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Organic–inorganic halide perovskites (ABX3, where A is an 
organic cation, such as methylamine (MA) or formamidine 
(FA); B is lead or tin; X is a halide ion) have emerged as excit-

ing new materials for solar cells due to their unique combination of 
properties, such as strong light absorption1, superb charge carrier 
mobility2 and low-cost fabrication3. Power conversion efficiencies 
(PCEs) of perovskite solar cells (PSCs) have risen from 3.8% to a 
certified 23.7%1,4–10, close to that of crystalline silicon solar cells. In 
spite of the unparalleled growth in photovoltaic performance, the 
industrial application of PSCs is hampered by instability issues. 
One of the main sources of the instability is the defect chemistry 
of perovskites. In particular, owing to the ionic nature of perovskite 
materials11, as well as their solution-based fabrication processes, 
numerous defects are formed at the surfaces and grain boundaries of 
polycrystalline perovskite films12–15. In particular, point defects such 
as halide anion vacancies and organic cation vacancies are easily 
produced in perovskite materials due to their low formation ener-
gies16–18. Although these defects mostly create shallow electronic lev-
els near the band edges8,19, they still have profound unwanted effects 
on carrier dynamics and the I–V hysteresis of PSCs20–23. Even more 
importantly, such defects are believed to play an important role in the 
chemical degradation of the perovskite material and of the interfaces 
with the charge transport layers, leading to long-term instability of 

the PSCs24–27. Ion vacancies diffuse into the crystallites, and promote 
the diffusion of cations and anions to the surfaces and grain bound-
aries. Decomposition reactions at these locations, such as evapora-
tion of the organic species MA or FA, then lead to degradation of the 
material. Therefore, control and mitigation of the number of organic 
cation or halide anion vacancies has become an important research 
direction towards more efficient and stable PSCs.

As organic components such as MA or FA easily evaporate from 
the surface during the thermal annealing process11,28, thereby creat-
ing organic cation vacancies, one way to suppress the formation of 
such vacancies is to use excess MA/FA during or after the perovskite 
annealing process29. Another approach to prevent the formation 
of organic cation vacancies is to create a two-dimensional layered 
structure by introducing a small amount of larger organic mol-
ecules, such as phenethylamine, polyethylenimine and trifluoro-
ethylamine, which are difficult to evaporate30. Similar methods have 
also been reported to be effective for passivating or suppressing 
halide anion vacancies8,31,32. Previously, iodide ions have been intro-
duced into the organic cation solution, which decreases the con-
centration of iodide vacancies8. Elsewhere, guanidinium, an organic 
ion that probably forms hydrogen bonds, has been used to suppress 
the formation of iodide vacancies31. Addition of KI to perovskites 
has also demonstrated a positive effect of small alkali ions on  
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passivating I− vacancies, which consequently improves the effi-
ciency and stability of PSCs33–35. In addition, small ions (Cl and Cd) 
were doped into the perovskite lattice to suppress the formation 
of halide vacancies via lattice strain relaxation26. Although signifi-
cant advances have been made in defect engineering of the bulk 
and grain boundaries of perovskites, most strategies focus on pas-
sivating or preventing only one type of defect, either the organic 
cation or the halide anion vacancy. Only recently, choline chloride 
was used to passivate both positive and negative charged defects 
by quaternary ammonium and halide ions11. This ‘charged compo-
nents compensation’ provides a possible method of multi-vacancy  
defects passivation.

Here we report a chemical bonding modulation of perovskite 
films by tuning the bond strength of the additives with the 
perovskites. We start from the state-of-the-art triple-cation 
perovskite (Cs0.05FA0.54MA0.41)Pb(I0.98Br0.02)3 absorber and add a 
small amount of alkali halide, NaX (X = I, Br, Cl or F), using a two-
step solution process (for details, see Methods). Although all alkali 
halides improve the quality of the perovskite, the fluoride-contain-
ing material gives by far the best performance. Planar n–i–p solar 
cells made on the basis of the fluoride-containing perovskite yield 
a PCE of 21.46% (and a certified 21.3%-efficient solar cell). More 
importantly, non-encapsulated PSCs using the fluoride-containing 
materials exhibit an excellent long-term stability. They retain 90% 
of their original PCE after 1,000 h of continuous illumination under 
maximum power point (MPP) operating conditions, or under ther-
mal stress of 85 °C. From results obtained with a wide range of exper-
imental characterization techniques and density functional theory 

(DFT) calculations, we argue that the fluoride ions are very effective 
in passivating both the organic cation and halide anion vacancies 
by forming strong hydrogen bonds (N–H···F) with organic cations 
(MA/FA) and strong ionic bonds with lead in the perovskite films.

Properties of CsFaMa-X films
Passing through the halide series I, Br, Cl and F (Fig. 1a), the elec-
tronegativity increases and the ionic radius becomes smaller. This 
leads to an increased chemical bonding between the halide anions 
with the A and B cations. In the following, we first compare the 
properties of the (Cs0.05FA0.54MA0.41)Pb(I0.98Br0.02)3 perovskite, modi-
fied by adding 0.1% NaX (X = I, Br, Cl, or F), to those of the unmod-
ified perovskite as a reference. We denote the reference perovskite as 
‘CsFAMA’ and the NaX-containing perovskite as ‘CsFAMA-X’.

Figure 1b shows the reflectance micro-Fourier transform infra-
red spectra of CsFAMA and CsFAMA-X films. Compared to the 
reference CsFAMA, the spectrum of the CsFAMA-F film shows a 
substantial shift of the N–H vibration modes (3,500–3,350 cm−1) 
towards a lower wavenumber. This kind of shift is absent in the 
CsFAMA-X (X = I, Br, Cl) samples. We attribute this shift to the 
formation of hydrogen bonds N–H···F between the FA/MA and 
F species36. This hydrogen bond results in a delocalization of the 
electronic cloud of the N–H bond. It weakens the N–H chemical 
bond, which decreases the corresponding vibrational frequency. 
Our solid-state 1H NMR measurements also confirm the forma-
tion of hydrogen bonds between the fluoride and the MA ions, 
as evidenced by the larger chemical shift of NH3 protons in the 
CsFAMA-F sample (Supplementary Fig. 1).
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These experimental findings are supported by DFT calculations 
(Supplementary Fig.  2). Our calculations show that the presence 
of a fluoride ion at the surface induces the reorientation of several 
adjacent FA cations, and the formation of N–H···F hydrogen bonds. 
As a result, the stretching modes of the corresponding N–H groups 
shift to lower frequencies. Averaged over the stretching modes of 
all N–H groups of the affected FA ions, this leads to an overall shift 
of 63 cm−1. DFT results also indicate that the inclusion of a sodium 
ion has negligible effects on these vibration modes, confirming that 
fluoride is responsible for the change in the vibration dynamics of 
the FA cations. As we will discuss later, the strong fluoride–organic 
cation interaction significantly stabilizes the perovskite surface and 
suppresses the formation of organic cation vacancies.

The effects of NaX additives on the optical properties and the 
structure of the perovskite thin films are carefully investigated by 
a range of techniques. The bandgap of the CsFAMA-X films is 
the same as that of the reference CsFAMA, according to ultravio-
let–visible and photoluminescence (PL) spectra (Fig. 1c). Neither 
shifts in the peaks, nor new peaks are observed in the X-ray dif-
fraction patterns (Supplementary Fig. 3), indicating that addition 
of NaX does not alter the crystal structure of the perovskite films. 
Whereas these basic optical and crystal structural properties of 
all CsFAMA-X films are similar, time-resolved PL (TRPL) results 
(Fig.  1d and Supplementary Table  1) reveal an important differ-
ence in the lifetime of free charge carriers between the CsFAMA 
and the CsFAMA-X films. The CsFAMA-F sample exhibits car-
rier lifetimes (τ1: 97.16 ns, τ2: 401.64 ns) that are much longer than 
those of the CsFAMA reference (τ1: 30.82 ns, τ2: 193.29 ns). In con-
trast, the carrier lifetimes of the other CsFAMA-X (X = I, Br, Cl) 
samples are much closer to those of the reference. This implies that 
non-radiative recombination is effectively suppressed by the addi-
tion of fluoride.

It should be noted here that another difference between the 
CsFAMA-X films can be found from field-emission scanning 
electron microscopy (FE-SEM) images (Fig.  1f). We observe that 
CsFAMA-Cl and CsFAMA-F films exhibit a slightly larger grain 
size than that of CsFAMA-Br and CsFAMA-I, which is prob-
ably due to the fact that the chloride and fluoride may influence 
the crystal nucleation and crystallization kinetics of perovskites 
(Supplementary Figs.  4 and 5). As shown from the TRPL results 
above and thermal stability properties in the following paragraph, 
the effect of the NaF additive is much more pronounced than that of 
NaCl, implying that the larger grain size, while a contributing factor, 
does not explain all of the improvements found in CsFAMA-F films.

We explore the thermal stability of the perovskite films by 
maintaining them at 85 οC in a nitrogen atmosphere, followed by 
a thermal annealing at 100 °C in air. During these ageing tests, we 
monitor the relative content of PbI2 via X-ray diffraction patterns 
(Supplementary Fig. 3), given that PbI2 is one of the known decom-
position products of perovskites. Figure  1e summarizes the rela-
tive X-ray diffraction intensity of PbI2 and perovskite in the films. 
Clearly the CsFAMA-F film has a much lower PbI2 content than all 
of the other films, which confirms the outstanding thermal stability 
of this material. The main degradation reactions caused by ther-
mal stress are the deprotonation and desorption of volatile organic 
cations37. The improvement in thermal stability observed in the 
CsFAMA-F sample is attributed to the hydrogen bonds between the 
fluoride and MA/FA ions inhibiting the diffusion and dissociation 
of organic cations.

In short, of the halide salts studied, NaF enables the greatest 
improvements in terms of thermal stability and carrier lifetimes 
in CsFAMA perovskites. Therefore, in the following, we focus on 
CsFAMA-F and the role played by the fluoride in the context of 
photovoltaics performance of solar cells made with this material.
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Possible location of fluoride and its passivation effects
To investigate the presence and distribution of NaF in the perovskite 
film, time-of-flight secondary-ion mass spectroscopy (ToF-SIMS) 
is employed to probe the depth profiles of the atomic species in the 
CsFAMA-F perovskite sample (Fig. 2a). The maximum signals of 
Na and F are observed on the surface of the perovskite thin film and 
at the perovskite/ITO interface. Nevertheless, signals with apprecia-
ble intensity are observed along the entire film thickness. The pres-
ence of NaF in the film is also confirmed by the energy-dispersive 
X-ray spectroscopy results, as shown in Supplementary Fig. 6. As 
no significant peak shifts are observed in X-ray diffraction results, 
it rules out the possibility of NaF entering the CsFAMA crystal lat-
tice (Supplementary Fig. 3). As analysed above, we therefore suggest 
that NaF is indeed in the film, possibly concentrated at the surface, 
as illustrated by Fig. 2b.

To probe the effect of NaF at the surface of the perovskite film, we 
apply scanning Kelvin probe microscopy38,39, and combine a three-
dimensional spatial map of the topography and a map of the surface 
potential. In the reference sample (CsFAMA), the surface potential 
at the boundaries of the grains is 40 mV higher than in the middle 
of the grains (see Fig. 2c). In the CsFAMA-F sample (Fig. 2d), this 
surface potential difference is only about 20 mV. We conclude that 
NaF modifies the surface potential (Supplementary Fig. 7), which 
further suggests that NaF species are probably located at the surface.

To gather more atomistic information regarding the possible 
location of NaF and its effect on the stability of the perovskite, we 
calculate the relative energies of incorporation of Na and F ions in 
the bulk and on surfaces, using DFT. The Na ion is found to be more 
stable on surfaces than in the bulk by 0.2 to 0.3 eV. On both FAI- and 
PbI2-terminated surfaces, Na preferentially occupies an interstitial 
site, rather than an A site (Supplementary Fig. 8). A detailed chemi-
cal analysis (Fig. 3c) shows that incorporation of a Na ion increases 
the ionic charge on the nearby I ions. It indicates that Na may play a 
role in suppressing the diffusion of halide ions.

We find that incorporating a F ion into the perovskite lattice is 
extremely difficult, and it has a strong preference for staying at the 
surface. By far the most energetically favourable position of a F ion 

is substitution of an I ion at an FAI-terminated surface. Positions of 
F ions either in the perovskite bulk, or in a PbI2-terminated surface, 
have an energy that is about 3.5 eV higher (Supplementary Fig. 9). 
The size mismatch between I and F ions probably prevents the latter 
from being incorporated comfortably inside the perovskite lattice, 
as it would induce too much strain. This is avoided by incorporating 
F ions on the FAI surface.

However, the incorporation of F ions on the FAI surface changes 
the local bonding at the surface and subsurface layers. The most 
dramatic change is that the FA cations surrounding a F site reorient 
towards the F ion, in such a way as to maximize their interactions 
with this ion (Fig. 3a,b). This is in agreement with the N–H vibra-
tion mode analysis discussed above (Fig.  1b and Supplementary 
Fig. 2), supporting the finding that FA ions closest to a F site form 
hydrogen bonds with the F ion. In addition, the ionic charge on the 
Pb ions surrounding a F site also increases (Fig. 3c), indicating that 
the F ions form stronger ionic bonds. In summary, the introduc-
tion of F at FAI-terminated surfaces stabilizes the local structure via 
increased bonding with Pb, and via hydrogen bonds with FA ions.

To further elucidate the effect of incorporation of F ions, we cal-
culate the formation energies of FA cation vacancies on the surface 
of the clean perovskite, and that on the surfaces incorporated with 
NaI or NaF species (Fig. 3d and Supplementary Fig. 10). Whereas 
the FA vacancy formation energy close to a NaI species increases by 
a mere 0.12 eV, compared to the pristine perovskite, close to a F ion 
it increases by a sizeable 0.55 eV. The presence of F therefore signifi-
cantly prevents the formation of FA vacancies at the surface. This 
result supports the excellent thermal stability of the CsFAMA-X 
perovskite films (Fig.  1e), where the creation of organic cation 
vacancies is typically believed to be responsible for the degradation 
of the perovskites under thermal stress.

Solar cell performance
To investigate the photovoltaics performance based on our 
improved material, we fabricate n–i–p planar PSCs using CsFAMA 
and CsFAMA-F perovskites as the absorbers. The cross-sectional 
SEM image in Fig. 4a shows the device structure, which comprises 
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an ITO glass substrate covered by a 50-nm-thick SnO2 elec-
tron transport layer. On top of that we deposit a 600-nm-thick 
perovskite film, covered with a layer of Spiro-OMeTAD as the hole 
transport layer (200 nm), and an 80-nm-thick gold electrode as the 
back contact.

As summarized in Table 1 and shown in Fig. 4b, the CsFAMA-F 
cells give rise to a PCE of 21.46% (average value from reverse and for-
ward scan results) with negligible J–V hysteresis. This is to be com-
pared to the reference CsFAMA with an average PCE of 19.03% with 
moderate J–V hysteresis. Examples of CsFAMA and CaFAMA-X 
cells with stabilized PCEs of 19.37% and 20.96%, respectively, are 
shown in Fig. 4c. The statistics of 60 devices with or without NaF are 
shown in Supplementary Fig. 11 and Supplementary Table 2. The 
average PCEs for the CsFAMA and CaFAMA-F devices are 18.86% 
and 20.56%, respectively. The short-circuit current density (Jsc) 
increases only slightly in CsFAMA-F cells (the spectral responses 
of the external quantum efficiency of these devices are shown in 
Supplementary Fig. 13), while the most dramatic enhancement is 
found in the open-circuit voltage (Voc) and fill factor (FF). We attri-
bute this improvement to the immobilization of mobile ions and 
vacancy defects such as iodide and MA (FA) due to the incorpora-
tion of fluoride ions. The best CsFAMA-F device has been certified 
by a third party (Supplementary Fig.  12). The certified PCEs are 
21.7% under the reverse scan direction (1.2 to −0.1 V) and 20.8% 
under the forward scan direction (−0.1 to 1.2 V), with a slow scan 
rate (33 mV s−1) under AM1.5G full-sun illumination (1,000 W m−2). 
This certified efficiency of 21.3% (average value from certified 
reverse and forward scan results) agrees well with measured perfor-
mances in our own laboratory.

To examine the effects of incorporation of NaF on the defects in 
the perovskite absorber, we use admittance spectroscopy, and con-
duct a Mott−Schottky analysis to analyse the defects profile. We first 

conduct temperature-dependent admittance spectroscopy measure-
ments on the CsFAMA and CsFAMA-F devices with the tempera-
ture rising from 210 to 350 K without illumination (Supplementary 
Fig. 14a,b). Subsequently, the defect activation energies (Ea) in the 
CsFAMA and CsFAMA-F samples are calculated to be 0.275 and 
0.201 eV, respectively (Fig. 4d). The trap density-of-states distribu-
tion and their energy levels are presented in Fig. 4e. Incorporation 
of fluoride effectively reduces the energy level of trap states from 
0.26 to 0.18 eV, as well as their density of states from 22.4 × 1015 to 
14.9 × 1015 cm−3 eV−1.

We have further carried out PL quantum efficiency (PLQE) 
measurements. Figure  4f shows that the CsFAMA-F sample has 
a higher PLQE compared to the CsFAMA sample. Moreover, its 
PLQE increases more rapidly with increasing laser intensity. Space-
charge-limited current measurements, transient photovoltage, tran-
sient photocurrent decay experiments and ultraviolet photoelectron 
spectroscopy (UPS) measurements all show agreement with our 
finding that NaF effectively passivates electronic defects in PSCs, 
which is responsible for the improved PCE (see Supplementary 
Notes 11–13 and Supplementary Figs. 15–17).

Table 1 | Photovoltaics parameters for the best CsFaMa solar 
cell and the best CsFaMa-F cell under the forward (−0.2 to 
1.2 V) and reverse (1.2 to −0.2 V) scan directions

Sample Voc (V) Jsc (ma cm−2) FF (%) PCe (%)

CsFAMA, forward 1.079 23.72 71.79 18.38

CsFAMA, reverse 1.095 24.03 74.77 19.68

CsFAMA-F, forward 1.112 24.01 78.62 20.99

CsFAMA-F, reverse 1.126 24.23 80.35 21.92
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To establish the stability of our improved CsFAMA-F material, 
we carry out a series of investigations on unencapsulated devices. 
The results of stability tests under continuous one-sun illumina-
tion, or at a fixed temperature of 85 °C in a nitrogen atmosphere, 
are shown in Fig.  5a,b. The photo-stability of CsFAMA-F-based 
cells is superior to that of the reference cells, maintaining 95% of 
their original PCE after 1,000 h of illumination. As shown in Fig. 5b, 
the thermal stability of F-containing devices shows an even more 
significant improvement. The CsFAMA-F-based devices retain 
90% of their initial PCE after annealing at 85 °C for 1,000 h, while 
CsFAMA PSCs retain only 50% of their initial PCE. We attribute 
this to the excellent thermal stability of NaF-containing perovskite 
films (Fig. 1e).

In addition, we probe the storage lifetime of devices in an envi-
ronment with humidity of about 25%–45% at a temperature of about 
25–40 °C (Fig. 5c). The evolution of the normalized PCE shows that 
CsFAMA-F cells exhibit a significantly improved long-term stabil-
ity, retaining 90% of their original PCE after over 6,000 h of storage 
in ambient air.

Most importantly, we investigate the operational stability of unen-
capsulated devices under MPP tracking with a continuous one-sun 
irradiation in a nitrogen atmosphere (Fig.  5d). The reference cells 
show a rapid loss of PCE (below 40% of the original PCE after work-
ing for 600 h), while the CsFAMA-F cell exhibits a long lifetime, 
retaining over 90% of its initial PCE after 1,000 h. In addition, we also 
investigate the operational stability of unencapsulated PSCs under 
MPP tracking with continuous light irradiation (solar simulator 
source, 100 mW cm−2) in air (Supplementary Fig. 18). It can be found 
that CsFAMA-F PSCs exhibit superior stability performance com-
pared with reference cells (CsFAMA): the CsFAMA-F cells retain 
85% of their PCE after 350 min, while the PCE of the CsFAMA refer-
ence cells drops below 60% in less than 50 min, which further con-
firms that the incorporation of NaF in the perovskite film brought 
about remarkable improvements in the long-term stability of PSCs.

It is important to emphasize that the effect of NaF is different from 
that of other sodium halides NaX (X = Cl, Br, I). To demonstrate 

this, we fabricate PSCs based on CsFAMA absorbers treated with 
other sodium halides. The corresponding PCEs are then slightly 
improved compared to the untreated CsFAMA (Supplementary 
Fig.  19a), which is in line with other reports40. However, these 
devices exhibit an obvious J–V hysteresis (larger hysteresis index), 
while the NaF-containing devices show an almost negligible J–V 
hysteresis (Supplementary Fig. 19b). It is possible that the Na ion 
can penetrate the perovskite film under an external bias because of 
its small size34 (about 0.102 nm). Mobile ions and their accumula-
tion at interfaces are reported to be responsible for the J–V hyster-
esis41. When using NaF, however, Na is bonded more closely to F, 
and is therefore localized mostly. The above analysis emphasizes the 
uniqueness of fluoride to immobilize the counter ions, as compared 
to other halides.

To test the generality of these findings, we also consider 
the use of KF as an additive. We fabricate KF-containing PSCs 
(CsFAMA-K), using the same procedure as for NaF-containing PSCs 
(CsFAMA-Na). Supplementary Fig.  20 shows that KF-containing 
PSCs exhibit almost the same PCE as NaF-containing PSCs. In 
addition, both KF- and NaF-containing PSCs show negligible hys-
teresis, indicating that KF is also effective in passivating both anions 
and cations for efficient and stable PSC devices. The analysis above 
highlights the fact that fluoride ions are desirable for both chemical 
and electronic passivation in perovskites, and can be combined with 
a number of alkali metals.

Conclusions
In summary, we have explored an effective approach for simulta-
neous passivation of both the cation and anion vacancy defects in 
perovskite materials via chemical bonding enhancement, to improve 
the efficiency and stability of PSCs. By adding NaF to the triple-cat-
ion perovskite absorber, we obtain a PCE of 21.46% (and a certified 
efficiency of 21.3%) in planar PSCs, which is among the top effi-
ciencies for this type of solar cells. Without any encapsulation, these 
solar cells exhibit remarkable long-term stability, retaining 90% of 
their original PCE after 1,000 h under MPP operation conditions 
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at continuous illumination. The addition of NaF also results in a 
superb thermal and environmental stability of materials as well as 
devices. It is found that NaF is indeed present in the perovskite 
film and forms hydrogen bonds with organic cations within the 
perovskite crystals, which effectively retards the diffusion of these 
cations and their dissociation. Fluoride ions also increase the ionic 
bonding, thus immobilizing both organic cations and halide anions. 
Passivating the surfaces and grain boundaries through increased 
chemical bonding, the fluoride ions effectively block the materials 
degradation pathway at the corresponding interfaces. The present 
passivation approach that makes use of the high electronegativity 
of F is generally applicable for improving the stability of perovskite 
materials by suppressing the formation of halide anion and organic 
cation vacancies. These findings provide a new approach to the fab-
rication of highly efficient and stable PSCs.

Methods
Materials. Materials used in experiments include PbI2 (99.999%, Sigma-Aldrich), 
CsI (99.9%, Sigma-Aldrich), NaF (AR 98%, Aladdin Industrial Corporation), 
spiro-OMeTAD (Lumtec), SnO2 colloid precursor (Alfa Aesar, tin(iv) oxide, 15% 
in H2O colloidal dispersion), N,N-dimethylformamide (DMF; 99.99%, Sigma-
Aldrich), dimethylsulfoxide (DMSO; 99.5%, Sigma-Aldrich), isopropanol (99.99%, 
Sigma-Aldrich), chlorobenzene (99.9%, Sigma-Aldrich), acetone (AR Beijing 
Chemical Works), ethanol (AR Beijing Chemical Works), aminomethane (CP 
Beijing Chemical Works), hydrogen iodide (57%, Aladdin Industrial Corporation) 
and ITO substrate (Shanghai B-Tree Tech. Consult.).

MAX (MAI, MACl, MABr) and FAI were synthesized using the methods 
reported previously42. The details are as follows: 16 ml methylamine water solution 
(0.1 mol) was added to a 100 ml three-neck flask immersed in a water/ice bath. 
A certain amount (0.1 mol) of HX acid was slowly dropped into the bottle with 
continuous stirring. The mixture was refluxed for 2 h under a N2 atmosphere. 
Subsequently, the solution was concentrated to a dry solid by using rotary 
evaporation at 80 °C. This crude product was re-dissolved into 20 ml ethanol, then 
100 μl diethyl ether was slowly dropped along the bottle wall and a white product 
deposited. This recrystallization was repeated three times, and the obtained 
precipitate was dried in a vacuum oven for 10 h at 40 ℃. The final products were 
sealed in a N2-filled glovebox for future use. The synthesis procedure for FAI was 
similar to MAI, except that HI acid was added into an 8.8 g formamidine acetate 
(0.10 mol) ethanol solution.

Solar cell device fabrication. The ITO substrate was cleaned with ultrapure 
water, acetone, ethanol and isopropanol successively. After 45 min of ultraviolet–
O3 treatments, a SnO2 nanocrystal solution was spin-coated on the substrate 
at 4,000 r.p.m. for 30 s to form a 50-nm-thick film, which was then annealed at 
150 °C for 30 min in air. The reference perovskite film was fabricated by a two-step 
solution process: the PbI2 (1.3 M, dissolved in DMF/DMSO (9:1, v/v)) mixed with 
5% CsI was spin-coated on ITO/SnO2 at 2,500 r.p.m. for 30 s and annealed at 70 °C 
for 1 min in a nitrogen glovebox. After cooling the PbI2-coated substrate to room 
temperature in a nitrogen glovebox, a mixed organic cation solution (MAI 0.12 M; 
MABr 0.05 M; MACl 0.07 M; FAI 0.23 M, dissolved in isopropanol) was spin-coated 
at 2,300 r.p.m. for 30 s and then annealed at 150 °C for 15 min in air. Then the 
HTM solution, in which a spiro-OMeTAD/chlorobenzene (75 mg ml−1) solution 
was employed with the addition of 35 μl Li-TFSI/acetonitrile (260 mg ml−1), and 
30 μl 4-tertbutylpyridine, was deposited by spin-coating at 3,500 r.p.m. for 30 s. The 
device was finished by thermal evaporation of Au (80 nm) under vacuum. For the 
NaX-containing perovskite film, we dissolved a certain amount of NaX with DMF/
DMSO (9:1, v/v), and used it as a solvent to dissolve the PbI2 powder. The optimal 
content for NaF was about 0.1% mol relative to PbI2 (Supplementary Fig. 21), 
and we assumed that all NaF added was successfully incorporated in the final 
perovskite films because of its high vaporization enthalpy. The other steps are all 
the same as for the reference sample. For PSC stability tests, we changed the organic 
cation solution components (MABr 0.05 M; MACl 0.07 M; FAI 0.35 M, dissolved 
in isopropanol), and the HTM solution was replaced by polymer-modified spiro-
MeOTAD to achieve better performance and stability. The other steps are all the 
same as for the reference and NaF-containing perovskite films.

Material characterization. The morphology of perovskite and PbI2 thin films 
and cross-sectional SEM image were measured using a cold field-emission 
scanning electron microscope (Hitachi S-4800). The X-ray diffraction patterns 
were collected using a PANalytical X’Pert Pro X-ray powder diffractometer with 
Cu Kα radiation (λ = 1.54050 Å). PL was measured by the FLS980 (Edinburgh 
Instruments Ltd) with an excitation at 470 nm. The ultraviolet–visible absorption 
spectra were obtained using an UV–visible diffuse reflectance spectrophotometer 
(UV–vis DRS, Japan Hitachi UH4150). UPS measurements were carried out on 
an XPS AXIS Ultra DLD (Kratos Analytical). The transient photovoltage and 
transient photocurrent measurements were performed on a Molex 180081-4320 

simulating one-sun working conditions, and the carriers were excited by a 532 nm 
pulse laser. The electrochemical impedance spectroscopy measurements were 
determined on an electrochemical workstation (Zahner Company), employing 
light-emitting diodes (LEDs) driven by Export (Zahner Company). The thermal 
admittance spectroscopy analyses were conducted on a Zahner Zennium pro 
Electrochemical Workstation at various temperatures (T = 210–350 K) in the dark 
from 100 to 106 Hz. A small a.c. voltage of 50 mV was used, and the d.c. bias was 
kept at zero to avoid the influence of the ferroelectric effect for perovskite material 
during measurement. For temperature-dependent characterization, the sample was 
mounted in Cryo Industries Liquid Nitrogen Dewars with a Lake Shore model 335 
cryogenic temperature controller. The current density–voltage characteristics of 
the perovskite devices were obtained using a Keithley 2400 source-measure unit 
under AM1.5G illumination at 1,000 W m−2 with a Newport Thermal Oriel 91192 
1,000 W solar simulator. The shading mask and one of our best devices were sent 
to the National Institute of Metrology, China for certification. The active area was 
defined as 0.09408 cm2. External quantum efficiencies were measured by an Enli 
Technology EQE measurement system. Scanning Kelvin probe force microscopy 
was performed on perovskite samples in ambient conditions using an MFP 
3D-Classic Scanning Probe Microscope (Asylum Research, Inc.). This technique 
relies on an a.c. bias applied to the tip to produce an electric force on the cantilever 
that is proportional to the potential difference between the tip and the sample. The 
scanning was carried out in a dual-pass scan mode; during the first scan the spatial 
variations in the surface potential were directly measured, and the second scang 
gives the workfunction by nulling the local electrostatic force gradient arising from 
the contact potential differences between the AFM tip and the sample surface. The 
conductive AFM probe was ASYELEC-01-R2 with a Ti/Ir coating and a resonant 
frequency of 75 kHz. The PLQE data were obtained from a three-step technique 
through the combination of a 445 nm continuous wave laser, a spectrometer, an 
optical fibre and an integrating sphere.

Computational methods. Since FA as a cation and I as an anion are the most 
abundant species in the experimentally studied (Cs0.05FA0.54MA0.41)Pb(I0.98Br0.02)3 
system, the incorporation of Na and F ions at different locations on the surfaces 
and bulk was investigated using FAPbI3 as a model system. The DFT-optimized 
lattice parameter of cubic FAPbI3 is 6.360 Å. The surfaces were modelled using slab 
models consisting of (2 × 2) cells in the x and y direction and 5 repeating FAPbI3 
units constructed from the bulk structure with a vacuum of 15 Å in the z direction. 
Structural optimizations of all structures were performed using DFT implemented 
in the Vienna ab initio simulation package43,44. The Perdew, Burke and Ernzerhof 
functional within the generalized gradient approximation was used45. The 
outermost s, p and d (in the case of Pb) electrons were treated as valence electrons, 
whose interactions with the remaining ions were modelled by pseudopotentials 
generated within the projector-augmented wave method46,47. During the structural 
optimization, all ions were allowed to relax. An energy cutoff of 500 eV and a  
k-point scheme of 3 × 3 × 1 were used to achieve energy and force convergence of 
0.1 meV and 20 meV Å−1, respectively. Information on chemical bonding analysis 
and formation energies of FA+ vacancies in the reference, NaI- and NaF-containing 
perovskites is presented in Supplementary Notes 7 and 8.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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    Experimental design
Please check: are the following details reported in the manuscript?

1.   Dimensions

Area of the tested solar cells
Yes

No
The area of the tested solar cells is 0.09408 cm2 (Methods, Material Characterization)

Method used to determine the device area
Yes

No
The active area was determined by the shading mask which certified by National 
Institute of Metrology, China (Methods, Material Characterization)

2.   Current-voltage characterization

Current density-voltage (J-V) plots in both forward 
and backward direction

Yes

No
Figure 4b, Supplementary Figure 12 and Table 1

Voltage scan conditions 
For instance: scan direction, speed, dwell times

Yes

No
JV curves were measured by reverse scan (1.2 V to -0.2 V) and forward scan (-0.2 V to 
1.2 V) with a scanning rate of 100 mV/s (voltage step of 10 mV and delay time of 100 
ms) (Main text)

Test environment 
For instance: characterization temperature, in air or in glove box

Yes

No
Performance measurements were carried in both nitrogen and air ambient 
environments (Main text)

Protocol for preconditioning of the device before its 
characterization

Yes

No
No preconditioning was used

Stability of the J-V characteristic 
Verified with time evolution of the maximum power point or with 
the photocurrent at maximum power point; see ref. 7 for details.

Yes

No
Maximum power point measurements were conducted (Figure 4c, Figure 5d and 
Supplementary Figure 18)

3.   Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during 
the characterization

Yes

No
The reference cells showed moderate hysteresis while the target cells showed 
negligible hysteresis (Main text)

Related experimental data
Yes

No
Figure 4b, Table 1

4.   Efficiency

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

Yes

No
Supplementary Figure 13

A comparison between the integrated response under 
the standard reference spectrum and the response 
measure under the simulator

Yes

No
The integrated Jsc from EQE spectra is consistent with the Jsc from JV measurements 
(Figure 4b and Supplementary Figure 13)

For tandem solar cells, the bias illumination and bias 
voltage used for each subcell

Yes

No
No tandem cells reported in this manuscript

5.   Calibration

Light source and reference cell or sensor used for the 
characterization

Yes

No
Newport Thermal Oriel 91192 1000 W solar simulator is used for the measurements 
(Methods, Material Characterization)

Confirmation that the reference cell was calibrated 
and certified

Yes

No
The light intensity was calibrated by reference solar cell by Newport
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Calculation of spectral mismatch between the 
reference cell and the devices under test

Yes

No
Mismatch factor of 1 was used in our measurements

6.   Mask/aperture

Size of the mask/aperture used during testing
Yes

No
0.09408 cm2 (Methods, Material Characterization)

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

Yes

No
We haven't measure the cells with apertures of different sizes

7.   Performance certification

Identity of the independent certification laboratory 
that confirmed the photovoltaic performance

Yes

No
Certified by the National Institute of Metrology, China (NIM, China)

A copy of any certificate(s) 
Provide in Supplementary Information

Yes

No
Supplementary Figure 12

8.   Statistics

Number of solar cells tested
Yes

No
At least 30 devices for each composition were tested (Supplementary Figure 11)

Statistical analysis of the device performance
Yes

No
Supplementary Figure 11

9.   Long-term stability analysis
Type of analysis, bias conditions and environmental 
conditions 
For instance: illumination type, temperature, atmosphere 
humidity, encapsulation method, preconditioning temperature

Yes

No
Long-term stability including illumination stability, thermal stability,  humidity 
stability and MPP (detailed conditions are shown in main text) 
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