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P H Y S I C S

Sequential vacuum-evaporated perovskite solar cells 
with more than 24% efficiency
Hang Li1, Junjie Zhou1, Liguo Tan1, Minghao Li1, Chaofan Jiang1, Siyang Wang1, Xing Zhao1, 
Yue Liu1, Yu Zhang1, Yiran Ye1, Wolfgang Tress2, Chenyi Yi1*

Vacuum evaporation is promising for the high-throughput fabrication of perovskite solar cells (PSCs) because of 
its solvent-free characteristic, precise control of film thickness, and compatibility with large-scale production. 
Nevertheless, the power conversion efficiency (PCE) of PSCs fabricated by vacuum evaporation lags behind that 
of solution-processed PSCs. Here, we report a Cl-containing alloy–mediated sequential vacuum evaporation ap-
proach to fabricate perovskite films. The presence of Cl in the alloy facilitates organic ammonium halide diffusion 
and the subsequent perovskite conversion reaction, leading to homogeneous pinhole-free perovskite films with 
few defects. The resulting PSCs yield a PCE of 24.42%, 23.44% (certified 22.6%), and 19.87% for 0.1, 1.0, and 
14.4 square centimeters (mini-module, aperture area), respectively. The unencapsulated PSCs show good stabil-
ity with negligible decline in performance after storage in dry air for more than 4000 hours. Our method 
provides a reproducible approach for scalable fabrication of large-area, high-efficiency PSCs and other perovskite-
based optoelectronics.

INTRODUCTION
Metal halide hybrid perovskite solar cells (PSCs) have the advantages 
of high power conversion efficiency (PCE) and low cost and have 
received great attention from the academia and industry (1). Large-
area PSC fabrication methods compatible with industrial applications 
must be developed to enable commercialization. However, most of 
the reported high-efficiency PSCs were prepared by spin coating, 
which is only suitable for laboratory-scale devices (2). Moreover, 
solvents used in the solution process may be detrimental to the un-
derlying functional layers and are harmful to the environment (3). 
In contrast, these drawbacks can be avoided by using vacuum evap-
oration (4, 5). The precursors can be evenly and uniformly deposited 
on substrates, and the film thickness can be precisely controlled 
during the vacuum evaporation process, which is compatible with 
scalable fabrication (6).

However, to date, the efficiency of evaporated PSCs lags behind 
that of solution-processed PSCs (7–13). Although a PCE of 15.4% 
was achieved with MAPbI3−xClx by coevaporation as early as 2013 
(14), a PCE of 20.28% has been reached until recently with coevap-
orated MAPbI3 (15). Compared with the coevaporation process, 
the layer-by-layer sequential deposition method avoids the risk of 
cross-contamination by evaporating lead halide and organic am-
monium salt separately in different vacuum chambers. Recently, 
the highest PCE of 21.32% (0.09 cm2) was achieved by sequential 
deposition (16). However, it is still much lower than the highest 
PCE (25.7%) of solution-processed PSCs (17). Therefore, it is of 
vital importance to develop a vacuum thermal evaporation method 
for fabricating PSCs with high efficiency.

Here, we report a Cl-alloy–mediated sequential vacuum deposi-
tion method for fabricating high-efficiency PSCs. We evaporated 
cesium iodide (CsI), lead iodide (PbI2), and lead chloride (PbCl2) to 
create a composite precursor film on which formamidinium iodide 

(FAI) molecules were deposited under precise control. The Cl-alloy–
mediated vacuum deposition method can produce perovskite films 
with high crystallinity and homogeneity. Small-area devices (0.1 cm2) 
achieved a champion PCE of 24.42% (Fig. 1A), and the correspond-
ing 1-cm2 PSCs exhibited a champion PCE of 23.44% (certified PCE 
of 22.6%). The evaporated PSCs show good stability with negligible 
decline in device performance after storage in dry air for more than 
4000 hours. Moreover, the unencapsulated devices maintained 97% of 
their initial PCE after 1300 hours of storage in ambient air at a humid-
ity of 35% and maintained 92% of the initial PCE after 450 hours 
of maximum power point (MPP) tracking under continuous light 
irradiation. Although the mechanisms of chloride additives in solution-
processed perovskite films have been widely studied (18–20), the 
crystallization process of vacuum-evaporated perovskite is a solid-
state reaction. Substantial differences between the solid-state reaction 
and liquid reaction are in the diffusion rates, crystallization dy-
namics, and phase transition of perovskite (21–23). Therefore, we 
systematically studied the role of chlorine in the vacuum deposition 
method. We found that by adding a certain amount of chlorine to 
the precursor film, the formed PbI2-alloy (Cs0.05PbI2.05−xClx) film 
shows a stronger degree of preferential orientation and higher crys-
tallinity. Meanwhile, the chlorine incorporated into the lead iodide 
lattice accelerates the diffusion of ammonium salt, facilitating the 
crystallization of the perovskite. Our findings lay a solid foundation 
for scalable fabrication of large-area and high-efficiency PSCs.

RESULTS
Figure 1B illustrates the procedure of the Cl-containing alloy–
mediated sequential vacuum deposition process. First, a highly 
uniform lead halide precursor film was obtained by coevaporating 
PbI2, PbCl2, and CsI. Next, a certain amount of FAI was deposited 
on the precursor film and annealed at 170°C in ambient air. The 
high annealing temperature and humidity accelerate the diffusion 
of ammonium salt into lead halide and promote the volatilization of 
chlorine (24, 25). A highly uniform pinhole-free black-phase film 
was obtained. To identify the composition of the perovskite, we 
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performed inductively coupled plasma mass spectrometry (ICP-MS), 
and the composition was determined to be Cs0.05FA0.95PbI3.

Unveiling the role of chlorine in lead halide precursor films
Fine control of the crystallization of the lead halide precursor film is 
of vital importance to enhancing the quality of the final perovskite 
film (26). The Cl-alloyed lead halide precursor film has a smoother 
surface along with higher crystallinity and vertical face-on orientation. 
Compared with the Ref film with a weak diffraction signal at 
12.62° corresponding to the (001) planes of PbI2, the PbCl2-alloyed 
film exhibits a 10-fold increased intensity (Fig. 1C and fig. S2), sug-
gesting a stronger preferred orientation along the c axis. Moreover, 
a peak shift toward higher angles is observed, which can be attributed 
to a slightly shrinking lattice after PbCl2 incorporation. We also 
compared the PbCl2-alloyed film with pure phase PbCl2 (fig. S3) 
and found no PbCl2 phase in the PbCl2-alloyed film. Namely, an 
alloy composed of PbI2, PbCl2 and CsI forms, and chlorine serves as 
a substitute for iodine to form a Cs0.05PbI2.05-xClx precursor. Top-
view scanning electron microscopy (SEM) images (Fig. 1, D and E) 
revealed that the incorporation of chlorine also resulted in a change 
in the morphology. Atomic force microscopy (AFM) revealed that 
the PbCl2-alloyed film had a smoother surface with a root mean 

square (RMS) roughness of 4.87 compared with that of Ref at 9.11 
(fig. S4), which indicates that the PbCl2-alloyed film has a more 
condensed and smoother surface and can be a better template for 
subsequent perovskite formation.

To further investigate the effect of chlorine on the crystal orienta-
tion of the lead halide precursor, we performed grazing incidence 
wide-angle x-ray scattering (GIWAXS). Figure 1 (G and H) depicts 
that both the Ref and PbCl2-alloyed films exhibit a diffused (001) ring, 
indicating the presence of PbI2. However, as shown by the azimuthal 
integration of the PbI2 diffraction ring (Fig. 1F), the Ref film exhibits 
peaks at ~110° and ~69°, which indicates a mixed face/edge-on orien-
tation, representing a typically disordered crystal growth (27). In con-
trast, the only pole figure of the azimuth angle is at 92° without any 
noticeable peaks along the same rings in PbCl2-alloyed films, which 
indicates a highly vertical face-on orientation in PbCl2-alloyed films, 
yielding a better orientation and crystallinity (26). Schematic illustra-
tions of the chlorine-doped film and Ref are depicted in fig. S5.

Revealing the crystallization mechanism of 
vacuum-deposited perovskite
High-quality perovskite films produced by PbCl2 modification are 
related to the diffusion kinetics of the ammonium salt and crystal 

Fig. 1. Lead halide precursor film characterizations. (A) Champion efficiencies of thermally evaporated PSCs from 2013 to 2022. The star marks the PCE reported in this 
work. (B) Simplified scheme presenting the Cl-containing alloy–mediated sequential vacuum deposition approach. (C) X-ray diffraction (XRD) patterns of Cl-alloy–mediated 
precursor film (red) and the Ref precursor film (black). a.u., arbitrary units. (D and E) Top-view SEM images of (D) Cl-alloy–mediated precursor film and (E) the Ref precursor 
film. (F) Azimuth integration at q ≈ 0.91 Å−1 for lead halide films. (G and H) GIWAXS spectra of (G) Cl-alloy–mediated precursor film and (H) Ref film.
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growth dynamics (28). The incorporated Cl can accelerate the solid-
state diffusion of organic ammonium halide salt, facilitate the 
perovskite phase transition from the  phase to the  phase, and 
increase the crystallinity of the perovskite film. To unveil the orien-
tation of crystals during growth with different annealing times, 
we deposited an appropriate amount of FAI on the Ref film and 
PbCl2-alloyed film, and operando GIWAXS tests were performed. 
Before annealing, we probed the near-surface and full-depth dif-
fractions using x-ray incident angles of 0.1° and 2°. No obvious signal 
was observed at 0.1° (fig. S6), indicating the absence of a crystalline 
phase at the top surface of the film before annealing, and we in-
ferred it to be the formation of an amorphous phase by the excessive 
FAI on top (29). For the incident angle of 2°, several different dif-
fraction signals appeared. As displayed in Fig. 2 (A and F), a PbI2 
signal near q  ≈  0.91 Å−1 and an  phase perovskite signal near 

q ≈ 1.00 Å−1 appeared, indicating that partial ammonium salt had 
penetrated into the lead halide layer and that the perovskite phase 
had formed. Moreover, a yellow  phase at q ≈ 0.85 Å−1 was ob-
served, probably because of the moisture-induced phase transition 
from  to  in ambient air, which is inevitable during transport of 
the sample to the test laboratory (25). Another two phases were ob-
served at q ≈ 0.47 Å−1 and 0.71 Å−1, which we speculated to be two 
different adduct phases in the form of (FAX)x-FAPbI3 (X = Cl and 
I) (30–32). The appearance of adduct phases illustrates that exces-
sive FAI molecules have penetrated into the lead halide lattice and
formed intermediate phases with larger lattice parameters.

To observe the diffusion and conversion reaction process more 
clearly, we carried out operando GIWAXS of the PbCl2-alloyed 
and Ref perovskite films at a lower annealing temperature of 130°C 
for 10 min before raising the annealing temperature to 170°C. The 

Fig. 2. Crystallization dynamics of Cl-alloy–mediated perovskite films. The Cl-alloy–mediated film and the Ref film were annealed at 130°C for 10 min before increas-
ing to 170°C for 15 min for the operando GIWAXS test. (A to E) Operando GIWAXS patterns of Cl-alloy–mediated film with different annealing times at an incident angle 
of 2°: (A) without annealing, (B) 130°C for 1 min, (C) 130°C for 3 min, (D) 170°C for 2 min, and (E) 170°C for 15 min. (F to J) Operando GIWAXS patterns of the Ref film with 
different annealing times at an incident angle of 2°: (F) without annealing, (G) 130°C for 1 min, (H) 130°C for 3 min, (I) 170°C for 2 min, and (J) 170°C for 15 min.
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results are shown in the videos (movies S1 and S2) and Fig. 2. For 
the PbCl2-alloyed film, as the annealing time was prolonged, the 
diffraction signals of the  phase at q ≈ 0.85 Å−1 vanished after an-
nealing at 130°C for 1 min (Fig. 2B), indicating a phase transition 
from the  phase to the  phase. When further increasing the an-
nealing time, the PbI2 phase at q ≈ 0.92 Å−1 weakened gradually and 
disappeared after annealing at 130°C for 3 min (Fig. 2C), implying 
that there existed no lead halide in the film and that all lead atoms 
had formed [PbI6]4− octahedral structures. By comparison of the 
Ref film, as shown in Fig. 2 (G and H), the PbI2 phase vanished at 
5 min, and the  phase vanished after annealing for 6 min, sub-
stantially longer than that of the PbCl2-alloyed film. The operando 
GIWAXS test demonstrates that chlorine in the precursor film ac-
celerates the diffusion of organic ammonium iodide into the lead 
iodide lattice, thus reducing the disappearance time of lead iodide. 
Moreover, chlorine also facilitates the conversion from the  phase to 
the  phase. In addition, a peak shift from q ≈ 1.012 Å−1 to q ≈ 1.005 Å−1 
was observed by the Grazing incidence x-ray diffraction test when 
the PbCl2-alloyed perovskite film was annealed at 130°C (fig. S7), 
indicating the volatilization of chlorine in the early stage of anneal-
ing. Although annealed at 130°C for a sufficiently long time, two 
adduct phases at q  ≈  0.47 Å−1 and 0.71 Å−1 still existed in both 
films, suggesting a much higher energy barrier for the conversion 
from adduct phases to the  phase.

When the annealing temperature was raised to 170°C, the ad-
duct phases in the PbCl2-alloy–mediated film disappeared gradual-
ly, and after annealing at 170°C for 2 min, no signal was observed at 
q ≈ 0.47 Å−1 and 0.71 Å−1, indicating the complete conversion from 
the adduct phases to the  phase (Fig. 2D). In contrast, the Ref 
film took as long as 15 min to complete the whole conversion 
(Fig. 2J). The conversion from (FAX)x-FAPbI3 (X = Cl and I) to 
FAPbI3 requires the volatilization of ammonium salt, and the dif-
ference in conversion speed is likely attributed to the higher vapor 
pressure of FACl compared with FAI, which is confirmed by the 
thermogravimetric analysis (TGA) results (fig. S8). When the 
annealing temperature is as high as 170°C, chlorine is easier to 
volatilize in the form of FACl. For the Ref film, the relatively low 
vapor pressure of FAI makes it much more difficult to convert from 
(FAI)x-FAPbI3 to FAPbI3.

As the annealing time at 170°C was prolonged, a PbI2 signal ap-
peared again in the PbCl2-alloy–mediated film compared with no 
emergence of the PbI2 signal in the Ref film. Furthermore, differ-
ence in the orientation of perovskite grains was observed after an-
nealing for 15 min. As displayed in Fig. 2 (E and J), it is obvious that 
the (100) phase of the PbCl2 alloy–mediated film exhibits a sharp 
peak in the narrow azimuthal angle range between 80° and 100°, 
indicating a vertically oriented face-on crystalline perovskite. For 
the Ref film, a more random orientation was observed at azimuthal 
angles ranging from 50° to 100°, suggesting a mixed face/edge-on 
orientation, which is not favorable for charge transfer inside the 
bulk perovskite (33).

To further understand the transformation during the annealing 
process, we performed TGA and differential scanning calorimetry 
(fig. S9) by using the corresponding powders. We found that for 
the Ref composition, the weight loss appeared at 240°, 296°, and 
340°C. For the PbCl2-alloyed composition, the weight loss appeared 
at 202°, 210°, 287°, and 340°C. We attribute the slight weight loss at 
202°C to the volatilization of FACl and 340°C to the decomposition 
of CsxFA1−xPbI3. In addition, it is obvious that two decomposition 

temperatures at 240° and 296°C of pure iodide composition are de-
creased to 210° and 287°C for the Cl-alloyed composition, suggest-
ing that the incorporation of chlorine facilitates the volatilization of 
excess FAX (X = Cl and I), accelerating the crystallization process of 
the perovskite.

To reveal the perovskite growth rate and crystallization process 
of the PbCl2 alloy–mediated film, we monitored vacuum-deposited 
perovskite film growth by SEM. Top-view SEM images revealed 
that irregular porous clusters exist on the surface of the Ref film 
before annealing (fig. S10, D and E), which is likely to be the amor-
phous phase on the surface of the perovskite. Compared with the 
Ref film, the PbCl2 alloy–mediated film showed a relatively smooth 
morphology before annealing and after annealing at 130°C for 1 min 
(fig. S10, A and B). The grains begin to grow and form doughnut- 
shaped grains with holes in the middle, which is remarkably differ-
ent from the Ref film.

As we raised the temperature to 170°C and annealed for 1 min, 
the PbCl2-alloy–mediated film had a larger grain size compared 
with that of Ref (fig. S10, C and F). When the annealing time is pro-
longed to 15 min, the grain size of Ref increases slightly (Fig. 3B). In 
contrast, we found that the grain size of the PbCl2 alloy–mediated 
film continued to grow (Fig. 3A), which could be attributed to the 
accelerated crystal growth rate. The resulting PbCl2 alloy–mediated film 
had a larger grain size of 2.11 ± 0.3 m compared with that of Ref at 
1.25 ± 0.34 m (fig. S11). Grain boundaries in perovskite films exhibit 
optoelectronic properties different from those of the bulk (34). The 
incorporation of chlorine significantly reduces the grain boundaries, 
which can endow PSCs with higher efficiency because of the reduced 
number of defects and thus suppressed Shockley-Read-Hall (SRH) 
recombination. The reduction of grain boundaries also improves 
the perovskite homogeneity with respect to its optoelectronic prop-
erties (35). Furthermore, the PbCl2 alloy–mediated film exhibited a 
lower surface roughness with an RMS roughness of 20.2 compared 
with that of Ref at 32.1 (Fig. 3, E and F), which indicates that the 
incorporation of chlorine contributes to a smoother perovskite/
hole-transport layer interface.

Moreover, with the increasing annealing time, we observed 
the fragmentation of partial perovskite grains. The bright spots in the 
fragmentation area are probably lead halide crystals as shown by the 
SEM images (fig. S12), indicating the decomposition of perovskite on 
top of the interface, which is in good agreement with the x-ray diffrac-
tion (XRD) (fig. S14) and operando GIWAXS patterns (Fig. 2). The 
lead halide produced by decomposition is likely to passivate the grain 
boundaries (36) and thus suppress nonradiative recombination.

Probing trap densities related to SRH recombination
Polycrystalline films usually contain a high density of defects, which 
play a critical role in the process of SRH recombination (37, 38), 
heavily influencing the resulting device PCE and long-term stability 
(39). Compared with the Ref device, an increased electrolumines-
cence (EL) intensity with an emission peak located at ~810 nm was 
observed in the device based on the PbCl2-alloyed perovskite film 
(fig. S15), indicating reduced nonradiative recombination. The ex-
ternal quantum efficiency of EL (EL-EQE) is shown as a function of 
the injection current in fig. S16. The PbCl2-alloy–mediated PSC ex-
hibits a 10-fold increase compared with the Ref PSC at a current 
density of 25 mA cm−2, demonstrating that the defects related to 
nonradiative recombination losses were significantly suppressed in 
chlorine-mediated perovskite. On the basis of these EL data, we 
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calculated the open-circuit voltage loss (Voc-loss) induced by non-
radiative recombination. The Voc-loss of PSCs with PbCl2 alloy–
mediated film is 126 mV, and that of Ref is 185 mV. The suppression 
of nonradiative recombination in chlorine-mediated PSCs is also 
confirmed by time-resolved photoluminescence (fig. S17), tran-
sient photovoltage (TPV; fig. S18), and drive-level capacitance pro-
filing (DLCP; fig. S19) characterizations (28).

In addition, the optoelectronic properties of the devices were stud-
ied by ideality factor (nid), transient photocurrent (TPC) measurement, 
and dark J-V measurement. Figure S20 displays the steady-state light 
intensity–dependent Voc of PSCs from which the ideality factor (nid) 
can be derived. The nid of the PbCl2 alloy–mediated film is 1.31 com-
pared with nid ≈ 1.56 of the Ref film (40). Figure S21 displays the TPC 
measurement, which indicates improved carrier transport and ex-
traction capabilities of the PbCl2 alloy–mediated PSCs. Moreover, we 
recorded dark J-V curves (fig. S22) and found that the dark current of 
PbCl2-alloy–mediated PSCs was lower than that of the Ref PSCs in 
both the forward and reverse bias regions, indicating that a larger shunt 
resistance was achieved with PbCl2 modification.

Photovoltaic performance of vacuum-deposited PSCs
We fabricated PSCs with the structure of fluorine-doped tin oxide 
(FTO)/SnO2/perovskite/Spiro-OMeTAD/Au and investigated the 

influence of PbCl2 on the photovoltaic performance. Note that the 
evaporated perovskite films were posttreated by 2-CF3-PEAI to pas-
sivate the surface defects (41). As displayed in Fig. 4A, the open-circuit 
voltage (Voc), fill factor (FF), and short current density (Jsc) were 
all improved significantly with PbCl2 modification. For the best de-
vices, Voc was substantially enhanced from 1.073 to 1.152 V, which 
could be attributed to the reduction of nonradiative recombination 
losses, as discussed above. The Jsc is increased from 24.75 to 25.92 
mA cm−2. Furthermore, the FF was enhanced from 79.57 to 81.78%, 
which is likely related to the higher crystallinity and vertical face-on 
orientation of perovskite. The best PSC by the Cl-containing alloy–
mediated sequential vapor deposition approach exhibits a PCE of 
24.42% (reverse scan) and 24.04% (forward scan) with an aperture 
area of 0.1 cm2 (Fig. 4B), which is the highest PCE based on vacuum 
thermal evaporation and for Methylammonium-free PSCs.

Vacuum evaporation contributes to perovskite films with high 
homogeneity and uniformity, which is beneficial to fabricate large-
area devices. We fabricated PSCs with an aperture area of 1 cm2 
based on the same perovskite composition (Cs0.05FA0.95PbI3), which 
gave a champion PCE of 23.44 and 23.23% for reverse and forward 
scans, respectively (Fig. 4C). One of the devices was sent to the 
National Institute of Metrology, China for certification, showing a 
certified PCE of 22.6% (fig. S23). To our knowledge, this is among 

Fig. 3. Perovskite film characterizations. (A to D) SEM images (top-view images on top, and the corresponding cross-sectional images on bottom) of the PbCl2-alloy–
mediated film (A and C) and the Ref film (B and D). (E and F) AFM images of the (E) PbCl2 alloy–mediated film and (F) Ref film.
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the highest PCEs of 1-cm2 PSCs to date. We also fabricate PSC mini-
modules (14.4-cm2 aperture area) by vacuum evaporation, and a 
19.87% efficiency is achieved (fig. S24).

Stability test
To investigate the stability of PSCs fabricated by vacuum evapora-
tion, we monitored the performance evolution under several condi-
tions. We performed a long-term environmental stability test of 
devices, and the unencapsulated PSCs maintained 97% of their ini-
tial PCE after 1300 hours of storage in ambient air at a humidity of 
35% (fig. S25). Moreover, no apparent decrease in device perform
ance was observed when the PSCs were stored in a dry air box 
[<5% relative humidity (RH)] in the dark for more than 4000 hours 
(Fig. 4D). In addition, the operational stability of unsealed PSCs 
was studied at continuous light irradiation with MPP tracking in 
the nitrogen atmosphere. The devices maintained 92% of the initial 
PCE after 450 hours of aging (Fig. 4E). Besides, the unencapsulated 
PSCs maintained 70.8% of the initial PCE after heated at 60°C for 
1200 hours in the Ar atmosphere (Fig. 4F). We attributed the good 
stability of all-vacuum perovskite to the high-quality pinhole-free 
perovskite film (42).

DISCUSSION
We developed an effective multisource sequential vacuum deposi-
tion approach to fabricate large-area, pinhole-free perovskite films, 
which, together with precursor optimization, enables us to achieve 
high-efficiency PSCs with PCEs of 24.42 and 23.44% for 0.1-cm2-area 

and 1-cm2-area devices, respectively. Systematic operando GIWAXS 
and XRD characterizations showed that chlorine incorporates into 
Cs0.05PbI2.05−xClx as an alloy, inducing a face-on orientation of the 
lead halide precursor. Furthermore, the integrated Cl can accelerate 
the solid-state diffusion of organic ammonium halide salt, facilitate 
perovskite phase transition from the  phase to the  phase, and 
increase the crystallinity of the resulting perovskite nanocrystals, 
leading to a high-quality film with fewer defects. We believe that 
this breakthrough will promote the scalable fabrication of large-area, 
high-efficiency PSCs and other perovskite-based optoelectronics.

MATERIALS AND METHODS
Materials
The SnO2 colloid precursor [tin(IV) oxide, 15% in H2O colloidal 
dispersion] was purchased from Alfa Aesar. Lead chloride (PbCl2) 
and cesium iodide (CsI) were purchased from Meryer. FAI was pur-
chased from Great Cell Solar Materials. Chlorobenzene (CB) and 
acetonitrile were purchased from Acros. Isopropanol, lithium 
bis(trifluoromethanesulfonyl)imide (Li-TFSI), and 4-tert-butyl 
pyridine were purchased from Energy-Chemical. 2-CF3-PEAI and 
Spiro-OMeTAD were synthesized in our laboratory.

Device fabrication
The fluorine-doped tin oxide (FTO) glass substrates were sequen-
tially cleaned using detergent, deionized water, ethanol, and isopropanol. 
After 20 min of ultraviolet-O3 treatment, the SnO2 colloidal solution 
(diluted to 3.75 weight %) was deposited by spin coating at 4000 rpm for 

Fig. 4. Device performance of PSCs. (A) Voc, Jsc, FF, and PCE distribution of 20 PSC devices. (B) J-V curve and corresponding parameters of the best-performing Cl-alloy–mediated 
device and the Ref device (0.1-cm2 aperture area). (C) J-V curve and corresponding parameters for the best-performing Cl-alloy–mediated device with an aperture area of 
1 cm2. (D) The long-term stability of the PSCs stored in a dry air box (<5% RH) in the dark. (E) The operational stability test under MPP tracking in N2. (F) The long-term 
stability under 60°C heating in Ar atmosphere.
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25 s (1000 rpm ramp), followed by annealing at 150°C for 30 min in 
ambient air. The FTO/SnO2 substrates were treated with oxygen 
plasma for 20 min before transferred to the vacuum chamber.

Figure S1 is a schematic illustration of vacuum chambers for the 
evaporation. It is a 40 cm by 40 cm by 50 cm cuboid-shaped chamber. 
The distance from evaporation sources to the substrate is around 
35 cm, and two quartz crystal microbalances are placed close to the 
substrate to monitor the evaporation rate. We used the resistance 
heater as evaporation sources and controlled the heating tempera-
ture of the evaporation sources by tuning the applied voltage. A 
K-type thermocouple detector was adhered to the resistance heater
to monitor the temperature. Note that we keep the temperature
constant during the evaporation of lead halide and FAI film. For the 
deposition of the lead halide layer, 500 mg of PbI2, 100 mg of CsI,
and 500 mg of PbCl2 were placed into the crucibles. The deposition
rate was predetermined by controlling the corresponding source
temperature. The deposition process started at 7 × 10−3 Pa, and a
film with designated thickness was evaporated. After that, the sub-
strates were transferred to another vacuum chamber for the deposi-
tion of FAI with a pressure under 10−2 Pa. FAI (700 mg) was placed
into the crucible, and after heating to 250°C, FAI molecules began
to deposit onto the substrate. The optimization of the evaporation
thickness of FAI is listed in fig. S30. After FAI deposition, the
perovskite films were annealed at 170°C for 15 min in ambient air.

For perovskite surface treatment, 2-CF3-PEAI (10 mg/ml) in 
isopropanol was spin-coated at 4000 rpm for 20 s (2000 rpm ramp). 
The hole-transport layer was deposited on top of the perovskite film 
by spin coating at 4000 rpm for 25 s using a Spiro-OMeTAD/CB 
solution, which consisted of 80 mg of Spiro-OMeTAD, 30 l of 
4-tert-butyl pyridine, and 18 l of Li-TFSI solution (520  mg of
Li-TFSI in 1 ml of acetonitrile) in 1 ml of CB. Last, 100-nm metal
contact (Au and Ag) was deposited by thermal evaporation.

Material and device characterization
SEM images were measured using a Zeiss field-emission scanning 
electron microscope (Zeiss Merlin). We obtained the SEM images 
at the 15-kV voltage. XRD patterns were recorded by Rigaku SmartLab 
with copper K ( = 1.54 Å, 150 mA, 40 kV) as the x-ray source. EL, 
EL-EQE, TPV, TPC, and incident photon-to-electron conversion 
efficiency were measured by the Cicci platform, Italy. TPC and TPV 
measurements were performed under a constant bias illumination, 
while the short light pulse was used to create the charge carriers. The 
light pulse was set to be a 20-s delay, and the total measurement was 
performed within 200 s. The wavelength range of the IPCE mea-
surement was from 300 to 900 nm. Note that no bias voltage was 
applied in the IPCE test. The ICP-MS test was performed in Tsinghua 
University Analysis Center. The ICP-MS was measured using iCAP 
Q equipment (Thermo Fisher Scientific, Waltham, USA). For the sample 
preparation procedure, we transferred the sample to a polytetraflu-
oroethylene beaker, added 5 ml of aqua regia, and digested at 180°C 
until there was no obvious reaction, and about 0.5 ml of solution 
remained. The beaker was then cooled down to room temperature, and 
we fixed the volume to 10 ml with ultrapure water. Then, the solution 
was tested on the iCAP Q equipment. GIWAXS was carried out at 
beamline 1W1A of the Beijing Synchrotron Radiation Facility.

The capacitance-voltage (C-V), DLCP, and dark J-V measure-
ments were conducted using a Keithley 4200A-SCS parameter ana-
lyzer. For the standard C-V measurement, the DC bias scanned 
from 0 to 1.2 V at a frequency of 10 kHz. The amplitude of the AC 

bias was 20 mV. The DLCP measurement was conducted in the 
same DC bias range as that for the C-V measurement, and the trap 
densities were measured at 10 kHz. The amplitude of the AC bias 
range is 12.73 to 14.14 mV. The measured capacitance at each DC 
bias was fitted with a polynomial function to obtain C0 and C1 with 
a homemade computer program.

The J-V measurement was performed via a solar simulator 
(Newport, Oriel Class AAA, 94043 A) with a source meter (Keithley 
2400) of 100 mA cm−2 under Air Mass 1.5 Global illumination. Light 
intensity was calibrated with an infrared-cutoff filter (KG-3, Newport) 
silicon reference cell, and a mismatch factor of 1 was used in our 
measurements. The J-V measurements were carried out in ambient 
air. The devices were measured both in forward scan (−0.2 V → 1.2 V, step 
0.02 V) and reverse scan (1.2 V → −0.2 V, step 0.02 V) with a scanning 
speed of 0.2 V/s. The active area of the device was defined by a dark mask 
of 0.1 or 1 cm2. We sent a device to the PV Metrology Laboratory of 
the National Institute of Metrology, China, for certification.

The operational stability test under MPP tracking conditions was 
performed under a light-emitting diode lamp. The unencapsulated 
PSCs were masked and placed inside a homemade sample holder 
with continuous N2 flow. For the thermal stability test, Spiro-OMeTAD/
PTAA hybrid HTL was used, where a Spiro-OMeTAD/PTAA (40 mg/​
5 mg in 1 ml of CB) mixture was used with the addition of 18 l of 
Li-TFSI (520 mg of Li-TFSI in 1 ml of acetonitrile) and 30 l of 
4-tert-butylpyridine, and deposited by spin coating at 4000  rpm
for 20 s.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo7422
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