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A B S T R A C T

The thermal annealing process is significant for the crystallization of perovskite films ((FAPbI3)0.9(MAPbBr3)0.1). 
However, conventional annealing methods suffer from non-uniform heating of film samples. Herein, we report a 
vapor annealing method that the perovskite film was annealed in formic acid vapor, generating a uniform 
thermal field to control crystallization. Simultaneously, HCOOH efficiently enhances sample crystallinity, pas
sivates defects and suppresses deprotonation, establishing an optimal physicochemical environment for perov
skite growth. In addition, the electron transport layer (ETL) composed of SnO2 and ZnO nanoparticles (NPs) 
demonstrates enhanced electrical conductivity and light transmittance. Methylammonium Chloride (MACl) is 
introduced to suppress ZnO NPs-induced deprotonation. The experimental and theoretical results manifest the 
mechanism of inhibiting the deprotonation reaction by MACl. The stable power conversion efficiency (PCE) of 
the device prepared by this method achieves 23.41 % and maintains 83 % of initial PCE during the long-term 
stability test.

1. Introduction

Owing to the demand for next-generation optoelectronic materials, 
perovskite have garnered significant attention due to its low cost, low 
energy consumption, high absorption coefficient, and flexible fabrica
tion [1–5]. Organic-inorganic halide perovskite solar cells (PSCs) can be 
applied in scenarios where conventional crystalline silicon (c-Si) solar 
cells are not competent for excellent performance in low light illumi
nation condition and adjustable transparency [6–9]. Within a decade of 
research, the PCE of PSCs have reached 26.81 %, which is very close to 
the record of c-Si solar cells [10]. However, the current PCE remains 
significantly below the 33.7 % theoretical limit predicted by the 
Shockley-Queisser (S-Q) theory [11]. The device stability and photon 
absorption utilization efficiency require further optimization. In order to 
further improve the PCE of the device, it is necessary to optimize the 
crystallization of the perovskite film and develop more practical 

interface modification strategies.
The annealing process is pivotal for modulating perovskite crystal

lization dynamics and film quality. Various strategies have been devel
oped to optimize annealing, including studies on temperature- 
dependent morphology evolution in perovskite films [12,13]. 
Elevating the annealing temperature or extending the annealing time 
can improve film crystallinity by promoting crystal growth and facili
tating recrystallization. [14,15]. However, conventional annealing re
lies on bottom-up heating, leading to inhomogeneous temperature 
distribution within perovskite films [16]. Such thermal gradients cause 
asynchronous crystallization: Lewis acid-base reactions initiate at low 
temperatures, resulting in non-uniform grain sizes, disordered crystal 
orientations, and degraded crystallinity [17]. Maintaining uniform film 
temperature during annealing is critical to ensure consistent Lewis 
acid-base reactions and nucleation rates across the film, forming stable 
growth interfaces, reducing crystallization energy barriers, and 
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increasing grain size [18–24]. Moreover, the sensitivity of precursors to 
residual moisture and solvents leads to batch-to-batch variations, which 
result from slight fluctuations in processing conditions and highlight the 
climate-dependent nature of perovskite fabrication [25,26]. Developing 
new annealing methods with uniform thermal fields and stable envi
ronments is essential for reproducible perovskite crystallization. Li et al. 
demonstrated liquid medium annealing is an effective approach to 
regulate halide perovskite crystal growth, where a constant liquid 
heating field yielded films with high crystallinity, fewer defects, and 
improved homogeneity [24]. Wang and co-workers employed a per
fluorinated toluene solvent bath annealing method to enhance perov
skite film quality and fabricate high-performance PSCs [27]. However, 
residual liquid media may negatively impact photovoltaic performance, 
and fabrication costs remain high. Liu et al. investigated solvent vapor 
annealing, which influenced film growth and morphology, but effi
ciencies via direct antisolvent vaporization were suboptimal [28]. 
Developing a more tunable, low-cost, and homogeneous annealing 
process is critical for improving perovskite film crystallinity.

Herein, we employ a method to optimize perovskite films via 
annealing in a HCOOH vapor environment. HCOOH vapor annealing 
ensures uniform film heating, mitigating crystallinity inconsistencies 
caused by thermal gradients and enhancing overall film quality. The 
vapor environment also offers superior tunability and stability. The 
reducing properties of HCOOH passivate defect states, inhibit oxidation, 
reduce trap-state density, enhance charge carrier mobility, and improve 
device stability. Concurrently, HCOOH vapor provides an ideal physi
cochemical environment for perovskite crystal growth. Additionally, the 
electron transport layer (ETL) [29–32] is optimized using ZnO NPs to 
improve the electrical conductivity and light transmittance of SnO2-
based ETLs. This modification enhances energy level alignment and 
charge transport within the device. Meanwhile, MACl in the perovskite 
layer effectively suppresses ZnO-induced deprotonation. Finally, the 

optimized device achieves a stable PCE of 23.41 % and retains 83 % of 
its initial efficiency after 3000 h of stability testing.

2. Result and discussion

In contrast to the traditional annealing process on the hot-plate 
demonstrated in Fig. 1a (top), we used the vapor medium annealing 
process shown in Fig. 1a (bottom) to fabricate perovskite films in pre
heated HCOOH vapor medium. Different from the bottom-up heating 
mode on the hot-plate, vapor medium annealing process provides a 
more uniform heating environment to regulate the crystal growth where 
the hot steam heats the perovskite film from all directions. The finite 
element analysis method performed by Comsol Multiphysics software 
was used to simulate the annealing process in Fig. 1b, which illustrates 
that vapor medium annealing process provides a faster heating rate. The 
control perovskite film annealed by traditional annealing process 
required ~8 s to reach 100 ◦C, leading to the retarded heating at the 
surface of perovskite film while directional crystallization had already 
commenced [33]. In contrast, vapor medium annealing reached 100 ◦C 
in just 3.2 s due to the immediate and uniform contact between the hot 
steam and the entire perovskite film. Fig. S1 shows the simulated 
heating rate curves for the perovskite film surface, confirming that vapor 
medium annealing provides faster heating rates and more favorable 
conditions for perovskite growth. Besides optimizing the physical 
environment of heating field to modulate the crystalline dynamics 
during annealing process, HCOOH also provides a powerful chemical 
environment for passivating the defect in perovskite. HCOOH can 
inhibit the negative reactions in traditional organic-inorganic halide 
perovskite materials effectively. As shown in Fig. S2, HCOOH eliminates 
undesirable iodide oxidation of I− in the perovskite film due to the 
reductive effect of HCOO− , as described in Eqs. 1, 2, 5 and 6. The H+

generated by the reaction and the H+ in HCOOH simultaneously inhibit 

Fig. 1. a) The schematic diagram of traditional annealing process (top), vapor medium annealing process (bottom) and corresponding heating mode. The perovskite 
of the vapor medium annealing method is located at the bottom of the container, which is indicated by the white dotted circle in the lower figure. b) Simulation 
results for traditional and vapor medium annealing process by Comsol software. c) The schematic diagram detailed growth dynamics using the vapor medium 
annealing process. Top-view SEM images d) control film and e) target film. The grain sizes statistics of f) control film and g) target film.
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the deprotonation of MA+ and FA+, as shown in Eqs. 3, 4, 7 and 8 [33]. 
We demonstrate successful growth of highly crystalline perovskite films 
using HCOOH vapor medium annealing. We found that direct 
spin-coating of HCOOH on the perovskite surface caused no obvious 
changes in morphology (Fig. S3). Then we modulate the parameters 
including temperature and the content of HCOOH during the annealing 
process and observe the morphologies of corresponding samples 
demonstrated in top-view scanning electron microscope (SEM) images 
of Figure S4 and Figure S5, where the 10 mmol L− 1 HCOOH concen
tration and 100 ◦C are the best conditions of the vapor medium 
annealing process. Inappropriate concentration or temperature condi
tions may result in poor crystallinity of the film. The SEM images and the 
grain sizes statistics of perovskite treated by traditional annealing pro
cess and vapor medium process are shown in Fig. 1d, e, 1f and 1g, which 
illustrate that the film treated by vapor medium annealing process 
exhibited increased grain size (~1 μm), which is larger than the film 
produced by traditional annealing process (350 nm). Since grain 
boundaries exhibit distinct optoelectronic properties compared to grain 
interiors, the increased grain size achieved through vapor medium 
annealing reduces grain boundary density and improves optoelectronic 
uniformity [34]. Perovskite films with large grain size are usually ob
tained in high temperature condition, where the growth process of grain 
is overwhelmed by facilitating the reactant diffusion [15]. Therefore, 
the observed grain enlargement likely results from the rapid heating in 
the vapor medium, which can minimize the exposure of precursor at low 
temperatures to the greatest extent. In summary, the HCOOH vapor 
medium provides a spatially uniform physical heating field and chemi
cal environment compared with traditional annealing process resulting 
in perovskite polycrystalline films with fewer defects.

To further investigate the properties of perovskite film treated by the 
vapor medium annealing process (target), we fabricated the perovskite 
film through the traditional annealing method (control). X-ray diffrac
tion (XRD) experiment was applied on the control and target samples to 
confirm the crystalline of the films in Fig. 2a. Compared to the control 
sample (FWHM = 0.21◦), the target sample showed narrower XRD peak 
widths (FWHM = 0.11◦), confirming improved crystallinity that com
plements the larger grain sizes observed by SEM. The result could be 
attributed to the better physical and chemical environment provided by 
the HCOOH vapor medium. Furthermore, the time-of-flight secondary 
ion mass spectroscopy (TOF-SIMS) was conducted to investigate the 
vertical elements distribution of the films in Fig. 2b and c. Argon Gas 
Cluster Ion Beam (Ar-GCIB) was used for sputtering the film to prevent 

introducing other ions that interfere with the measurement result. TOF- 
SIMS revealed HCOO− incorporation into the perovskite lattice, sup
pressing both iodide oxidation and organic cation deprotonation (MA+/ 
FA+), thereby enhancing film stability and reducing defects. In addition, 
3D distribution of HCOO− elements was displayed in Fig. S6. Atomic 
force microscopy (AFM) was used to further understand surface 
roughness of the films, which demonstrated that the root mean square 
(RMS) roughness of the control sample is 38.85 nm and the RMS 
roughness of the target sample is 56.09 nm. The reduced roughness il
lustrates the uniform crystallization and is more advantageous for de
vice preparation. Larger grain sizes were also observed in the target 
sample, which were consistent to the previous SEM results. Moreover, 
the Kelvin probe force microscopy (KPFM) results of the same position as 
the AFM images show that the surface electronic chemical potential 
(ECP) of the target sample is significantly higher than the control sam
ple. The target sample also exhibited more homogeneous electrical 
properties, suggesting improved vertical charge transport in devices.

Previous characterizations revealed superior crystallinity in the 
vapor-annealed samples and demonstrated the advantages of the 
HCOOH vapor annealing process. T To study the promotion of the light 
absorption properties, the ultraviolet–visible (UV–vis) spectral was 
applied on the corresponding samples. Fig. 3a shows that the target 
sample exhibits higher absorbance than the control sample. Tauc plot 
method was used to fit the absorbance spectra to extract bandgaps of 
1.57 eV for the control and target samples, which illustrates that the 
different annealing method has nearly no effect on the bandgap. It 
demonstrates that the vapor annealing method only optimizes the 
annealing environment without changing the structure and composition 
of perovskite. The photoluminescence (PL) spectral was also used to 
confirm the change of characteristics of luminescence in Fig. 3b. The 
result shows that the target sample has higher PL intensity than the 
control sample. PL mapping revealed spatially uniform emission 
enhancement, consistent with the spectral measurements (Fig. 3d–f). 
The better absorption and luminescence properties could be attributed 
to the better crystalline of the target film treated by the vapor annealing 
process. In addition, the lifetime of the carriers was identified by the 
time-resolved PL (TRPL) spectral measurements for glass/control film 
and glass/target film, which prove that the target film has longer life
time of carriers. It could be explained that nonradiative recombination 
has been obviously suppressed in the target sample because of fewer 
defects. To further identify the role of formic acid in perovskite film, the 
Fourier transform infrared (FTIR) spectroscopy was used to investigate 

Fig. 2. a) The XRD pattern of control and target samples. TOF-SIMS depth profiles of elements distribution of b) control sample and c) target sample. AFM and FPFM 
image for d) control sample and e) target sample.
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the interaction of HCOOH and perovskite, the C═O deformation shifts 
towards higher wavenumbers due to existed interaction. This coordi
nation bonding passivates Pb vacancies, effectively reducing defect 
density in the perovskite lattice. The sample fabricated by the vapor 
annealing method exhibits better light absorption and luminescence 
properties due to the fewer defects and optimized crystalline.

To enhance device performance, we introduced ZnO nanoparticles 
(NPs) into the ETL film. This modification primarily improved light 
transmission and electrical conductivity of the film. Fig. 4a shows the 
energy dispersive spectroscopy (EDS) mapping of SnO2 and SnO2: ZnO 

NPs films, which demonstrate that the existence of Zn element in SnO2: 
ZnO NPs sample and ZnO nanoparticles are dissolved in isopropyl 
alcohol (IPA) with a volume ratio of 1:10. Subsequently, the AFM was 
used to probe the morphology of the SnO2 and SnO2: ZnO NPs films, 
where the ZnO NPs could be observed clearly in Fig. 4b. 3D AFM images 
show increased surface roughness due to ZnO NPs incorporation 
(Fig. S7). The increase of roughness will lead to multiple scattering of 
light at the rough interface formed by ZnO nanoparticles and SnO2. 
Compared to the prior flat surface, incident light undergoes diffuse 
reflection and scattering at the rough interface between the perovskite 

Fig. 3. a) UV–vis absorption spectra of the control/target samples and the fitting results of bandgaps (inner). b) The PL measurements of the PL spectra of glass/ 
control film and glass/target film. c) TRPL spectral of the glass/control film and glass/target film. d) PL mappings of the control sample (left) and target sample 
(right). e) FTIR spectra of the of pure HCOOH and HCOOH + PbI2 complex in DMSO.

Fig. 4. a) EDS mapping of Zn, Sn elements of SnO2 (top) and SnO2: ZnO NPs (bottom) ETL. b) The AFM images of SnO2 (left) and SnO2: ZnO NPs (1: 10) (right) ETLs. 
c) Transmittance spectra of SnO2 and SnO2: ZnO NPs films. d) J-V curves of ITO/SnO2 or SnO2: ZnO NPs/Ag devices. e) Energy level alignment of SnO2: ZnO NPs ETL. 
f) TRPL spectral of the ITO/SnO2/target film and ITO/SnO2: ZnO NPs/target film devices.
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layer and the electron transport layer. This phenomenon prolongs the 
propagation path of light within the active layer and mitigates specular 
reflection losses inherent in the previous flat surface configuration, 
thereby enhancing the effective light transmittance. Optimal roughness 
randomizes reflection angles, minimizing specular reflection losses. 
However, excessive NPs loading causes aggregation, leading to 
nonuniform light scattering and potential perovskite film defects during 
deposition. In order to explore the appropriate concentration, the 
morphology of ETL spin-coated by different concentrations of ZnO NPs 
dissolved in IPA are shown in Fig. S8 and the corresponding devices 
performance are listed in Table S1, which illustrates that the SnO2: ZnO 
NPs (1: 10) ETL exhibits the best performance. The transmission mea
surement in Fig. 3c was used to demonstrate that the light transmittance 
performance was promoted by the appropriate concentration ZnO NPs 
because of the interface optimization and quality improvement of the 
film. The increase of light transmittance can increase the efficiency of 
photon utilization of the light absorbing layer, improving the perfor
mance of the PSCs. However, excessive concentration of ZnO would 
cause the decrease in transmittance, which explained the variation 
tendency of short-circuit current (JSC) in Table S1. Through the current- 
voltage (J-V) test in Fig. 4d applied on the ITO/SnO2 or SnO2:ZnO NPs/ 
Ag architecture, a larger slope observed in SnO2:ZnO NPs film indicated 
that the conductivity of the ETL was improved by ZnO NPs apparently, 
which represented better carrier transport ability of ETL with ZnO NPs. 
It can be attributed to the high electron mobility properties of ZnO 
(100–200 cm2V-1 s-1), which is significantly better than SnO2 (10–20 
cm2V-1 s-1) [35,36]. Moreover, the introduction of appropriate con
centration of ZnO NPs optimizes the energy level alignment in Fig. 4e, 
which is beneficial to the carrier transformation in different layers in 

devices and promotes the open circuit voltage (VOC). To verify the 
promotion of transport ability in ETL, the TRPL measurement was 
conducted on the ITO/SnO2/target film and ITO/SnO2:ZnO NPs (1:10 
and 1:3)/target film, respectively. The faster decay in SnO2:ZnO NPs (1: 
10) ETL implies a stronger carrier extraction capability, which could be 
attributed to the suppressed charge recombination, higher carrier 
collection efficiency and lower resistance dissipation. But in SnO2: ZnO 
NPs (1: 3) ETL, TRPL illustrates that the carrier extraction capability is 
suppressed due to too thick ZnO layer, which demonstrates the perfor
mances of devices fabricated by SnO2: ZnO NPs (1: 3 and 1: 5) ETLs are 
significantly degenerated in Table S1.

To further elucidate the superiority of vapor annealing method and 
SnO2: ZnO NPs composite ETL, n-i-p planar PSCs with a configuration of 
ITO/SnO2: ZnO NPs/target perovskite film/Spiro-OMeTAD/Ag (target 
device) and ITO/SnO2/control perovskite film/Spiro-OMeTAD/Ag 
(control device) were fabricated to investigate their photovoltaic per
formance, where SnO2:ZnO NPs/perovskite/Spiro-OMeTAD were pre
pared by spin-coating method and Ag was prepared by vacuum coating 
process. The cross-section SEM image of control and target sample PSCs 
are displayed in Figure S9 and Fig. 5a, which indicate that the larger 
grain size and smoother surface can be observed in the target sample. 
The current-voltage (J-V) measurement (Fig. 5b) also shows that target 
sample exhibits a PCE of 23.41 % with an enhanced VOC of 1.19 V, a JSC 
of 24.38 mA cm− 2, and FF of 80.70 %, which is obviously promoted from 
the device fabricated by control sample with a PCE of 19.85 %, VOC of 
1.11 V, a JSC of 23.16 mA cm− 2, and FF of 77.20 %. The PCE, VOC and JSC 
of PSCs were apparently improved by vapor annealing method, which is 
consistent with the external quantum efficiency (EQE) measurements of 
corresponding devices in Fig. 5c. The EQE measurements demonstrated 

Fig. 5. a) The Cross-section SEM image of target sample PSCs. b) J-V measurements of control/target sample PSCs. c) EQE and integrated JSC of the corresponding 
devices. d) Statistical distribution of PCEs of corresponding devices. e) SCLC result of electron-only different devices. f) Dark J-V measurements of control/target 
sample PSCs. g) Dependence of VOC on light intensity. h) PCE and i) Voc measurement under continuous illumination of devices.
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that the target sample device exhibits outstanding photo-response and 
higher integrated current density. The optimized photovoltaic parame
ters of target device could be ascribed to excellent crystallinity in target 
perovskite films and enhanced photoelectric properties promoted by 
ZnO NPs in ETL. Moreover, statistical analyses of 50 individual PSCs 
made by different annealing methods were summarized in Fig. 5d and 
Fig. S10. To further investigate the internal charge transport process, the 
space charge limited current (SCLC) measurement was conducted to 
probe the trap density of the electron-only devices (ITO/SnO2/control 
and target perovskite/PCBM/Ag). As depicted in Fig. 5e, the trap filling 
limit voltage (VTFL) of target sample is 0.33 V while the VTFL of control 
sample is 0.59 V. Subsequently, the trap state density (Nt) can be 
calculated VTFL through the formula VTFL = qNtL2/(2εrε0), where ε0 is 
called the vacuum permittivity, εr is the relative dielectric constant of 
perovskite film, q is electron charge and L is the thickness. Then we 
obtained that the corresponding Nt of different devices are 8.35 × 1015 

and 4.67 × 1015 cm− 3, respectively, which can manifest the HCOOH 
passivation effect in target samples and the transport ability improved 
by ZnO NPs. The dark J-V measurements were applied on the corre
sponding devices, the results shown in Fig. 5f illustrates that the leakage 
current of target device is obviously lower than that of control device, 
which indicates that the leakage current is suppressed because of 
decreased defect density in target device. To further explore the mech
anism of enhanced PCE in target device, the relationship between VOC 
and light intensity (Φ) was provided in Fig. 5g, which can reflect the 
trap-assisted shockley-reads-hall (SRH) recombination by calculating 
the slope of the equation ΔVOC = nkBTΔlnΦ/q [37,38]. The n values of 
control and target devices are 1.79 and 1.23, which indicate that the 
SRH recombination process is apparently reduced in the target device. 
These results are consistent with previous experimental results, which is 
ascribed to the improved crystallinity and the reduction of defects in 
target film. Moreover, the output stability of devices was also compared 
in Fig. 5h and i, both PCE and Voc output stabilities of target device are 
better than that of control device under the test with 20 min every 12 s 
interval condition due to optimized stability by HCOOH in target device.

Long-term stability remains a critical challenge for PSCs commer
cialization. However, the introduction of ZnO would improve the pho
toelectric performance of the devices but also have negative affect on 
stability because of the deprotonation reaction between MA+/FA+ and 
ZnO in previous reports [39,40]. Deprotonation reaction would change 
microstructure of the perovskite and cause the film decomposition, thus 
reducing the stability of the device. But ZnO NPs has no significant 
impact on the stability of perovskite in this strategy, which could be 
observed in the long-term stability test results in Fig. S11. Firstly, a small 
amount of ZnO NPs is introduced to improve the properties of ETL. 
Meanwhile, appropriate amount of MACl was introduced into the 
perovskite, which could effectively solve the stability problem result 
from the deprotonation reaction between perovskite and ZnO. To 
explain the function of MACl, the interaction energy and weak in
teractions between MAPbI3-ZnO, FAPbI3-ZnO and MACl-ZnO were 
analyzed by density functional theory (DFT) in Fig. S12. The Gaussian 
09 software package was used for geometric optimization and energy 
calculation. The PBE0 function combined with D3 (BJ) dispersion 
correction was used for geometric optimization, where elements C, H, O, 
and N are based on the 6–31g basis set [41,42]. For the convenience of 
calculation, Pb, I, and Zn elements were used Los Alamos National 
Laboratory 2double-ζ(LANL2DZ) pseudo-potential [43–45]. The bind
ing energy (Ebind) represents the change in electron energy when two 
infinitely separated molecules form a complex, calculated as follows: 
Ebind = EAB-(EA + EB), where a larger negative value of Ebind represents a 
stronger binding strength [46]. In addition, independent gradient model 
based on Hirshfeld partition (IGMH) was used to characterize the weak 
interaction between molecules because it provides a clear visualization 
of the weak interaction [47].The wave function analysis was performed 
and visualized using Visual Molecular Dynamics (VMD) software with 
the help of Multiwfn software package [48,49]. It shows that the Ebind of 

FAPbI3-ZnO, MAPbI3-ZnO and MACl-ZnO are − 7.04 kcal mol− 1, -6.72 
kcal mol− 1 and -9.31 kcal mol− 1, respectively, indicating that the 
binding strength of MACl and ZnO is the highest [46]. Furthermore, 
IGMH analysis shows that weak van der Waals interactions exist be
tween FAPbI3-ZnO and MAPbI3-ZnO, and a stronger intermolecular 
force exists between MACl and ZnO because of the darker color of the 
iso-surfaces [50]. The highest interaction between MACl and ZnO in
dicates that the ZnO would interact with MA+ of MACl rather than 
MA+/FA+ in perovskite material, which protects the microstructure of 
photoactive layer. The long-term stability tests of target devices with/
without modifying by MACl were displayed in Fig. S13, which illustrate 
that MACl could protect film from the deprotonation reaction. Subse
quently, the XRD measurements of fresh film and after exposing 100 
days were displayed in Fig. S14, which illustrate the high stability of 
target film. Finally, the long-term test results of the control and target 
devices under different conditions were demonstrated in Fig. 6. Fig. 6a 
exhibits the test results of an unencapsulated target device under the air 
atmosphere with temperature ~25 ◦C and relative humidity ~20 % 
conditions for 3000 h, which shows that the target device can still 
maintain more than 83 % of the initial PCE while an unencapsulated 
control device can only maintain 30 % of the initial PCE, which illus
trates that the target device has high stability because of the optimiza
tion of the HCOOH vapor annealing method. Furthermore, Fig. 6b 
illustrates that target device could maintain more than 85 % of initial 
PCE under continuous illumination, while the control device would 
decay to 48 % of initial PCE. The similar trend is also shown in the test of 
high humidity (~80 %) stability test in Fig. 6c, which indicate that the 
target device could maintain about 86 % of initial PCE whereas only 38 
% for control device.

3. Conclusion

In this study, we report a synchronous optimization strategy by 
HCOOH vapor annealing process and SnO2: ZnO NPs composite ETL. 
The HCOOH vapor annealing method provides a appropriate physical 
and chemical environment for perovskite growth ((FAPbI3)0.9(
MAPbBr3)0.1), which realizes improved crystallinity with larger grain 
size in perovskite film and optimizes the transport properties of ETL. The 
optimized perovskite film exhibits excellent photoelectric properties 
and fewer defects due to the passivation effect of HCOOH. Simulta
neously, MACl in perovskite can inhibit the deprotonation reaction 
caused by introduction of ZnO NPs, which was also verified by DFT 
calculations. Finally, the PSCs fabricated by this synchronous optimi
zation strategy achieved a PCE of 23.41 % with an improved VOC of 1.19 
V, a JSC of 24.38 mA cm− 2 and FF of 80.70 %with outstanding stability 
under different conditions of long-term stability.

4. Experimental section

Materials: SnO2 aqueous colloidal dispersion (15 wt%) was pur
chased from Alfa Aesar. HCOOH was purchased from Aladdin. Lead 
diiodide (PbI2) and lead dibromide (PbBr2) were purchased from Tokyo 
Chemical Industry Co., Ltd. Formamidine iodide (FAI), methyl
ammonium bromide (MABr) and methylammonium chloride (MACl) 
were purchased from GreatCell Solar. N, N-dimethylformamide (DMF, 
99.8 %, anhydrous), dimethylsulfoxide (DMSO, 99.8 %, anhydrous) and 
chlorobenzene (CB,99.8 %, anhydrous) ZnO nanoparticle ink was pur
chased from Sigma-Aldrich. Isopropyl alcohol (IPA) was purchased 
Sinopharm Chemical Reagent Co., Ltd. All materials were used directly 
without further purification.

(FAPbI3)0.9(MAPbBr3)0.1 precursor solution preparation: The pre
cursor solution was mixed by FAPbI3 and MAPbBr3 solution with v/v of 
9:1, which was composed of FAI (185.7 mg), PbI2 (522.8 mg), MABr 
(13.4 mg), PbBr2 (46.2 mg) and MACl (20 mg) in solvent (DMF: DMSO 
with v/v of 4:1).

Composite ETL solution preparation: SnO2 colloidal dispersion was 
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diluted with 5 wt% water and the ZnO NPs ink dissolved in IPA with v/v 
of 1:10.

Spiro-OMeTAD solution preparation: The solution was composited 
by 72.3 mg spiro-OMeTAD, 17.5 μL Li-TFSI and 28.8 μL tBP solution 
(520 mg Li-TFSI was dissolved in 1 mL acetonitrile) dissolved in CB (1 
mL).

Device fabrication: ITO glass substrates (0.7 mm thick, 1.7 cm × 1.7 
cm, Rs ≤ 10Ω sq− 1) were washed in an ultrasonic bath of deionized 
water, acetone, IPA, ethanol for 20 min then drying in the oven. The 
substrates were exposed to ultraviolet ozone (UVO) for 20 min to clean 
substrates and enhance the hydrophobicity. After cooling to room 
temperature, SnO2 colloidal dispersion was coated on the ITO substrate 
in air at 5000 rpm for 30 s, then annealed at 160 ◦C for 10 min and 
treated with UVO for 20 min. ZnO NPs were coated on the SnO2 in air at 
5000 rpm for 30 s, then annealed at 100 ◦C for 10 min. After treating 
with UVO for 20 min to clean the film and enhance the hydrophobicity, 
the precursor solution was spin coated on the composite ETL layer. Then 
the film was put into the sealed container with pre-heated HCOOH vapor 
and put them into oven with 100 ◦C to anneal the film for 15 min. The 
spiro-OMeTAD solution was spin-coated at 4000 rpm for 30 s. Finally, 
Ag electrode with 120 nm thickness was thermally evaporated through a 
0.052 cm2 mask on the device under <5 × 10− 4 Pa vacuum condition.

Characterizations: The AFM and KPFM results were tested using the 
MFP-3D (Oxford Instruments, USA) equipment from the Instrumental 
Analysis Center of Shanghai Jiao Tong University. The SEM images were 
obtained using Gemini SEM300. FLS1000 (Edinburgh Instruments, UK) 
with the excitation wavelength of 405 nm and frequency of 20 MHz was 
used to test the steady-state PL and TRPL spectra. TOF-SIMS was per
formed by ION-TOF GmbH/TOF-SIMS 5–100 system with an analysis 
area of 100 × 100 μm2. The crystal structures of films were obtained by 
XRD (Bruker, D8 ADVANCE Da Vinci) using a Cu Kα (λ = 0.15406 nm) 
source. The UV–vis absorption spectra were obtained with a UV–vis–NIR 
spectrophotometer (PerkinElmer, Lamda 950). FTIR measurements 
were conducted on a Thermo Fisher/Nicolet 6700 instrument. EQE 
measurements were performed on a quantum efficiency/IPCE system 
(PV Measurements Inc., QEX10) in the 300–850 nm wavelength range. 
The photocurrent density-voltage (J-V) curves of the PSCs were tested in 
an N2-filled glovebox using a programmable Keithley 2400 source meter 
and a 300 W class AAA solar simulator (ENLITECH, SS-X50). The in
tensity of solar simulator was calibrated to AM1.5G (100 mW cm− 2) 
with a filtered KG1 (ENLITECH, SRC2020) silicon reference solar cell.

Operational stability test of PSCs: The long-term stability of the PSCs 
was evaluated under three distinct conditions: ambient stability, hu
midity stability, and light stability. Unencapsulated devices were stored 
in an ambient air environment (approximately 25 ◦C and 20 % relative 
humidity) for 3000 h to assess ambient stability. For humidity stability 
testing, the devices were exposed to a controlled air environment with 
80 % relative humidity at 25 ◦C. Light stability was characterized by 
subjecting the devices to continuous AM 1.5G illumination inside a 
nitrogen-filled glovebox.
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