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Abstract
Even though the perovskite solar cell (PSC) has been so popular for its skyrocketing power conversion
e�ciency (PCE), its further development is still roadblocked by its overall performance, in particular long-
term stability, large-area fabrication and stable module e�ciency. In essence, the soft component and
ionic–electronic nature of metal halide perovskites usually chaperonage large number of anion vacancy
defects that act as recombination centers to decrease both the photovoltaic e�ciency and operational
stability. Herein, we report a one-stone-for-many-birds strategy in which both anion-�xation and
associated undercoordinated-Pb passivation are achieved by using a single amidino-based ligand,
namely 3-amidinopyridine (3AP), for metal-halide perovskite to overcome above challenges. The resultant
devices attain a power conversion e�ciency as high as 25.3% (certi�ed at 24.8%) with substantially
improved stability. Moreover, the device without encapsulation retained 92% of its initial e�ciency after
5000 h exposure in ambient and 90% of its initial e�ciency after 200 h of operation at the maximum
power point under simulated AM1.5G illumination. It is expected this one-stone-for-many-birds strategy
will bene�t large-area fabrication that desires for simplicity.

Introduction
Organic–inorganic hybrid perovskite solar cells (PSCs) have attracted signi�cant attention from
researchers since their �rst demonstration in 20091–3 due to the low-cost solution processing,4 tunable
bandgap,5 high absorption coe�cient,6 low recombination rate,7 and high mobility of charge carriers.8

The power conversion e�ciency (PCE) of single-junction PSCs has rapidly increased from 3.8% to a
certi�ed value of 25.7%.9–11 The long-term operational stability of unencapsulated PSCs has also
exceeded 1,000 hours in full sunlight after the interface engineering of device structures and molecular
passivation of the perovskite layer.2,12−14 Therefore, PSCs represent a promising next-generation
photovoltaic technology.

Over the past few years, it has been demonstrated that the elimination of deep-level defects, which act as
detrimental nonradiative recombination centers, is critical for realizing high-performance solar cells.15–18

To date, I− vacancy defects constitute the majority of non-radiative recombination centers in the FAPbI3
perovskite layer that are very di�cult to mitigate.19,20 These defects are mainly caused by iodine losses
during �lm fabrication or the I− ion migration during device operation, which produces deep-level defects
and directly leads to the degradation of photoelectric properties.15–18 Furthermore, the I− ions desorbed
from the inorganic framework can be easily oxidized to I0 species, which initiate chemical chain reactions
accelerating the formation of deep-level defects in perovskite layers.21 This phenomenon is detrimental
for devices operating under complex conditions (including high temperature, continuous light
illumination, electrical bias, or their combination) and negatively affects the long-term stability of
operational PSCs.22,23 Therefore, inhibiting the formation and migration of I− vacancy defects is critical
for stabilizing photoactive perovskite layers and preserving their good photoelectric properties.
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Several attempts have been made to passivate anion vacancy defects through the introduction of
additives such as quaternary ammonium halide anions and cations,24 caffeine and theobromine,19 CsI–
DB21C7 complex,25 naphthalene-1,8-dicarboximide and perylene-3,4-dicarboximide.26 However, these
additives are typically used to passivate undercoordinated Pb2+ ions after anion species have already
escaped from the crystal lattice. To inhibit the formation of anion vacancy defects radically, anions
should be pinned to the crystal lattice without the possibility of escaping, which can be theoretically
realized through a judicious chemical design by molecular engineering. There are �ve potential bene�ts
of this approach. First, the introduced materials should be strongly bonded to the Pb–I framework to pin
anions to the crystal lattice and suppress the formation of anion vacancies in the source. Second, strong
chemical bonding should localize anions that have already escaped from the crystal lattice, which would
inhibit the migration of delocalized anions. Third, the space occupied by the introduced materials in the
Pb–I framework should not be too large to ensure e�cient charge transport between different Pb–I
frameworks. Fourth, the introduced materials should be stable under thermal stress and illumination.
Fifth, the introduced materials should act as growth-controlling agents to promote the crystallization of
perovskites. In previous studies, various additives such as phosphonopropionic acid13 and amino-based
organic ligands27–29 were used as sacri�cial agents to inhibit the formation of anion vacancy defects.
However, phosphonopropionic molecules tend to degrade upon heating, while amino-based organic
ligands cannot form strong chemical bonds to pin anions to the crystal lattice. Furthermore, the large
barrier layer of these organic compounds in the Pb–I framework negatively affected charge transport and
led to the formation of a charge extraction barrier, making them unsuitable for high-e�ciency stable solar
cells.

In this work, we propose a rational design strategy for anion �xation and suppressing the formation of
anions vacancy defects synergistically by a sustainable pinning effect while retaining the e�cient charge
transport using amidino-based organic molecules to construct highly e�cient and stable PSCs. 3-
amidinopyridine (3AP) molecules form strong chemical bonds with the Pb–I framework to effectively pin
anions and considerably increase the energy barrier of the formation and migration of anion vacancies.
Therefore, this one-stone-for-two-birds strategy enables us to achieve a PCE as high as 25.3% (certi�ed at
24.8%) and signi�cantly improved operation stability following the ISOS-L-1 stability protocol. The
present work paves the way for the anion-vacancy defect engineering via molecule–perovskite
coordination, providing an effective and simple solution towards e�cient and stable perovskite
optoelectronics.

Molecule–perovskite Coordination
3AP was selected as an additive to pin anions to the crystal lattice (its chemical structure is shown in
Fig. 1a). The amidino-based terminal group and –NH–C group in the pyridine ring provide strong
coordination with Pb–I inorganic frameworks and modulate the Pb–I interlayer distance. By analyzing
(3AP)PbI4 single crystals (Supplementary Fig. 1 and Supplementary Table 1),30 we found that 3AP
molecules were arranged in parallel and anti-symmetrically between Pb–I frameworks with a short
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interlayer distance of 3.45 Å, which is much shorter than that obtained for previously reported ligands,
leading to a unique coordination within the crystals (Supplementary Table 2).

To explore the unique role of the strong coordination between 3AP and the Pb–I inorganic framework,
density functional theory (DFT) calculations were conducted for a super cell of an α-FAPbI3 perovskite
slab containing 3AP and other commonly used large organic ligands, such as 2-phenethylammonium
(PEA), n-butylammonium (BA), 3-(aminomethyl)piperidinium (3AMP), and 3-(aminomethyl)pyridinium
(3AMPY), on its surface (Fig. 1b). We calculated the adsorption energies of these ligands on the
perovskite surface, formation energies of I− vacancies in the perovskite lattice, and migration energy
barrier of I− vacancies (the calculation details are provided in Supplementary Materials). The adsorption
energy of 3AP (3.135 eV) was much higher than those of other perovskite systems containing 3AMP
(2.784 eV), 3AMPY (2.988 eV), BA (2.968 eV), and PEA (2.498 eV) (Fig. 1c) due to the strong 3AP–
perovskite coordination. The formation energy of I− vacancies in the perovskite lattice increased from
1.075 eV for MAPbI3 to 1.422 eV for α-FAPbI3, which is consistent with the higher degree of hydrogen

bonding in the second structure.31 The formation energy of I− vacancies further increased above 3.812 eV
for the 3AP-perovskite system, which exceeded the values obtained for the perovskite systems with 3AMP
(3.574 eV), 3AMPY (3.791 eV), BA (3.716 eV), and PEA (3.584 eV) ligands. Furthermore, the migration
barrier energy of I− vacancies increased from 0.737 eV to 1.467 eV after the addition of 3AP molecules,
which is also higher than those of the systems containing other ligands (0.86–1.29 eV) (Supplementary
Table 3). These results indicate that the strong 3AP–perovskite coordination plays the role in anion
�xation and suppressing the migration of anion vacancies.

The coordination between 3AP molecules and Pb–I inorganic frameworks was further investigated by
nuclear magnetic resonance (NMR) and X-ray photoelectron spectroscopy (XPS). Samples for analysis
were prepared by dissolving neat 3AP or 3AP + PbI2 (1:1) powder in d6-dimethyl sulfoxide (DMSO)

solvent. The 1H resonance signals at 9.60 and 9.37 ppm originated from the C = NH2
+ and C–NH2

environments of the amidino group of neat 3AP were shifted to 9.41 and 9.00 ppm for the 3AP + PbI2
system (Fig. 1d),32–34 respectively. The 1H resonance signal caused by the pyridine ring was also slightly
shifted to higher frequencies. These results suggest the formation of hydrogen bonds between 3AP and
iodide anions (I−).35,36 The interactions between 3AP with PbI2 were further con�rmed by Fourier-
transform infrared spectroscopy (FTIR) (Supplementary Fig. 2). We found that the stretching and bending
vibration frequencies (marked as “s” and “b”) of the –NH (s) and –NH (b) modes of the amidino group
were shifted from 3312 to 3221 cm− 1 and from 1512 to 1523 cm− 1 in the presence of 3AP–PbI2
hydrogen bonds, respectively. Correspondingly, the –CH (s) and –CH (b) modes of the pyridine ring37

were shifted from 3130/3026 to 3080/2959 cm− 1 and from 760 to 771 cm− 1, respectively. Overall, these
observations con�rm the formation of strong hydrogen bonds between 3AP and the Pb–I inorganic
framework, which is expected to stabilize I− anions on the crystal surface or at the grain boundaries.
Figure 1e shows the Pb 4f XPS pro�les of neat PbI2 and 3AP + PbI2 compounds. The Pb4f5/2 and Pb4f7/2

peaks of PbI2 located at 142.09 and 138.25 eV, respectively, were shifted towards lower binding energies
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by 0.4 eV, indicating the existence of an electron-rich environment of Pb in the 3AP-containing PbI2 lattice

due to the strong coordination between 3AP and the Pb–I inorganic framework.38–40

The in�uence of the molecule–perovskite coordination on the activation energy (Ea) of ion migration was
further experimentally evaluated by measuring the temperature-dependent conductivity of perovskite
�lms. The plots of temperature-dependent conductivity for the neat perovskite �lm (denoted as the
control) and perovskite �lms with the above-mentioned ligands are shown in Supplementary Fig. 3.41–43

The Ea values (the calculation details are provided the Methods section) increased from 0.109 eV for the
control perovskite sample to 0.198 eV for the perovskite with 3AP (Fig. 1f). The last value is also higher
than those of the perovskites containing 3AMP (0.177 eV), 3AMPY (0.187 eV), BA (0.178 eV), and PEA
(0.162 eV). Thus, the presence of 3AP in the Pb–I framework can inhibit the formation of I− vacancy
defects in PSCs.

Photovoltaic Performance
We evaluated the photovoltaic performance of PSCs without (denoted as the control) and with x mol.% (x 
= 4, 8) iodized 3-pyridinecarboximidamide (3API). The solar cells were fabricated with a planar n-i-p
device architecture (Fig. 2a), in which compact TiO2 (c-TiO2) and 2,2′,7,7′-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9′-spirobi�uorene (Spiro-OMeTAD) were used as electron-transporting and hole-
transporting layers, respectively. The cell performance was considerably enhanced by 3API addition, and
the 3AP-based cells demonstrated higher open-circuit voltage (VOC), �ll factor (FF), short-circuit current
density (JSC), and PCE values as compared with those of the control cell (see the photovoltaic parameters
in Supplementary Table 4). The maximum e�ciency was observed for the device with 4 mol.% 3API. The
control device exhibited a maximum PCE of 22.76% with a JSC of 24.94 mA cm− 2, VOC of 1.123 V, and FF
of 0.81. Meanwhile, the 3AP-based cells achieved a maximum PCE of 25.3% with VOC of 1.181 V, JSC of

26.03 mA cm− 2, and FF of 82.21% (Fig. 2b, blue data points). Some cells were sent to an accredited
photovoltaic test laboratory (National Institute of Metrology, NIM, China) for certi�cation, and their
certi�ed quasi-steady-state e�ciency was 24.8% (Fig. 2b, red data points; the certi�cation details are
presented in Supplementary Fig. 4). Typical current density – voltage (J–V) characteristics of the control
and 3AP-based devices are shown in Fig. 2c, and the stabilized power outputs (SPOs) of the
corresponding cells are presented in Fig. 2d. The external quantum e�ciency (EQE) of the certi�ed cell
yielded an integrated JSC of 25.97 mA cm− 2 (Fig. 2e) with a negligible variation (~ 0.8%) from the

measured JSC, which is higher than that of the control sample (integrated JSC of 24.55 mA cm− 2). The
relationship between VOC and light intensity is plotted in Fig. 2f. It is based on the following

equation:27,44,45 VOC = (nkBT/q)ln(I) + B, where kB is the Boltzmann constant, T is the temperature, q is the
electric charge, B is the constant, and n is the ideality factor. The 3AP-based cell exhibited a smaller slope
than that of the control (1.26 kBT/q vs. 1.60 kBT/q), which indicates less intense defect-assisted non-
radiative recombination in the 3AP-containing perovskite layer.
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Film Characterization
To investigate the effect of the molecule-perovskite coordination on perovskite properties, we performed
grazing incidence wide-angle scattering (GIWAXS) characterization of the �lms. The �lms exhibited a
predominant 3C (100) perovskite phase (q = 1.02 Å−1) with the PbI2 (q = 0.90 Å−1) and undesired 6H (101)

phases at 0.83 Å−1 for the control sample (Fig. 3a). The 3API addition suppressed the formation of the
undesired 6H phase but promoted the formation of the 3C phase, as indicated by the higher diffraction
intensity (Supplementary Fig. 5). This provides strong evidence that 3AP can result in a complete
conversion from undesired phases to perovskite 3C species.

Scanning electron microscopy (SEM) observations showed a slight increase in the average grain size of
the perovskite �lm after 3API addition (1.4 vs. 1.0 µm) (Fig. 3b; see the statistical distribution in the inset).
The larger grain size of the 3AP-based �lm is consistent with the behavior observed by GIWAXS.
Monolithic grains were present in the cross-sectional SEM images from their tops to bottoms (Fig. 3c).
Atomic force microscopy (AFM) observations revealed a decrease in the surface roughness from 23.3 to
17.0 nm with 3API addition due to the stitched grain boundaries (Supplementary Fig. 6).

Steady-state and time-resolved optical microscopies were performed to explore the optoelectronic
properties of the perovskite �lms. The 3API addition did not change the absorption threshold or
photoluminescence (PL) peak position (Fig. 3d). The bandgaps of both �lms determined from their Tauc
plots were equal to 1.54 eV (Supplementary Fig. 7). However, we observed an apparent increase in the PL
intensity of the 3AP-based �lms, suggesting that 3API addition reduced the non-radiative recombination
in the perovskite �lm, which was further validated by time-resolved photoluminescence (TRPL). The 3AP-
based perovskite �lm demonstrated a full photoluminescence decay of 5.5 µs (Fig. 3e), which was 5
times longer than that of the control (1.2 µs). Hence, 3AP addition suppressed the non-radiative carrier
recombination, which was consistent with the results of DFT calculations indicating that the formation of
I− vacancy defects was inhibited by the strong molecule–perovskite coordination, and accounted for the
improved photovoltaic metrics.

We further performed space charge-limited current (SCLC) measurements to quantitatively estimate the
defect density (Ndefects) and charge mobility (µelectron) of the �lms. For this purpose, electron-dominated
devices (�uorine-doped tin oxide (FTO)/c-TiO2/perovskite/[6, 6]-phenyl-C61-butyric acid methyl ester
(PCBM)/Au) were fabricated and characterized under different biases in the dark (Fig. 3i). The
calculations of Ndefects and µelectron are described in the Supplementary Materials. The value of Ndefects

decreased from 1.43×1016 to 4.76×1015 cm− 3 with 3API addition, while the value of µelectron increased

from 0.139 to 0.339 cm2 V− 1 s− 1. This result is consistent with the suppressed non-radiative carrier
recombination probed by TRPL and attributed to the strong 3AP–perovskite coordination that suppressed
I− vacancy formation. Capacitance–voltage (C–V) measurements were also performed to elucidate the
higher VOC values. The obtained C− 2–V plots and built-in potentials (Vbi) are presented in Supplementary
Fig. 8. It shows that value of Vbi increased from 1.108 to 1.160 V with 3API addition, which is similar to
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the VOC trend obtained from the J–V curves and suggests the existence of a wider depletion region for the

3AP-based device.28 Thus, the charge separation and carrier transport are signi�cantly improved after
3API addition.

Furthermore, we investigated the effects of different halides (3APX) and molecular stacking on the
formation of I− vacancies in perovskites. First, I− ions were replaced with Cl− and Br− ions while preserving
the 3AP+ ions and replicated the similar observations with 3API addition. The resulting �lms exhibited
enlarged grain size (see the SEM images in Supplementary Fig. 9), decreased �lm surface roughness
(Supplementary Fig. 10), increased PL intensity (Supplementary Fig. 11), decreased nonradiative
recombination decay (Supplementary Fig. 12), and decreased trap densities (Supplementary Fig. 13) as
compared with those of the control. The PCEs of the devices containing 3APCl (24.6%) and 3APBr
(24.7%) are comparable to that of the 3API-based cell (see the J–V curves in Supplementary Fig. 14 and
photovoltaic parameters in Supplementary Table 5), suggesting that 3AP+ ions are responsible for
eliminating vacancy defects. Thus, strong molecule–perovskite coordination is required to suppress the
formation of vacancy defects.

Stability Enhancement Of Solar Cells
To assess the stability of solar cells, we �rst measured the intrinsic phase stability of perovskite �lms
stored in a dark air environment at a temperature of 25°C and relative humidity of 30–40%. Figure 4a
shows the X-ray diffraction (XRD) patterns of the control and 3AP-based perovskite �lms recorded before
and after ambient aging for 74 days. The diffraction signals of the δ-FAPbI3 and PbI2 phases became
more prominent in the control perovskite �lm after aging. However, these undesired phases were not
detected in the 3AP-based perovskite �lm stored under the same conditions, indicating that the strong
molecule–perovskite coordination can inhibit the transformation and degradation of the 3C phase. We
further investigated the thermal stability of unencapsulated solar cells stored at 85 ℃ under a nitrogen
atmosphere (Fig. 4b). The 3AP-based cell retained 83% of its initial e�ciency after 500 h of thermal
treatment, which was higher than that of the control cell (52% of its initial e�ciency). Furthermore, the
long-term environmental stability of the unencapsulated cells stored under ambient conditions (25°C and
30–40% relative humidity) was also investigated (Fig. 4c). The PCEs decreased by approximately 20% for
the control cell and only by 8% for the 3AP-based cell after 5000 h. Compared with the control cell, the
3AP-based cell exhibited a smaller FF loss during aging. Finally, we checked the operational stability of
unencapsulated solar cells by performing maximum power point (MPP) tracking at approximately 30°C
under a nitrogen atmosphere following the ISOS-L-1 stability protocol.50 The 3AP-based solar cells
exhibited a 10% decrease in their initial e�ciency after 200 h of continuous operation. Meanwhile, the
PCE of the control device decreased by 20% after only 27 h (Fig. 4d). From these observations, we can
conclude that the anion-vacancy defect engineering via strong molecule–perovskite coordination
provides an effective and simple solution for increasing both the e�ciency and stability of PSCs.

Conclusion
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In this study, we demonstrate that anion �xation and associated undercoordinated-Pb passivation in
FAPbI3-based perovskites can be realized synergistically by functionalizing perovskite surface with
amidion-based ligand 3AP. The results of theoretical calculations combined with the NMR, XPS, and in-
depth optoelectronic characterization data helped elucidate the mechanism of the molecule–perovskite
coordination and its effect on the anion �xation and vacancy defect formation in the perovskite structure.
The anion-vacancy defect engineering via the molecule–perovskite coordination increased the PCE of
planar PSCs from 22.8–25.3% (certi�ed at 24.8%) and their stability. Our �ndings offer a new effective
chemical strategy for the facile fabrication of high-performance stable PSCs and are potentially
applicable to other perovskite optoelectronic devices.

Declarations
Acknowledgements

This work was supported by Key Program project of the National Natural Science Foundation of China
(51933010), National Natural Science Foundation of China (61974085, 62004121), the 111 Project
(B21005), the National 1000 Talents Plan program (1110010341). The authors also thank beamlines
BL17B1 and BL14B1 at the SSRF for providing the beamtime and User Experiment Assist System of
SSRF for their help.

 

Author contributions

T.Y. and L.G. conducted the most experimental and DFT studies. J.L. assisted with the PL mapping
procedure and C–V and FTIR measurements. C.M. helped with the synthesis and characterization of
3APX (X = I, Br, Cl) single crystals. Y.D., D.L. and Y.Y. assisted with the GIWAXS acquisition. P.W. assisted
with the PL and TRPL measurements. Z.D. helped �t the VOC–Sun data. J.Y. and S.Q. assisted with the
XRD measurements. H.L. participated in the discussion of the obtained results. X.C. helped with the J–V
measurements. K.Z. conceived the study. K. Z. and S. L. supervised the study. We also thank Prof. Jingbi
You for the useful discussions related to the fabrication of perovskite �lms. All authors discussed the
results and commented on the manuscript.

 

Competing interests: The authors declare no competing �nancial or non�nancial interests. 

 

Data availability: All data needed to evaluate the conclusions in the paper are present in the paper or the
supplementary materials.

 



Page 10/15

Supplementary information

Materials and Methods

DFT Calculations

Supplementary Text

Tables S1 to S5

Figs. S1 to S14

References
1. Bu, T. et al. Lead halide–templated crystallization of methylamine-free perovskite for e�cient

photovoltaic modules. Science 372, 1327–1332, (2021).

2. Dai, Z. et al. Interfacial toughening with self-assembled monolayers enhances perovskite solar cell
reliability. Science 372, 618–622, (2021).

3. Park, N.-G., Grätzel, M., Miyasaka, T., Zhu, K. & Emery, K. Towards stable and commercially available
perovskite solar cells. Nat. Energy 1, 16152, (2016).

4. Kamat, P. V. Evolution of Perovskite Photovoltaics and Decrease in Energy Payback Time. J. Phys.
Chem. Lett. 4, 3733–3734, (2013).

5. Jesper Jacobsson, T. et al. Exploration of the compositional space for mixed lead halogen
perovskites for high e�ciency solar cells. Energy Environ. Sci. 9, 1706–1724, (2016).

�. Xing, G. et al. Long-Range Balanced Electronand Hole-Transport Lengths in Organic-Inorganic
CH3NH3PbI3. Science 342(6156), 344–347, (2013).

7. Huang, J., Yuan, Y., Shao, Y. & Yan, Y. Understanding the physical properties of hybrid perovskites for
photovoltaic applications. Nat. Rev. Mater. 2, 17042, (2017).

�. Yoo, J. J. et al. E�cient perovskite solar cells via improved carrier management. Nature 590, 587–
593, (2021).

9. Akihiro Kojima, K. T., Yasuo Shirai, Tsutomu Miyasaka. Organometal Halide Perovskites as Visible-
Light Sensitizers for Photovoltaic Cells. J. Am. Chem. Soc. 131, 6050–6051, (2009).

10. Min, H. et al. Perovskite solar cells with atomically coherent interlayers on SnO2 electrodes. Nature
598, 444–450, (2021).

11. National Renewable Energy Laboratory, Best Research-Cell E�ciencies Chart,
https://www.nrel.gov/pv/celle�ciency.html, 2022).

12. Alanazi, A. Q. et al. Benzylammonium-Mediated Formamidinium Lead Iodide Perovskite Phase
Stabilization for Photovoltaics. Adv. Funct. Mater. 31, 2101163, (2021).

13. Xie, H. et al. Decoupling the effects of defects on e�ciency and stability through phosphonates in
stable halide perovskite solar cells. Joule 5, 1246–1266, (2021).



Page 11/15

14. Mei, A. et al. Stabilizing Perovskite Solar Cells to IEC61215:2016 Standards with over 9,000-h
Operational Tracking. Joule 4, 2646–2660, (2020).

15. Agiorgousis, M. L., Sun, Y. Y., Zeng, H. & Zhang, S. Strong covalency-induced recombination centers in
perovskite solar cell material CH3NH3PbI3. J. Am. Chem. Soc. 136, 14570–14575, (2014).

1�. Li, W. et al. Control of Charge Recombination in Perovskites by Oxidation State of Halide Vacancy. J.
Am. Chem. Soc. 140, 15753–15763, (2018).

17. Meggiolaro, D. et al. Iodine chemistry determines the defect tolerance of lead-halide perovskites.
Energy Environ. Sci. 11, 702–713, (2018).

1�. Wang, J., Li, W. & Yin, W. J. Passivating Detrimental DX Centers in CH3 NH3 PbI3 for Reducing
Nonradiative Recombination and Elongating Carrier Lifetime. Adv. Mater. 32, e1906115, (2020).

19. Wang, R. et al. Constructive molecular con�gurations for surface-defect passivation of perovskite
photovoltaics. Science 366, 1509–1513, (2019).

20. Ni, Z. et al. Resolving spatial and energetic distributions of trap states in metal halide perovskite
solar cells. Science 367, 1352–1358, (2020).

21. Shangshang Chen, X. X., Hangyu Gu, Jinsong Huang. Iodine reduction for reproducible and high-
performance perovskite solar cells and modules. Sci. adv. 7, eabe8130, (2021).

22. Tan, S. et al. Steric Impediment of Ion Migration Contributes to Improved Operational Stability of
Perovskite Solar Cells. Adv. Mater. 32, 1906995, (2020).

23. Lee, J.-W., Kim, S.-G., Yang, J.-M., Yang, Y. & Park, N.-G. Veri�cation and mitigation of ion migration in
perovskite solar cells. APL Mater. 7, 041111, (2019).

24. Zheng, X. et al. Defect passivation in hybrid perovskite solar cells using quaternary ammonium
halide anions and cations. Nature Energy 2, 17102, (2017).

25. Zhang, H. et al. Multimodal host-guest complexation for e�cient and stable perovskite
photovoltaics. Nat. Commun. 12, 3383, (2021).

2�. Zhang, Z. et al. Marked Passivation Effect of Naphthalene-1,8-Dicarboximides in High-Performance
Perovskite Solar Cells. Adv. Mater. 33, 2008405, (2021).

27. Jiang, Q. et al. Surface passivation of perovskite �lm for e�cient solar cells. Nat. Photonics 13, 460–
466, (2019).

2�. Jang, Y.-W. et al. Intact 2D/3D halide junction perovskite solar cells via solid-phase in-plane growth.
Nature Energy 6, 63–71, (2021).

29. Lin, Y. et al. Enhanced Thermal Stability in Perovskite Solar Cells by Assembling 2D/3D Stacking
Structures. J. Phys. Chem. Lett. 9, 654–658, (2018).

30. Ma, C. et al. Centimeter-Sized 2D Perovskitoid Single Crystals for E�cient X-ray Photoresponsivity.
Chem. Mater. 34, 1699–1709, (2022).

31. Lee, J.-W. et al. Formamidinium and Cesium Hybridization for Photo- and Moisture-Stable Perovskite
Solar Cell. Adv. Energy Mater. 5, 1501310, (2015).



Page 12/15

32. Gompel, W. T. M. V. et al. Degradation of the Formamidinium Cation and the Quanti�cation of the
Formamidinium–Methylammonium Ratio in Lead Iodide Hybrid Perovskites by Nuclear Magnetic
Resonance Spectroscopy. J. Phys. Chem. C 122, 4117–4124, (2018).

33. Zhu, J. et al. Formamidine disul�de oxidant as a localised electron scavenger for > 20% perovskite
solar cell modules. Energy Environ. Sci., (2021).

34. Liu, T. et al. Spacer Engineering Using Aromatic Formamidinium in 2D/3D Hybrid Perovskites for
Highly E�cient Solar Cells. ACS Nano 15, 7811–7820, (2021).

35. Li, X. et al. Improved performance and stability of perovskite solar cells by crystal crosslinking with
alkylphosphonic acid omega-ammonium chlorides. Nat. Chem. 7, 703–711, (2015).

3�. Gallop, N. P. et al. Rotational Cation Dynamics in Metal Halide Perovskites: Effect on Phonons and
Material Properties. J. Phys. Chem. Lett. 9, 5987–5997, (2018).

37. Zhu, H. et al. An effective surface modi�cation strategy with high reproducibility for simultaneously
improving e�ciency and stability of inverted MA-free perovskite solar cells. J. Mater. Chem. A 7,
21476–21487, (2019).

3�. Yang, X. et al. Superior Carrier Lifetimes Exceeding 6 micros in Polycrystalline Halide Perovskites.
Adv. Mater. 32, 2002585, (2020).

39. Yang, S. et al. Tailoring Passivation Molecular Structures for Extremely Small Open-Circuit Voltage
Loss in Perovskite Solar Cells. J. Am. Chem. Soc. 141, 5781–5787, (2019).

40. Wu, Z. et al. Highly E�cient Perovskite Solar Cells Enabled by Multiple Ligand Passivation. Adv.
Energy Mater. 10, (2020).

41. Haruyama, J., Sodeyama, K., Han, L. & Tateyama, Y. First-Principles Study of Ion Diffusion in
Perovskite Solar Cell Sensitizers. J. Am. Chem. Soc. 137, 10048–10051, (2015).

42. Xiao, X. et al. Suppressed Ion Migration along the In-Plane Direction in Layered Perovskites. ACS
Energy Lett. 3, 684–688, (2018).

43. Xia, M. et al. Unveiling the Structural Descriptor of A3B2X9Perovskite Derivatives toward X-Ray
Detectors with Low Detection Limit and High Stability. Adv. Funct. Mater. 30, (2020).

44. Zhu, X. et al. High-E�ciency Perovskite Solar Cells with Imidazolium-Based Ionic Liquid for Surface
Passivation and Charge Transport. Angew. Chem. Int. Ed. 60, 4238–4244, (2021).

45. Yang, D. et al. Surface optimization to eliminate hysteresis for record e�ciency planar perovskite
solar cells. Energy Environ. Sci. 9, 3071–3078, (2016).

4�. Gratia, P. et al. The Many Faces of Mixed Ion Perovskites: Unraveling and Understanding the
Crystallization Process. ACS Energy Lett. 2, 2686–2693, (2017).

47. Tang, M.-C. et al. Ambient blade coating of mixed cation, mixed halide perovskites without dripping:
in situ investigation and highly e�cient solar cells. J. Mater. Chem. A 8, 1095–1104, (2020).

4�. Zhang, X. et al. Film Formation Control for High Performance Dion–Jacobson 2D Perovskite Solar
Cells. Adv. Energy Mater. 11, 2002733, (2021).



Page 13/15

49. Lu, D. et al. Thiophene-Based Two-Dimensional Dion-Jacobson Perovskite Solar Cells with over 15%
E�ciency. J. Am. Chem. Soc. 142, 11114–11122, (2020).

50. Khenkin, M. V. et al. Consensus statement for stability assessment and reporting for perovskite
photovoltaics based on ISOS procedures. Nature Energy 5, 35–49, (2020).

Figures

Figure 1

3AP–perovskite coordination. a, Chemical structure of the 3AP+ ion. b, Supercell constructed for DFT
calculations, in which 3AP molecules are adsorbed on the FAPbI3 (001) surface via FAI terminal groups. c,

Absorption energies of ligands on the perovskite surface, formation energies of I− vacancies in the
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perovskite structure, and migration energy barriers of I− vacancies in the perovskite lattice calculated for
the perovskite systems with 3AMP, 3AMPY, 3AP, BA, and PEA ligands. d, 1H-NMR spectra of neat 3AP and
3AP+PbI2 compounds. e, Pb 4f XPS pro�les of the neat 3AP and 3AP+PbI2 powders. f, Activation energy
of ion migration derived from the temperature-dependent conductivities of perovskites with various
ligands (see Supplementary Fig. 3).

Figure 2

Photovoltaic performance of the PSCs without (denoted as control) and with 3API. a, Planar n-i-p device
structure. b, E�ciency statistics of both solar cells including the certi�ed value obtained at NIM and lab-
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measured e�ciencies. c, Current density–voltage (J–V) curves. d, Stabilized power outputs (SPOs). e,
EQE curves and integrated current densities. f, VOC dependences on light intensity.

Figure 3

Characteristics of the control and 3AP-based perovskite �lms. a, Two-dimensional GWIAXS images of the
�nal two �lms obtained after thermal annealing. b, SEM images of the �nal �lms. The insets show the
grain size distributions. c, The cross-sectional SEM images of the �nal �lms. d, Steady-state UV–vis
absorption and PL spectra of the �lms. e, TRPL intensities of the �lms. f, Dark J–V curves of the electron-
only devices with the FTO/c-TiO2/perovskite/PCBM/Ag architecture.

Figure 4

Stability studies of perovskite �lms and solar cells. a, XRD patterns of the control and 3AP-based
perovskite �lms recorded before and after aging for 74 days. b, PCE evolution observed for the control
and 3AP-based devices stored without encapsulation at 85 ºC under a nitrogen atmosphere. c, PCE
evolution observed for the control and 3AP-based devices stored without encapsulation at ambient
conditions (25 °C and 30–40% relative humidity). d, Stabilized MPP values recorded for the control and
3AP-based devices under simulated one-sun AM1.5G illumination.
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