the (100) peak remained well defined. Consist-
ently, the ultraviolet-visible (UV-vis) absorption spectra revealed a
notable shift in the absorption edge of the control film upon aging,
whereas the absorption onset of the IPA-N-treated sample remained
virtually unchanged (Supplementary Fig. 50c,d). These findings fur-
ther corroborate that Pbl, formationisacritical degradation pathway
in perovskite films and highlight the effect of IPA-N in mitigating this
degradation process. Furthermore, the unencapsulated IPA-N devices
retained 95% of the initial PCEs after 1,000 h of thermal aging at85°Cin
anitrogen atmosphere, whereas the control devices retained only 79%
oftheinitial PCEs (Supplementary Fig. 51). Additionally, after 2,500 h

of continuous 1-sun illumination under MPPT at 65 °C in ambient air,
the encapsulated IPA-N-based device maintained 96% of its initial PCE,
while the control device decreased to 82% of itsinitial PCE (Fig. 4d and
Supplementary Figs. 52 and 53). Moreover, the IPA-N-treated device
retained 95% of its initial PCE after continuous 1-sunilluminationunder
MPPT for 732 h at 85 °C (Supplementary Fig. 54).

To explore the applicability of the IPA-N approach to other per-
ovskite compositions, we fabricated wide-bandgap (WBG) PSCs with
different bandgaps. Specifically, WBG devices based on perovskite
compositions of FA,3Cs,,Pb(l,sBr,,); (bandgap of 1.68 eV) and FA, 5
Cs,,Pb(Io¢Bry.4); (bandgap of 1.77 eV) achieved PCEs of 22.92%
(FF of 84.60%) (Supplementary Fig. 55) and 21.15% (FF of 84.88%)
(Supplementary Fig. 56), respectively. It should be noted that the
IPA-N strategy also exhibits certain positive effects in Sn-Pb mixed
perovskite compositions, although its impact is relatively limited
(Supplementary Fig. 57). Furthermore, using the 1.77-eV WBG per-
ovskite composition treated with IPA-N, we fabricated all-perovskite
tandem solar cells (Supplementary Fig. 58). The champion tandem
device (Fig. 4e and Supplementary Table 10) yielded an impres-
sive PCE of 29.27% with a high fill factor of 84.19%. The EQE spectra
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showed well-matched current responses (Fig. 4f). It is worth noting
that the IPA-N-based all-perovskite tandem solar cells achieved a
certified PCE of 29.08% (Supplementary Fig. 59) from an indepen-
dently accredited institution (Shanghai Institute of Microsystem
and Information Technology), which is among the highest certified
PCEs reported for perovskite/perovskite tandem solar cells to date
(Supplementary Fig. 60 and Supplementary Table 11). Our results
confirmthat the phase-transition-assisted surface phase transforma-
tion approach based on the IPA-N system is applicable across vari-
ous device architectures, including single-junction inverted devices,
mini-modules and all-perovskite tandem solar cells.

Methods

Materials

All reagents and solvents were purchased and used without further
purification. Formamidiniumiodide (FAI, 99.9%), Pbl, (99.99%), PbBr,
(99.99%), PCBM (99.0%) and NiO, (99.0%) nanoparticles were purchased
from Advanced Election Technology. PDI (99.0%), methylammonium
iodide (MAI, 99.0%), methylamine hydrochloride (>98.0%), Me-4PACz
(>99.0%), Csl, guanidine thiocyanate (GuaSCN, >99.0) and BCP (>99.0)
were obtained from TCl Japan. 1,4-Butanediamine (BDA, 98.0%) and
NA (99.0%) were purchased from Aladdin. PDAL, (99.99%), 3MTPAI
(99.99%), PEDOT:PSS aqueous solution (Al-4083), ethylenediammo-
niumdiiodide (EDAL,, 99.99%), fullerene (Cqo, 99.0%) and P1(99.0%) were
purchased from Xi'an Yuri Solar. PEACI (99.0%) and PEAI (99.0%) were
purchased from GreatCell Solar Materials. SnF, (99%), Snl, (99%), gly-
cine hydrochloride (GlyHCI, 99.0%), KSCN (>99.0%) and Al,O0, (100 nm,
20 wt% in IPA) were purchased from Sigma-Aldrich. All solvents were
purchased from Sigma-Aldrich with anhydrous grade.

Preparation of perovskite precursors and films

1.54-eV normal-bandgap perovskite for single-junction and
mini-module PSCs. For the composition Cs, ,sMA,;FA, ssPbl;,a1.8-M
perovskite precursor solution was prepared by mixing Csl, MAI, FAland
Pbl,in DMF:DMSO = 4:1, v/v mixed solvent subject to the stoichiomet-
ric ratio. An additional 9 mol% Pbl, and 15 mol% methylamine hydro-
chloride were added to the precursor for better crystallization and
perovskite phase transformation. The perovskite precursor (60 pl) was
spin-coated on the substrate (dimensions 1.8 x 2.5 cm?) at 5,000 r.p.m.
for50 s (5-saccelerationto 5,000 r.p.m.).200 pl of chlorobenzene was
dropped onthefilm20 s before the end of the spinning program. The
film was immediately annealed at 100 °C for 30 min.

1.68-eV-bandgap perovskite. For the composition FA, ;Cs,,Pb(ly 5
Br,,);, the precursor solution (1.5 M) was prepared by dissolving
1.2 mmol FAI, 0.3 mmol Csl, 1.05 mmol Pbl,, 0.45 mmol PbBr, and
0.03 mmol KSCN in mixed solvents of DMF and DMSO with a vol-
ume ratio of 3:1 and stirred overnight. The perovskite solution was
spin-coated at 5,000 r.p.m. for 50 s (5-s acceleration to 5,000 r.p.m.),
during which 200 pl of ethyl acetate was dropped on the film 20 s
before the end of the spinning program. The film was subsequently
annealed at 100 °C for 10 min.

1.77-eV WBG perovskite for all-perovskite tandem solar cells. For the
composition FA,5Cs,,Pb(I, ¢Br,4);, the precursor (1.2 M) was prepared
by adding 0.96 mol FAI, 0.24 mmol Csl, 0.48 mmol Pbl,, 0.72 mmol
PbBr, and 0.024 mmol KSCN to 1 ml DMF and DMSO mixed solvent
(DMF:DMSO = 3:1, v/v). The spin-coating process was the same as that
for the1.68-eV-bandgap perovskite.

1.25-eV NBG perovskite for all-perovskite tandem solar cells. For the
composition Cs, ;FA, sMA,;Sn, sPby sl;, the precursor (2.0 M) was pre-
pared by mixing 0.2 mmol Csl, 1.2 mmol FAI, 0.6 mmol MAI, 1.0 mmol
Pbl,, 1.0 mmol Snl,, 0.1 mmol SnF,, 0.04 mmol GlyHCland 0.02 mmol
GuaSCN into1 ml mixed solvents of DMF and DMSO (DMF:DMSO =31,

v/v). The perovskite solution (60 pl) was spin-coated with the two-step
spinning process (1,000 r.p.m.for10 sand 4,000 r.p.m.for 40 s). Then,
300 pl of chlorobenzene was quickly dropped on the film during the
second spin-coating step 20 s before the end of the procedure. The
film was subsequently annealed at 100 °C for 10 min.

Small-area PSC fabrication

Single-junction normal-bandgap PSCs. ITO-coated glass substrates
were cleaned thoroughly by sequential ultrasonication for 20 minin
adetergent solution, ultrapure water, alcohol and IPA. Then, the sub-
strates were dried with N, and cleaned with UV-ozone for 30 minbefore
use. The NiO, layer was formed by spin-coating NiO, nanoparticle ink
witha concentration of 5 mg ml™inamixed solution of ultrapure water
and IPA (H,O:IPA = 3:1, v/v) onto the ITO substrate at 3,000 r.p.m. (3-s
accelerationto3,000 r.p.m.) for 20 s, thenannealed at 110 °C for 10 min
intheair and then transferred to an N,-filled glovebox. Subsequently,
solutions of Me-4PACz and NA with the same concentration (1 mmol I
inabsolute ethanol) were mixed in amolarratio of 3:1, and spin-coated
ontheNiO,filmat 3,000 r.p.m.for20 s, followed by annealing at 100 °C
for 10 min to form a mixed SAM layer. The 1.54-eV normal-bandgap
perovskite solution was spin-coated on the NiO/SAM layer according to
the aforementioned method. For the surface passivation, 4-6 mg of PDI
was first dissolved in 3.6 ml of IPA, and then a minute quantity of NMP
was added to the PDI-containing IPA to form the IPA-N (the supernatant
of the supersaturated PDI solution was used for surface treatment)
passivation strategy (NMP:IPA =1:200, v/v), which was spin-coated
on top of perovskite films (5,000 r.p.m., 30 s) and annealed at 100 °C
for3 min. Then, the PCBM solution (20 mg ml™in chlorobenzene) was
spin-coated on the surface-passivated perovskite layer at 3,000 r.p.m.
for 30 s, followed by annealing at 70 °C for 10 min. Sequentially, the
saturated solution of BCP in methanol was dynamically spin-coated
on the PCBM layer at 6,000 r.p.m. for 30 s and annealed at 70 °C for
10 min. The device was completed by thermal evaporation of Ag witha
controlled evaporationrate of 0.1A s™t0 0.5 A s, inavacuum chamber
(<5x107*Pa), to form the 120-nm Ag electrode. Specifically, we used a
commercially available antireflective film (model GZ004) purchased
from Zhoushan Huazhou Chemical Co. to reduce optical losses and
enhance light coupling efficiency.

Single-junction NBG PSCs. The PEDOT:PSS solution was spin-coated
on as-cleaned ITO substrates at 5,000 r.p.m. for 30 s and annealed
on a hotplate at 150 °C for 20 min in ambient air. The samples
(PEDOT:PSS-deposited ITO) were immediately transferred to an
N,-filled glovebox. The Al,O5-dispersed IPA solution was spin-coated
onto the PEDOT:PSS layer at 6,000 r.p.m. for 20 s and annealed at
100 °C for 5 min. Then, the NBG perovskite solution was spin-coated
accordingto the aforementioned method. For the surface passivation,
the BDA-EDAI, layer was formed according to our previous work®.
Thenthe sample was transferred to the vacuum evaporation systemto
deposit Cq, (20-nm), BCP (7-nm) and Ag (120-nm) layers sequentially.
The evaporationrates of C,,and BCP were controlled ataround 0.2 As™
and 0.1A s, respectively.

Single-junction WBG PSCs. For the WBG PSCs, the whole preparation
process was conductedin an N,-filled glovebox. The Me-4PACz ethanol
solution (0.8 mg mI™) was spin-coated onITO substratesat 3,000 r.p.m.
for30 sand annealed for 10 minat100 °C. Subsequently, the Al,O, layer
deposition, perovskite layer deposition and IPA-N surface passiva-
tion were conducted according to the aforementioned method. The
deposition of C,,/BCP/Ag was the same as described for the NBG PSCs.

All-perovskite tandem devices. For the WBG subcell, the Me-4PACz,
Al,0,,1.77-eVWBG perovskite, IPA-N and C,, were sequentially depos-
ited using the same procedure as for single-junction WBG PSCs.
Then, to make the tunnel recombination junction, the SnO, (30-nm)/
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Au (1-nm) layer was deposited on the WBG perovskite layer using
atomic layer deposition (ALD) for SnO, and a thermal evaporation
system for Au. The SnO, films were deposited viaALD at 100 °C, using
tetrakis(dimethylamino)tin (TDMASN) and H,O as precursors. The
TDMASnN precursor was heated to 70 °C, while the water source was
keptatroom temperature. N, was used as the purge gas, with flow rates
of 7.5 sccm for the heated TDMASnK precursor and 7.0 sccm for the
room-temperature water precursor. One complete ALD cycle consisted
ofa0.08-s TDMASn dose, a 6-s nitrogen purge, a 0.025-s water dose and
another 6-s nitrogen purge. The deposition rate was approximately
0.12 nm per cycle. After this, the PEDOT:PSS/IPA (1:2, v/v) solution was
spin-coated at 4,000 r.p.m.for 30 sand annealed at100 °Cfor 15 minin
ambientair. Thenthe sample was transferred to an N,-filled glovebox,
and perovskite films, BDA-EDAL,, C,, BCP and Ag electrodes were pre-
pared using the same procedure as for the NBG PSCs. Finally, we succes-
sively fabricate all-perovskite tandem solar cells with the architecture
glass/ITO/Me-4PACz/WBG perovskite/IPA-N/C,,/ALD-SnO, (30 nm)/Au
(1nm)/PEDOT:PSS/NBG perovskite/BDA-EDAL,/C,,/BCP/Ag.

Single-junction 1.68-eV-bandgap PSCs. The preparation process
was the same as that of the single-junction WBG PSCs.

Mini-module fabrication. The mini-modules were fabricated on
5-cm x 5-cm glass/fluorine-doped tin oxide substrates. After clean-
ing, P1scribing was performed using a 532-nm, 2-W nanosecond laser
toisolate subcells. The substrates were dried with nitrogen and treated
with UV-ozone for 30 min. A perovskite precursor solution (300 pl) was
spin-coated at 5,000 r.p.m.for 50 s (5-s ramp), with 500 pl of chloroben-
zene dropped 20 sbefore the end. Following BCP deposition, P2 and P3
scribing were conducted using a 0.3-W laser to pattern the functional
layersand Agelectrode (100 nm), respectively. Anadditional P4 scribe,
using the same laser settings as P1, was applied to clean the module
edges. Eachmodule consisted of five subcells (6.8-mmwidth), achiev-
ing ageometric fill factor of -97.5% and an aperture area of 11.1cm?.

Stability tests

The device encapsulation was carried out according to our previous
report*®*, The Bi/Cu (20-nm/120-nm) bilayer electrode was used
instead of the Ag electrode for stability tests*>. The devices were first
encapsulated by ALD of approximately 20-nm-thick Al,O; films. Sub-
sequently, a layer of POE (polyolefin elastomer) film was applied on
top of the ALD-covered area, leaving a small region at the electrodes
for soldering tinned copper ribbons to extend the electrical connec-
tions. The devices were then covered with aglass plate, with the edges
sealed using 1-cm-wide butyl tape. Finally, the encapsulated devices
were vacuum laminated at 120 °C for 20 min using an industrial lami-
nator to complete the final encapsulation. The operational stabil-
ity of the encapsulated devices was conducted using a commercial
multichannel stability test system (Wuhan 91PVKSolar) according
to our previous work. A quantitative analysis of the LED spectrum in
Supplementary Fig. 52 revealed that 32.4% of the total irradiance lies
inthe wavelengthregionbelow 550 nm, whichis highly consistent with
the corresponding value in the standard AM1.5G spectrum (33.35%).
Thisindicates that the LED provides sufficient light intensity in the UV
and blueregions. This indicates that the LED provides sufficient light
intensity in the UV and blue regions. For the 85 °C thermal stability
test, the unencapsulated devices were placed on a hotplate at 85°Cin
an N,-filled glovebox, and the /-V curves were measured periodically
after the devices cooled to room temperature.

Characterization

The steady-state PL spectrawere recorded using ahome-built set-up
utilizing the ProSp-Micro-MVIS microspectroscopy system (Hangzhou
SPL Photonics Co.) The samples were excited with a405-nm laser, and
the data were collected using a QE-Pro monochromator from Ocean

Optics.'H nuclear magnetic resonance spectrawere recorded atroom
temperature using a 600-MHz Bruker AVANCE 111-600 nuclear mag-
netic resonance spectrometer. The samples were dissolved in deuter-
ated DMSO (DMSO-d;). The top-view and cross-sectional images of
the samples were obtained using a field-emission scanning electron
microscope (FEI NOVA NanoSEM 450). UV-vis absorption spectra
were obtained using a UV-vis spectrometer (PerkinElmer). In situ
GIWAXS characterizations were performed at BL14B and 20U2 RSoXS
beamlines at the Shanghai Synchrotron Facility and BL17B1 beamline
at the National Facility for Protein Science in Shanghai, China. The
incidence angles were 0.2° and 0.8°. In situ PL spectra were recorded
onaDu-100 dynamic spectrometer system (Puguangweishi Co.) inan
N,-filled glovebox, and a375-nm laser with a maximum power of 30 W
was used as the excitation source. The grazing-incidence X-ray diffrac-
tion patterns wereacquired in air by using a Rigaku SmartLab with Cu
Ka radiation in the 20 range from 30.6° to 32.6°. The time-resolved
PL spectra were measured using a time-correlated single-photon
counting system, with a pulsed laser source of 410-nm wavelength
and arepetition rate of 5 MHz. To ensure low injection conditions and
avoid nonlinear effects, the laser fluence is 15.8 n) cm™, and the power
density was controlled to be below 0.0016 W cm™ during the meas-
urements, with a pulse duration of approximately 80 ps. The carrier
lifetime was fitted using a biexponential decay equation of y = A, exp
(—t/1)) + A, exp(-t/1,) +y,. Fluorescence lifetime imaging microscopy
was carried out using a FLIM300 (Dalian Chuangrui Spectrum). The
ultraviolet photoelectron spectroscopy data were obtained using
an AXIS-ULTRA DLD-600 W Ultra spectrometer (Kratos) equipped
with a non-monochromatic He la photon source (hv =21.22 eV). An
X-ray photoelectron spectroscopy system (Thermo ESCALAB 250XI)
equipped withamonochromatic Al Ka X-ray source (1,486.6 eV) oper-
ating at 100 W was used to acquire the X-ray photoelectron spectra).
Atomic-force-microscopy-based infrared spectroscopy experiments
were conducted using a Bruker Nano-IR; at wavenumbers ranging
from 1,600 to 1,800 cm™. The trap density of states was estimated
from thermal admittance spectroscopy measurements based on the
method reported elsewhere. Ultrafast transient absorption spec-
troscopy was carried out using a Helios spectrometer (Ultrafast Sys-
tems), with a pump source provided by a Ti:sapphire regenerative
amplifier (Legend Elite, Coherent) operating at a repetition rate of
5 kHz, with a fundamental wavelength of 800 nm and a pulse width
of approximately 40 fs. The excitation wavelength of 520 nm was
generated viaa TOPAS optical parametric amplifier, and the excitation
power was set to 0.3 pW with apump spot diameter of approximately
100 pm. On the basis of these excitation parameters, we estimated
the photon fluence to be F~ 0.038 pJ cm™ Taking into account the
absorption characteristics of the film and assuming that each photon
generates one electron-hole pair, the estimated carrier density per
pulse is of the order of 10" cm™, which corresponds to a relatively
high-injection regime. This condition ensures that the measurements
were performed within the linear response region, thereby minimizing
the influence of nonlinear effects on the kinetic analysis. Moreover,
to enhance transmission and improve the signal-to-noise ratio, we
employed a diluted perovskite precursor solution with a concentra-
tion of 0.75 M for film fabrication. The probe beam (white-light con-
tinuum) was generated by focusing on an yttrium aluminium garnet
plate. The pump and probe beams were spatially overlapped on the
sample atasmall angle of lessthan10°. Alinear CCD (charge-coupled
device) array collected the transmitted probe light from the sample.
Thetransient absorption spectraat selected pump-probe delay time
were fitted by biexponential decay. The/-V curves of the devices were
recorded with a black mask with an active area of 0.05556 cm?using a
Keithley 2400 SourceMeter and a solar simulator (Oriel, model 9119)
under AM1.5G 1-sunillumination. The light intensity was adjusted with
areference silicon solar cell (KG3, Enlitech). During the -V measure-
ment, a voltage scanning speed of 100 mV s and a voltage step size
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of-0.02 Vwere applied for both forward and reverse voltage scanning
directions. The EQE spectra were measured under direct-current
mode using an EQE system (Saifan) with monochromatic light of
1x10% photons cm™. The transient photocurrent measurements
and C-V curves were obtained using a Zennium electrochemistry
workstation (Zahner). The PLQY of the corresponding film was meas-
ured using a QuantaMaster 8000 (HORIBA, Canada) with a 405-nm
laser to photoexcite the samples placed in an integrating sphere.
The laser’s intensity was calibrated by adjusting the power when it
produced al-sun-equivalent current density from the devices under
Jsc conditions.

DFT calculations

AlIDFT calculations were performed with the Vienna Ab Initio Simu-
lation Package (VASP 5.4.4) and Gaussian 09 (G09) program package
for periodic and molecular systems, respectively*>™. In the VASP cal-
culation, the projector augmented wave method**™*° was employed,
and exchange-correlation interactions were treated through the
Perdew-Burke-Ernzerhof*° functional under the generalized gradient
approximation. Integrationin the Brillouin zone was performed on the
basis of the Monkhorst-Pack scheme using 2 x 2 x 1 k-point meshes
in each primitive lattice vector of the reciprocal space for geometry
optimization of FAPbI, surface structuresincorporated with PDl and
solvents (NMP and IPA)°". We used the DFT-D3 dispersion correction
method toreflect the non-bonding interaction correlationinthe per-
ovskite structure®®?, Lattice constants and internal atomic positions
were fully optimized using a plane-wave cutoff energy of 500 eV until
the residual forces were less than 0.04 eV A™'. To examine the surface
properties of FAPbI, for PDI binding, we designed surface models of
FAPbI, with a 15-A vacuum gap in the z direction, which prevented
interlayer interactions, and the bottom two layers were fixed to rep-
resent their bulk properties.

The binding energy (AE,) of PDI to the FAPbI, surface structure
was calculated using following equation: AE, = (Em,bl3 — Erapbl, — Eppi),
where E‘;A')l‘,b]3 isthe total energy of the fully relaxed FAPbI, surface struc-
ture with PDI, Epspp,, is the total energy of the FAPbI, surface structure
and Ep, is the total energy of PDI. In addition, the molecular AE;, of
PDI and solvents (NMP and IPA) was calculated using following equa-
tion: AEq = EF)  — Eppy — Esonvent » Where EFD - is the total energy of
PDI-bound NMP and IPA molecular structures and Epp; and Eqopenc are
the total energies of PDI and NMP/IPA, respectively. For molecular
systems, calculations were performed using GO9 at the B3LYP/6-31G*
level. The energy minima were confirmed by verifying the absence of
imaginary vibrational modes, and Mulliken charge analysis
was conducted™.

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

Data availability

Thedatathatsupportthe findings of this study are available within the
Article andits Supplementary Information. Source data are provided
with this paper.
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» 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 sol I |X| Yes Aperture areas of 0.0496, 0.05556 and 11.09 cm2 were used in this work.
rea of the tested solar cells
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|:| No Explain why this information is not reported/not relevant.

The active area was determined by the aperture shade ma placed in

Method used to determine the device area |X| Ves  front of the solar cell

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

2. Current-voltage characterization

Fig. 4
Current density-voltage (J-V) plots in both forward |X| ves 828
and backward direction |:| No

The J-V curves of the single-junction devices were recorded with a black mask with
Voltage scan conditions |X| Yes  an active area of 0.05556 cm2 using a Keithley 2400 SourceMeter and a solar
|:| No simulator (Oriel, model 9119) under AM 1.5G one sun illumination. The light intensity
was adjusted with a reference silicon solar cell (KG3, Enlitech). The scanning speed
for both forward (-0.1 V~1.22 V) and reverse scans (1.22 V~-0.1V) was 0.02 V s-1.

Explain why this information is not reported/not relevant.

) Supplementary Fig. 41: Sample temperature: 2542 °C, irradiance: 1000 W/m?2,
Test environment |X| Yes  standard solar spectral irradiance distribution corresponding to IEC60904-3.

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

N . . Provide a description of the protocol.
Protocol for preconditioning of the device before its |:| Yes

characterization |X| No No preconditioning is needed

Supplementary Fig. 41: Sample temperature: 25+2 °C, irradiance: 1000 W/m?2,

standard solar spectral irradiance distribution corresponding to IEC60904-3,

continuously scan the maximum power point (Pmax) of sample for 5 minutes. Take

|:| No the average Pmax of last 5 minutes. The stabilized PCE of 26.87% (Average
Pmax=1.493 mW)determined from MPPT for 300 s.

Stability of the J-V characteristic |X| v
es

Explain why this information is not reported/not relevant.

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 . .
characterization.

the characterization
|X| No  |ow hysteresis was observed both for single-junction and tandem devices.

El Yes  J-V curves under reverse and forward scans were provided in Fig. 4a and 4e. For the
Related experimental data |:| No single-junction devices, the power conversion efficiencies (PCEs) under forward and
reverse scans are 26.99% and 27.19%, respectively. For the tandem devices, the
corresponding PCEs are 28.96% and 29.27%

Explain why this information is not reported/not relevant.




Efficiency

External quantum efficiency (EQE) or incident
photons to current efficiency (IPCE)

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

|X| Yes
|:| No

|X| Yes
|:| No

X ves
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

|:| Yes
|X| No

|X| Yes
|:| No

[ ]ves
|X| No

|X| Yes
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

|X| Yes
|:| No

Supplementary Fig. 39. The integrated JSC of the champion inverted PSC form EQE
curve is 25.61 mA/cm2

Explain why this information is not reported/not relevant.

The integrated Jsc values obtained from EQE were agree well with the Jsc determined
from J-V curve.

Explain why this information is not reported/not relevant.

Supplementary Fig. 59: AAA Steady State Solar Simulator (YSS-T155-2M); Logarithmic
sweep in both directions (Voc to Isc (2.2 V~-0.1 V) and Isc to Voc (-0.1 V~-2.2 V))
based on IEC60904-1:200.

Explain why this information is not reported/not relevant.

A solar simulator (Oriel, model 9119) with an AM1.5G spectrum in the lab.The light
intensity was calibrated with a reference silicon solar cell (KG-3,KG-5,KG-0 Enlitech).

Explain why this information is not reported/not relevant.

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

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 certified efficiency results

Metal aperture masks with areas of 0.0556 (single-junction devices), 0.0496 (tandem
devices), and 11.09 cm2 (mini-modules) were used for testing.

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.

All J-V curves were measured with a metal aperture mask

Small-area PSC: Chinese National Center of Inspection on Solar Photovoltaic Products
Quality; Tandem device: Shanghai Institute of Microsystem and Information
Technology (SIMIT); Mini-module: Hangzhou branch of TUV Rheinland Group,
Germany

Explain why this information is not reported/not relevant.

Supplementary Fig. 41, 47 and 59

Explain why this information is not reported/not relevant.

Supplementary Fig. 37: collected from 20 cells for each condition

Explain why this information is not reported/not relevant.

Supplementary Table 5 presents the statistical analysis corresponding to
Supplementary Fig. 37.

Explain why this information is not reported/not relevant.

=
QO
—
(-
=
(D
o
[}
a3
Ok
6.
w
9
Q
(@)
(8
o
®
e
©)
=
=
Q
(%2
C
3
3
Q
=
s




Type of analysis, bias conditions and environmental
conditions

|X| Yes
|:| No

Operational stability of encapsulated single junction devices under continuous 1-sun-
equivalent white-light LED illumination at 65°C with maximum power point tracking
in ambient air. The initial PCEs of the representative control and IPA-N devices used
for the operational stability test were 24.27% and 26.12%, respectively. A
quantitative analysis of the LED spectrum in Supplementary Fig. 52 revealed that
32.4% of the total irradiance lies in the wavelength region below 550 nm, which is
highly consistent with the corresponding value in the standard AM1.5G spectrum
(33.35%). This indicates that the LED provides sufficient light intensity in the UV and
blue regions

Explain why this information is not reported/not relevant.
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