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Self-deposited passivation for decreasing
scalable processing loss of perovskite
solar cells
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With the area of perovskite films and devices increases, the performance tends to deteriorate, which
can be attributed to the accumulation of defects at the bottom surface without proper passivation.
Here, we introduce the 1-(4-Fluorophenyl)−2-pyrrolidone molecule (FPP) as additive in large-area
blade-coatingperovskite films.During the top-downcrystallizationprocess, theFPPmolecule forman
intermediate phase with the perovskite components and subsequently self-deposit at the bottom
surface. Consequently, the crystallization kinetics of the large-area thin films are regulated, and the
bottom surface is effectively and uniformly passivated in one single-step processing. By employing
this self-deposited passivationmethod (SDP), the efficiency decrease caused by the expansion of the
device area has been significantly suppressed and the devices yield power conversion efficiency of
23.41% (0.09 cm2), 22.43% (1 cm2), and 20.75% (24 cm2). The method is compatible for commercial
manufacturing with scaling up solar cell area and holding high efficiency.

Perovskite solar cells (PSCs) have achieved a notable power conversion
efficiency (PCE) of 26.14%1, demonstrating the significant potential for
commercial applications. However, the current state-of-the-art PSCs
with high efficiencies are typically produced by the spin-coating method,
which has limitations in terms of the active area, usually less than 0.1 cm2

(see refs. 2,3). Moreover, extra interface engineering methods are often
required, making them incompatible with the cost-effective and scalable
manufacturing processes needed for commercialization4. To address this
challenge, researchers have explored various scalable techniques such as
blade-coating, slot-die coating, bar coating, roll-to-toll coating, screen-
coating, and spray-coating methods to expand the area of perovskite
films5. Despite the significant progress made in depositing perovskite
films using these scalable methods, the PCE of the resulting devices
experiences a rapid decline as the device area increases. As depicted in
Fig. 1a and Supplementary Fig. 1, which illustrates the PCEs and PCEs
retention rate of PSCs obtained from recent reports, the efficiency typi-
cally decays below 88% when the device area from less than 1 cm2 to
exceed 10 cm2, and the trend of efficiency drop is more noticeable as the
area increases6–24.

There are many reasons responsible for the PCE loss, including the
attainment of uniformity in film formation, heterogeneous rates of per-
ovskite crystal growth across distinct regions, heightened occurrence of

defects within the perovskite layer and at interfacial boundaries, and ele-
vated module resistance25. Among them, the significant performance drop
observed in large-area perovskite films is primarily attributed to the rapid
growth of defects within the polycrystalline perovskite film, which is
inherent to the ionic nature of perovskite materials26. Previous reports have
indicated that these defects are not uniformly distributed throughout the
perovskite film, with the highest defect concentration observed at the bot-
tom surface in comparison to the top surface and bulk in the perovskite
layer2,13,27 Unlike fabricating a nanometer-thick passivation layer in small-
area perovskite films by spin-coating, it is not feasible to passivate the entire
bottom surface effectively by simply using blade-coating or slot-die meth-
ods. Consequently, the bottom surface of the perovskite film remains
inadequately passivized in large-area devices.

In response to the challenges associated with the area increase in films
and devices, numerous efforts have been undertaken to mitigate the impact
of the area amplification effect. Chen et al. introduced an in situ polymer
framework to suppress the coffee ring effect and improve film uniformity,
achieving efficiency of 23.94% (0.04 cm2) and 17.53% (25 cm2)28. Qi et al.
introducedpotassiumsulfamate (H2KNO3S) as thepassivation layer to both
passivate the uncoordinated Pb2+ and mitigate the oxygen loss issue of the
SnO2 electron transport layer, yielding a champion PCE of 21.98%
(0.09 cm2) and 16.16% (22.4 cm2) of mini-modules29. These works have
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shown promise in addressing several aspects problem of the fabrication of
large-area PSCs, yet few focus on the issue of bottom surface defects in large-
scale films. In addition, the extra fabrication steps will also increase the
process complexity.

In this work, we proposed a self-deposited passivation method (SDP)
employing FPP into the perovskite solution and fabricated perovskite films
by blade-coating in the open air (under room temperature and 40–60%
relative humidity, RH).During the annealing process, as the residual solvent
evaporates from the film’s top surface, the FPP molecules undergo self-
deposited onto the bottom interface. As the fluorine atoms in FPP can form
hydrogen bonding with FA+ and the C =O group in FPP coordinates with
the Pb2+, FPP molecular forms the coordinate phase with perovskite com-
ponents. This interaction reduces the reaction rate between organic salt and
PbI2, resulting in the retardation of perovskite film crystallization. As a
consequence, grains grow sufficiently in various positions across the large-
area thin film, enabling a more controllable and homogeneous crystal-
lization process, ultimately leading to the formation of uniform large-area
perovskite films. In addition, FPP molecules will move downwards as the
intermediate phase transitions to the perovskite phase and gather at the
bottom surface, acting as a passivator. The champion efficiency reaches
23.41%with an active area of 0.09 cm2.Moreover, the FPP treatment brings
about high efficiencies of 22.43% and 20.75% for 1 cm2 devices and 24 cm2

modules, respectively. In comparison, without FPP treatment, the PCE was
21.52% (0.09 cm2), 18.11% (1 cm2), and 15.62% (24 cm2). The efficiency loss
decreased from 15.9 to 4.2% (0.09–1 cm2) and from 27.5 to 11.4%
(0.09–24 cm2) by SDP strategy. The advantage of themethod is its ability to
effectively address both the crystal growth stage and the bottom surface
defect, irrespective of thefilm’s size,which renders it particularly suitable for
the production of large-area devices.

Results and discussion
To reduce the perovskite band gap and get a broader light absorption
spectrum, it is necessary to incorporate a high ratio of FA cations and iodine
anions in the perovskite composition. Here, we employed
(FAPbI3)0.95(MAPbBr3)0.05 compound as the perovskite absorber, and low-
toxic 2Mewas selected as theperovskite precursor solvent30. Figure 1b shows
the illustration of blade-coating technology, and details of the fabrication
process are given in “Methods”. Supplementary Fig. 2 shows a photograph
of blade-coating perovskite film with a substrate area of 6.5 × 6.5 cm2 with
2.5mgml−1 FPP (Target, 2.5FPP), which has a smooth and reflective sur-
face. The inset picture in Fig. 1b shows the Electrostatic potential (ESP)
image of FPP, where a fluorine ion is connected to the benzene ring and
contains a functional group of C =O. The red and blue regions are the
maximum and minimum ESP values, corresponding to the nucleophilic
and electrophilic sites, meaning that O and F atoms are electrophilic sites.

Large-area perovskite films (6.5 × 6.5 cm2) are divided into 25 pieces
(Fig. 1c and Supplementary Fig. 3) to evaluate the perovskite coating uni-
formity via photoluminescence measurement (PL). A stronger and more
indistinguishable PL intensity is observed in the target film compared with
the control film. Then, we attempted to fabricate dot cells on 6.5 × 6.5 cm2

substrates before fabricating perovskite modules (Fig. 1d and Supplemen-
tary Fig. 4). The PSCs were fabricated with the typical n-i-p planar device
architecture of ITO glass/SnO2/Perovskite/Spiro-OMeTAD/Au. The dif-
ference between the maximum and minimum efficiency in 81 dot target
cells is 2.10% with an average efficiency of 22.79%, while the difference
between control cells is 5.08% with an average efficiency of 19.27%. The
uniform distribution of PL intensity and the dot cell efficiencies indicated
that the uniformity of blade-coating perovskite films was improved by
introducing FPP.

Fig. 1 | Fabrication and performance of perovskite
solar cells. aNormalized PCE of PSCs as a function
of the area obtained from recent reports.
b Illustration of blade-coating technology and the
structure of FPP with its ESP plot. c PL statistical
results of 25 pieces from 6.5 × 6.5 cm2 target per-
ovskite film. d PCE of 81 dot cells on a 6.5 × 6.5 cm2

target substrate. e Champion J–V curves of control
and target devices in forward scan and reverse scan
under AM 1.5 G simulated solar illumination. The
active area of PSCs is 0.09 cm2. f J–V curves of the
1 cm2 device and 24 cm2 module. The inset photo-
graph shows a perovskite solar module.

https://doi.org/10.1038/s43246-024-00585-2 Article

Communications Materials |           (2024) 5:166 2



Figure 1e depicts the current density–voltage (J–V) curves of the
control and target devices under simulated AM 1.5 G with detailed pho-
tovoltaic parameters. The control device with an active area of 0.09 cm2

exhibits a PCE of 21.52%with a VOC of 1.12 V, a JSC of 24.54mA cm−2, and
an FF of 77.63%. For the target devices, the best PCE reaches 23.41% with a
VOC of 1.15 V, a JSC of 25.36mA cm−2, and an FF of 80.23%. The JSC is
further confirmed by External Quantum Efficiency (EQE) in Supplemen-
tary Fig. 5. We fabricated devices with an up-scaling area of 1 cm2 and the
efficiency was improved from 18.11 to 22.43% (Fig. 1f). We further studied
laser processing and fabricated perovskite modules (Supplementary
Figs. 6 and 7). The best solarmodule with an active area of 24 cm2 displayed
a PCE of 20.75% with a VOC of 4.47 V, a JSC of 6.14mA cm2, and an FF of
75.45%, while the efficiency of the control module is 15.62%.

To study the effect of FPP on crystal formation, the XRD test of
temporal evolution was conducted. For the control film (Supplementary
Fig. 8), the diffraction peaks located at ≈13.97° are assigned to the (001)
crystal planes of the α-FAPbI3 perovskite phase.With an annealing time of
600 s, the full width at halfmaximumvalue (FWHM)of the diffraction peak
corresponding to the (001) crystal plane is 0.114°. The inset image in Fig. 2a

is anXRDpattern of FPPpowderwith a high-intensity peak located at 9.01°.
For the target film with an annealing time of 0 s, there is a new diffraction
peak located at 8.92°. With the annealing time prolonged, the new diffrac-
tion peak intensity gradually decreases and finally disappears with an
annealing time of 120 s. Therefore, we speculate that the phase near 9° in
XRD patterns of the target film is an intermediate phase, which will adjust
the crystallization rate and increase the grain size31. In consequence, the
FWHM value of the diffraction peak corresponding to the (001) crystal
plane decreases to 0.094° after annealing for 600 s. We also compared the
XRD characterization of perovskite films with different concentrations of
FPP (0, 1, 2.5, and 5mgml−1, Supplementary Fig. 9), no shift of the (001)
crystal plane is observed, which means that the crystal structure of per-
ovskite has not been changed by FPP. In addition, we compared the
ultraviolet-visible absorption (UV–vis) and obtained the Tauc plot spectra
(Supplementary Fig. 10). The target film showed stronger absorption over
all wavelengths comparedwith the control film, which is consistent with the
enhanced crystallinity in XRD results and is beneficial for increasing the JSC
of devices. TheTaucplot spectra implied that FPPdidnot induce abandgap
change, and both perovskite films showed a band gap of 1.53 eV. As

Fig. 2 | Interaction between FPP with perovskite components and the self-
deposited passivation model of FPP. a XRD characterization of target film under
different annealing time at 150 °C. The inset image shows the XRD characterization
of FPP powder. b H NMR spectra of FAI and FAI·FPP. The inset shows the inter-
action between FAI and FPP. c FTIR spectrogram of FPP·2Me solution,

FPP·FAI·2Me solution, and FPP·FAI·PbI2·2Me solution. d The 3Dmaps showed the
distribution of FPP in the target film deposited on ITO glass. eXPS of spectra of F 1s
in target-top and target-bottom surface. XPS of spectra of N 1s (f) and Pb 4f (g) of
control-bottom and target-bottom surface. h Schematic illustration of the self-
deposited passivation model.
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aforementioned showed that FPP may not exist within the lattice of the
perovskite crystal after annealing for 600 s.

In addition, semi-in-situ SEM images and UV–vis absorption spectra
for the control and targetperovskitefilmswithdifferent annealing timewere
performed. As the annealing time is 20 s, the control perovskite grain
becomes relatively large. After annealing for 600 s, the average grain size is
0.95 μm. However, the grain size of the target gradually changes, and the
final average grain size is 1.22 μm(Supplementary Figs. 11–13). Thismay be
ascribed to the formation of the intermediate phase, which will adjust the
growth rate of crystallization. The larger grains with less grain boundary are
beneficial for suppressing charge trapping and improving charge mobility.
Supplementary Fig. 14 shows the semi-in-situ UV–vis absorption spectra
and the control film exhibited a strong red-shift in the region between 550
and800 nm in a short periodof 60 s.However, the targetfilmdisplays gentle
absorption changes. The variation of absorbance intensity at 650 nm is
summarized in Supplementary Fig. 14c, the target film rises more slowly
during the growth process compared to the control film, proving that the
formation of perovskite crystals was slowed down by FPP treatment32.

The liquid-state nuclear magnetic resonance spectra (NMR) and
liquid-state Fourier transform infrared spectroscopy measurement (FTIR)
were carried out to reveal the interaction between FPP and perovskite in the
solution environment. Figure2b showsanobvious signal at 7.84ppm,which
is assigned to the H-bond with nitrogen atoms in cationic FA+33. After
introducing FPP into the FAI-DMSO-d6 solution, the signal of ammonium
protons upshifted to 7.88 ppm. Subsequently, the interaction between
fluorine in FPPandFAI is explored (Supplementary Fig. 15), demonstrating
that the chemical shifts of F shifted by 0.03 ppmwhen FAI was added to the
FPP-DMSO-d6 solution. Thus, we speculate that the F in FPP can form
hydrogen bonding with FA+34. In the FTIR spectrogram (Fig. 2c), FPP was
added into 2Me solution showing a C =O absorption peak appeared at
1680 cm−1.WhenFAI andFPPwere added into the 2Me solution, theC =O
absorption peak did not change35. In contrast, the C =O absorption peak
shifted to 1672 cm−1 after the introduction of PbI2 in FPP·FAI·2Me solution.
The shifted stretching vibration frequency of C =O is mainly attributed to
the formation of the coordinate bond between FPP with PbI2

36.
To reveal the distribution of perovskite components and FPP in target

perovskite film, the time-of-flight secondary ion mass spectrometry (TOF-
SIMS) was conducted (Fig. 2d and Supplementary Fig. 16). The 3D maps
show the distribution of the PbI3

− and FPP signals in the target perovskite
film. The line of PbI3

− is horizontal in Supplementary Fig. 16a, indicating
that the ions are uniformly distributed in the film. Notably, the FPP signal
distributes throughout the surveyed depth and sharply increases in the area
where theSn intensity increases, indicating that FPPwasmainly gathering at
theperovskitefilmbottom37. The 3Dmapsof target perovskitefilm show the
same distribution trend as the TOF-SIMS depth profiles.

As FPP is gathered at the bottom surface in the target films, direct and
visualized investigation on the bottom surface is a favor for understanding
the mechanism of the FPP. Thus, we peeled off the perovskite film and
exposed the perovskite bottom surface (Supplementary Fig. 17)38. The
bottom-view SEM images of the control perovskite film show that there are
some holes, but disappeared in the target film (Supplementary Fig. 18).
X-ray photoelectron spectroscopy (XPS) was performed to confirm the
interaction between FPP and perovskite compounds. Figure 2e depicts the
XPS spectra of F 1 s of the target-top and target-bottom surface. Notably,
there are no signals of F ions on the top surface, but exist on the bottom
surface. Thus, we rationally believe that FPP mainly exists at the bottom of
perovskite films, which is consistent with the TOF-SIMS test. Figure 2f
shows the N 1 s characteristic peaks shifted from 399.85 (for the control-
bottom surface) to 400.30 eV (for the target-bottom surface), which is
relative to the H-bond. As exhibited in Fig. 2g, the XPS characteristic peaks
of Pb 4f 5/2 shifted from 142.55 eV (for the control-bottom surface) to
143.00 eV (for the target-bottom surface). The chemical shift of the corre-
sponding energy-binding peaks in the XPS spectrum is relative to the
electron density around an atom. The uncoordinated Pb2+ can accept

electrons, making it act as a Lewis acid, while the C =O could serve as the
Lewis base, leading to the change of binding energy of Pb 4f 39,40.

Figure 2h shows the schematic illustration of the self-deposited pas-
sivation model. During the annealing time of perovskite films, with the
evaporation of residual solvent from the top surface and the intermediate
phases are converted to perovskite grains, the perovskite polycrystallinefilm
follows the downward growth from the intermediate phase. From the
previous discussion, it could form the coordinate phase (FPP·FAI·PbI2) as F
in FPP can form hydrogen bonding with FA+ and the C =O group in FPP
can coordinate with the Pb2+. Thus, in the annealing process, the particular
molecules exhibit bi-functional properties: on the one hand, they autono-
mously interact with the perovskite, aiding in slowing down the crystal-
lization process; on the other hand, FPP not exist within the lattice of the
perovskite crystal after annealing. Thus, with the upper part of the film
transformed from the FPP-related intermediate phase to the perovskite
phase, FPP will be separated from the intermediate phase and move
downward. The process is repeated until perovskite layers are completely
formed. Finally, it results in a small amount of FPP present at the grain
boundaries in the film bulk and most of the FPP will accumulate at the
bottom of the film, acting as passivator41–43.

To determine the potential difference between the top and bottom
surfaces of the perovskite film in the devices, as well as the average electric
field intensity in the perovskite film regions, cross-section atomic force
microscope (AFM, Fig. 3a–d) and cross-section Kelvin probe force micro-
scopy measurement (KPFM, Supplementary Fig. 19e–h) was conducted.
The device for this measurement has a structure of glass/ITO/SnO2/Per-
ovskite/Spiro-OMeTAD/Au. The potential difference between the top and
the bottom surface is 52, 91, 153, and157mV, for the control, 1FPP, 2.5FPP,
and 5FPP device, respectively, indicating the potential difference between
the top and bottom surface increases after adding FPP. Then we took the
derivative of the potential data to obtain the average electric field of the
perovskite thin film (Fig. 3e–h). The average electric field intensity in per-
ovskite film regions of devices is 73.15, 104.9, 176.2, and 244.4 mV μm−1, for
the control, 1FPP, 2.5FPP, and5FPPdevices, respectively. The larger electric
field intensity is beneficial for enhancing carrier mobility and reducing
reverse charge accumulation44–46.

Ultraviolet photoelectron spectroscopy (UPS) was performed to evaluate
the energy level alignment between the perovskite surface and the charge
transport layer (Fig. 3i, j). The Fermi energy level is estimated for different
surfaces (control-top surface, control-bottom surface, target-top surface, and
target-bottom surface) by subtracting the binding energy of the secondary
edge (17.05, 16.99, 17.00, 16.90 eV) from the excitation energy of the UV
photons (21.22 eV, He I UPS) spectra47. The estimated Fermi energy levels are
−4.17, −4.23, −4.22, and −4.32 eV, respectively. The difference in Fermi
energy levels between the bottom and top of the control and target is 60 and
100mV, respectively. Figure 3k, l shows the energy level diagrams of the
control and target devices. After doping with FPP, the CBM of the bottom
surface shifts downward for 0.03 eV, causing a smaller energy gap with the
CBM of SnO2. The VBM of the TOP surface shifts upward for 0.02 eV,
causing a smaller energy gap with the VBM of Spiro-OMeTAD. This is
beneficial for reducing energy loss at the perovskite interface of devices.

The photoelectric characteristics of films and devices were system-
atically studied to further evaluate the effect of FPP. Under the PL test, the
incident light from the bottom side generates excessive carriers mainly on
the bottom surface, and the incident light from the top side generates
excessive carriers mainly on the top surface48. Regardless of the direction of
the incident light, the PL intensityof the targetfilm is higher than the control
film, suggesting suppressed non-radiative recombination at the top surface
and bottom surface by introducing FPP (Fig. 4a)49. Figure 4b shows the
time-resolved photoluminescence measurement (TRPL), and the average
carrier lifetime was calculated by Eq. (1):

t ¼ ðA1t
2
1 þ A2t

2
2Þ=ðA1t1 þ A2t2Þ ð1Þ
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The carrier lifetimewas 387.86 μs for the control film and 780.36 μs for
the target film. The significantly increasing carrier extraction lifetime in the
target perovskite agrees well with its higher steady-state PL intensity50.

Furthermore, the trap density of the perovskite films is evaluated by the
space-charge limited current measurements (SCLC). The dark I–V curves
with the configurations of electron-only devices (ITO glass/SnO2/Perovskite/
PCBM/Au) are shown in Fig. 4c. The trap-filled limited voltage (VTFL) is the
transition voltage between the Ohmic and trap-filling regions, and the VTFL

for the target device (0.40 V) is smaller than the control devices (0.48V). The
defects concentration value (Nt) can be determined by the Eq. (2):

Nt ¼ 2VTFLε0εr=ðqL2Þ ð2Þ

where ε0 is the vacuum dielectric constant, εr is the relative dielectric con-
stant of perovskite, q is the elemental charge, and L is the thickness of
perovskite film. According to the equation, the target device demonstrates a
Nt of 3.90 × 1015 cm−3, which is smaller than that of the control device
(5.92 × 1015 cm−3). Thedark I–Vcurveswith the configurations of hole-only
devices (ITO glass/MeO-2PACZ/Perovskite/Spiro-OMeTAD/Au) are
shown in Fig. 4d. The hole trap density (Nt) declined from 8.89 × 1015

(control) to 3.70 × 1015 cm−3 (target). These confirm the better charge
extraction and transport at the SnO2/perovskite interface and perovskite/
Spiro-OMeTAD interface51.

Electrochemical impedance spectroscopy (EIS) was measured to fur-
ther evaluate interfacial carrier transfer and recombination52. Nyquist plots
were obtained from the solar cells under dark conditions. The fitted
equivalent circuit model is shown in the inset picture in Fig. 4e. From the
plots, two semicircle arcs were observed. The semicircle arc in the high-
frequency region was attributed to the charge transfer resistance (Rct), and
the semicircle arc in the low-frequency region was ascribed to the charge
recombination resistance (Rrec). After the introduction of FPP, the Rct
value was reduced from 2049 to 1960Ω and the Rrec value was increased
from 474.8 to 504.1Ω, indicating that interfacial charge transfer was pro-
moted and interfacial charge recombination was suppressed. From the light

intensity-dependent VOC measurement in Fig. 4f, the target device shows a
smaller slope (1.08 kT/q) as compared to the control device (1.23 kT/q).
Since the deviation of the slope from unity kT/q (where k is the Boltzmann
constant, T is the absolute temperature, and q is the elementary charge)
reflects trap-assisted non-radiative recombination in PSCs. The lower slope
value reflected that the carrier-trap-assisted recombination was greatly
suppressed in the target film53.

Figure 5a shows the normalized PCEs of PSCs as a function of
the area in this work. As the area of devices expanded from 0.09 to
1 cm2 and 0.09 to 24 cm2, the PCE retention rate of the control
devices was 84.1% and 72.5%, respectively. In comparison, the target
device is 95.8% and 88.6%, respectively, indicating that the efficiency
decrease caused by the expansion of the device area has been sig-
nificantly suppressed. We believe this is mainly due to a more uni-
form film and less defect concentration by introducing FPP.

The stability of perovskite films and devices was systematically
studied under different conditions. Supplementary Fig. 20 shows the
images of water droplet contact angle measurements of the control
and target films. The target film had a contact angle of 80.36° with
that of the control film of 70.51°, indicating that the perovskite films
containing the FPP were more hydrophobic. This excellent hydro-
phobicity results in no significant changes in the target perovskite
film after 60 days of aging under high humidity conditions (50–80%
RH, Supplementary Fig. 21). However, on the 30th day of aging, the
control film showed a yellow phase (δ-FAPbI3) and on the 60th day,
almost all of the control film turned yellow54. The stability of the
unencapsulated devices under continuous illumination was tested at
the maximum power point (MPP, Fig. 5b). One hundred percent of
the initial current density was maintained within 1800 s for the target
device. However, the initial and end current densities for the control
device are 24.01 and 23.08 mA cm−2, which decay to 96.12%. Fig-
ure 5c shows the thermal stability of PCE under 85 °C for the
unencapsulated control and target devices. The unencapsulated target
device maintains 86.89% of its initial PCE after aging for 240 h,

Fig. 3 | Transport of charge carriers in devices. a–d Cross-section AFM images of
the devices with different FPP. e–h The potential difference and the average electric
field intensity were obtained from the cross-sectionKPFM images. i, jUPS spectra of

the secondary electron cutoff region of the control top, control bottom, target top,
and target-bottom surface. Energy level diagrams of the (k) control and (l) target
devices.

https://doi.org/10.1038/s43246-024-00585-2 Article

Communications Materials |           (2024) 5:166 5



which is higher than control devices (below 80%). The long-term
stability of devices (Fig. 5d) demonstrates the target device retained
86.11% of its initial PCE after over 12,400 h of aging under <20% RH
at 25 °C, while the control maintained 79.73% within 2280 h of aging.

The improved stability of the film and device can be attributed to the
following reasons.Moisture, heat, and light-driven degradation are initiated
from the defect states at the grain boundary and surfaces and then gradually
propagate to the grainbulks inpolycrystalline thinfilms55.After addingFPP,
the fewer defects in the perovskite film cause less degradation sites in the
film. Therefore, the target perovskite films and devices became less vul-
nerable to environmental stress during the aging period.

Conclusions
In this article, we presented a self-passivation technique tailored for large-
area perovskite solar cells to mitigate the efficiency decline. We fabricated
large-area perovskite films using the blade-coating method and introduced
FPP to improve perovskite film quality. The FPP self-deposited downward
and finally gathered at the perovskite film bottom, passivating the defects in
the bottom surface. Consequently, grains grow sufficiently in various
positions across the large-area thin film, enabling a more controllable and
homogeneous crystallization process, ultimately forming uniform large-
area perovskite films. As a result, the phenomenon of efficiency decline
caused by device area amplification is suppressed. This strategy achieved a
PCE of 23.41% for single-junction devices and 20.75% for solar modules
with excellent stability, which provides a simple and effective method for
scalable perovskite solar cells.

Methods
Materials
SnO2 (tin (IV) oxide, 15 wt% in H2O colloidal dispersion liquid) was
purchased from Alfa Aesar. Purified water was purchased fromWahaha.
Potassium chloride (KCl, GR) was purchased from Sinopharm. ITO
glass, formamidinium iodide (FAI, 99.9%), and methylamine chloride
(MACl, 99.9%) were purchased from Advanced Election Technology
Co., Ltd, Lead (II) iodide (PbI2, 98%), methylamine bromine (MABr,
98%), and 2-methoxyethanol (2Me, 99%) were purchased from TCI.
Lead (II) bromide (PbBr2, 99.999%) and 1-cyclohexyl-2-pyrrolidinon
(CHP, 99%) were purchased from Aladdin. 2-methylthio-2-imidazoline
hydroiodide (95%) was purchased from Bidepharm. Chlorobenzene (CB,
99%), 2-propanol (IPA, 99.9%), and acetonitrile (ACN, 99.8%) were
purchased from Sigma-Aldrich. Spiro-OMeTAD (99.8%), 4-tert-
butylpyridine (tBP, >96%), FK 209 Co (III) TFSI salt, and Li-TFSI salt
were purchased from Xi’an Polymer Light Technology Corporation. 1-
(4-Fluorophenyl)−2-pyrrolidone (FPP, 99.58%) was purchased from
Leyan. Au (99.999%) was purchased from ZhongNuo Advanced Material
Technology. All purchased materials were used without further
purification.

Precursor solution preparation
Electron transport layer precursor solution: 1 g SnO2 colloidal solution and
15mg KCl were dissolved in 4ml purified water to form the SnO2 solution.
The SnO2 solution was stirred at least 6 h before use and should be used
within 14 days.

Fig. 4 | Photoelectric characteristics of films and
devices. a PL spectra. The films were deposited on
glass and the light incident from the top and bottom
side. b TRPL spectra of control and target films.
c SCLCmeasurement of control and target electron-
only devices. d SCLC measurement of control and
target hole-only devices. e EIS spectra of control and
target devices. The inset shows the equivalent circuit
diagram. fVOC versus light intensity for control and
target devices.
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Perovskite precursor solution: 1.1M (FAPbI3)0.95(MAPbBr3)0.05 per-
ovskite solution: 179.7mg FAI, 481.7 mg PbI2, 6.1 mg MABr, 20.1 mg
PbBr2, 25.9mg MACl (35% mol compared to Pb), and 0.1 ml CHP were
dissolved in 1ml 2Me solution (as control perovskite solution). FPP with
different concentrations was added to the control solution (1mgml−1,
2.5mgml−1 (target solution), and 5mgml−1, compared with 2Me). The
solution was stirred at least 2 hours before use and should be used
within 24 h.

Passivation layer precursor solution: 5mg 2-methylthio-2-imidazoline
hydroiodide solution was dissolved in 1ml IPA as passivation solution for
theperovskite top surface.The solutionwas stirred at least 2 hbeforeuse and
should be used within 24 h.

Hole transport layer precursor solution: Spiro-OMeTAD solution was
prepared by mixing 73.5mg Spiro-OMeTAD in 1ml CB with 39.5 μl tBP,
23 μl Li-TFSI salt solution (520mgml−1 in ACN), and 10 μl Co (III)-TFSI
salt solution (375mgml−1 inACN). The solutionwas stirred at least 2 hours
before use and should be used within 24 h.

Single-junction PSCs fabrication
ITO glass substrates (7Ω square−1, 6.5 × 6.5 cm2) were washed
sequentially by detergent, deionized water three times, and ethanol in
an ultrasonic bath system. Each step takes 15 min. Then, the ITO
glasses were dried with nitrogen gas or cold dry air. Before use, the
ITO glass was treated with plasma for 2 min to improve the glass
wettability. The electron transfer layer was deposited on the pre-
cleaned 6.5 × 6.5 cm2 ITO glass with 1 ml SnO2 solution by spin-
coating at 5000 rpm for 25 s (2000 rpm s−1 of acceleration), followed
by annealing at 90 °C for 60 min in open air. Before depositing the
perovskite film, the SnO2 layer was treated by plasma for 2 min to
improve the wettability. The perovskite film was deposited by blade-

coating at room temperature under 40–60% RH. A pipette gun was
used to inject perovskite solution droplets into the space between the
blade and substrate. The total amount of solution is 24 μl with 6 μl
applied each time. The gap between the blade coater and substrate is
160 μm (the thickness of ITO glass is 1100 μm, and the height of the
blade coater is 1270 μm). The speed of the blade is 25 mm s−1. The N2

knife followed the blade coater with a pressure of 0.4 MPa. Then, the
perovskite wet film was annealed at 150 °C for 10 minutes under a
40–60% RH ambient environment. Then the 6.5 × 6.5 cm2 glass was
cut into 1.5 × 2 cm2 small glass. In all, 60 μl 2-methylthio-2-
imidazoline hydroiodide solution was spin-coated on the perovskite
layer at 3000 rpm for 20 s (2000 rpm s−1 of acceleration) and heated
at 100 °C for 10 min in an air glove box. 45 μl Spiro-OMeTAD
solution was spin-coated at 3000 rpm for 20 s (2000 rpm s−1 of
acceleration) in an air glove box. Finally, a 100-nm-thick Au elec-
trode was deposited via the thermal evaporation method. A non-
reflective shadow mask (0.09 cm2, 1 cm2) was used to define the active
area of the PSCs.

Modules fabrication
For the 6.5 × 6.5 cm2 module, 600 μl of 2-methylthio-2-imidazoline
hydroiodide solution and 600 μl of Spiro-OMeTAD solution were used.
Four laser-patterning lines, P1, P2, P3, and P4 were accomplished by the
355 nm laser beamwith a power of 3W. Using a single laser can reduce the
operating process and improve the accuracy of line spacing.

Before cleaning the ITO glass, P1 was used to remove the ITO layer
from the substrate, with a laser beam of 500mm s−1 laser scribing speed,
30 kHz scribing frequency, and 8 μs pulsewidth. Before depositingAu, P2 is
used to remove all the deposited layerswith a laser beamof 500mm s−1 laser
scribing speed, 30 kHz scribing frequency, and2 μs pulsewidth.Notably, we

Fig. 5 | Stability of devices. a Normalized PCEs of
PSCs as a function of the area in this work. b MPP
tracking of JSC at continuous Xenon lamp light
irradiation of control and target unencapsulated
devices. c Thermal stability of control and target
unencapsulated devices. d Long-term stability of
control and target unencapsulated devices.
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use the low-energy laser twice or more times to remove the functional layer
and reduce the damage to ITO. After depositing Au, P3 removed all the
deposited layers with a laser beam of 500mm s−1 scribing speed, 30 kHz
scribing frequency, and3μs pulsewidth.Weused the low-energy laser twice
in P3 to remove the functional layer and reduce the damage to ITO. P4
removes all the deposited layers with a laser beam of 500mm s−1 scribing
speed, 30 kHz scribing frequency, and 5 μs pulse width. The line widths of
P1, P2, P3, and P4 are about 50, 100, 100, and 100 μm, respectively. The line
spacing between P1 and P2, P2 and P3 is about 100 μm.

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

Data availability
The data that support the study are available in the supplementary material
of this article.
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