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1. Introduction

In recent years, organic–inorganic halide perovskite materials
(e.g., CH3NH3PbI3, MAPbI3, MA¼ CH3NH3) have attracted
widespread attention in the scientific community due to the fea-
tures of long carrier diffusion length, adjustable bandgap, a high
absorption coefficient, and easy preparation.[1,2] After continuous

exploration by researchers, the power con-
version efficiency (PCE) of normal (n–i–p)
PSCs exceeded 25%, and the inverted PSCs
also reached 23.0% efficiency, which is
comparable with traditional semiconduc-
tors and is expected to become a leader
in the photovoltaic field.[3–7] Although
PSCs are developing rapidly, their stability
is still far from commercial standards.[8,9]

Therefore, solving the inherent instability
of perovskite materials is top priority,
including thermal decomposition, ion
migration, and crystal phase transforma-
tion of perovskite materials under extreme
conditions. It is well known that the inher-
ent volatility and poor thermal stability of
the organic cation and halogen anion are
some of the main reasons that affect the
long-term stability of perovskite materi-
als.[10–12] For example, the volatilization
of organic components will leave PbI2 or
Pb(0), introducing carrier recombination
centers and reducing the short-circuit cur-

rent ( JSC) and fill factor (FF) of PSCs.[10] In addition, the decom-
position of the perovskite is closely related to the grain
boundaries (GBs), which are the main channels for ion migra-
tion and contain many dangling bonds that easily interact with
moisture and oxygen.[13]

In response to this problem, interfacial engineering based
on large hydrophobic polymers such as poly(methyl
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The harmful defects accumulated at surfaces and grain boundaries (GBs) limit the
performance and stability of perovskite solar cells (PSCs), which results from the
poor crystallization and ion migration. Here, a multifunctional molecular additive
L-4-fluorophenylalanine (FPA) is explored for highly efficient and stable inverted
PSCs. The multifunction is realized through comprehensive defect passivation,
surface hydrophobicity, and crystallization control with the multitude groups, such
as the amino and carbonyl groups for passivating the unsaturated lead defects at
GBs, and the benzene ring for electron-deficient iodine defects, and the fluorine
group for the improvement of crystallization and the inhibition of ions migration.
The resulting inverted device shows a champion power conversion efficiency of
21.28% with negligible hysteresis. The unencapsulated FPA-modified devices
maintain nearly 90% of the initial performance after high-temperature (85 �C)
thermal accelerated aging for 500 h and 85% after aging for 4000 h under ambient
conditions, and about 90% of the original efficiency after being maximum power
point tracked for 1000 h under continuous illumination. This study provides a
multipronged strategy to the future design of PSCs with higher efficiency and
enhanced stability.

RESEARCH ARTICLE
www.solar-rrl.com

Sol. RRL 2022, 2101101 2101101 (1 of 9) © 2022 Wiley-VCH GmbH

mailto:lixh32@nwpu.edu.cn
https://doi.org/10.1002/solr.202101101
mailto:fye6@UR.Rochester.edu
http://www.solar-rrl.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsolr.202101101&domain=pdf&date_stamp=2022-03-24


methacrylate)(PMMA),[14] polymer poly(4-vinylpyridine)(PVP),[15]

conjugated polymers(PD-10-DTTE-7)[16] to patch GBs, the compo-
sition engineering of adjusting the composition of perovskite,[17–19]

and additive engineering are widely used.[20–23] Among them,
additive engineering is proved to be an effective way to obtain
high-efficiency PSCs by improving the perovskite film quality with-
out complicating fabrication processes, which is especially condu-
cive to the large-scale manufacturing of PSCs. For example, Wang
et al. introduced F127 block copolymer into the perovskite layer to
passivate the defects at GBs,[24] but the perovskite grain refinement
due to impurities and the poor conductivity of polymers are
not advantageous for effective carrier transport. Therefore,
small-molecule additives such as MACl,[25] phenylethylammonium
iodide,[26] quaternary ammonium halides,[27] hypophosphorous
acid,[28] benzoquinone[29] and 4-fluorophenethylamine[30–33] are
used to passivate defects without deteriorating perovskite crystalli-
zation. However, most of the reported small-molecule additives
contain few functional groups to achieve multipronged control
(such as grain growth regulation, defect passivation, and stability
enhancement).[34–36]

Here, we studied a multifunctional small molecule, L-4-
fluorophenylalanine (FPA), and applied it for the first time in
planar inverted PSCs. The effect of FPA on the crystallinity,
defect density, and stability of the perovskite was systematically
studied. It was revealed that the fluorine group in the molecule
can inhibit the diffusion and migration of MAþ ions and
enhance the stability of the devices by forming a stable hydrogen
bond with MAþ. In addition, the presence of the benzene ring
can interact with I2, and the amino and carbonyl groups can pas-
sivate the uncoordinated Pb2þ defect and inhibit the nonradiative
recombination. In addition, the hydrophobic surface also

contributes to stability improvement. As a result, a high-quality
perovskite film has been obtained, and the PCE was increased
from 17.87% to 21.28% with a very small hysteresis, JSC of
23.15mA cm�2, and FF of 83.58%. It is worth noting that the
stability of the optimized device has been significantly improved.
The FPA-modified devices sustain about 90% of the original effi-
ciency after maximum power point (MPP) tracking for 1000 h
under continuous illumination at 45 �C. The PCE was 90% after
continuous heating at 85 �C for 500 h in nitrogen environment
and 85% after aging for 4000 h under ambient conditions.

2. Results and Discussion

Figure 1a shows the architecture of an inverted planar PSC,
indium tin oxide (ITO)/NiOx/perovskite/PC61BMþ C60/BCP/
Cr/Au (PC61BM represents [6,6]-phenyl-C61-butyric acid methyl
ester, and BCP represents 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline) and the structure of FPA. The FPA structure
includes amino, carboxyl, and fluorine functional groups on
the benzene ring, which are expected to have multivarious inter-
actions with perovskites. We introduced FPA into the perovskite
layer (termed MA/FPA) through additive engineering. We con-
ducted high-resolution X-ray photoelectron spectroscopy (XPS)
to understand the passivation mechanism of the FPA molecule.
As shown in Figure S1, Supporting Information, compared with
the XPS broad spectrum of the FPA molecule, a clear F1s peak in
the broad spectrum of the MA/FPA film can be observed, which
represents the successful introduction of FPA into the perovskite
film. From the Pb spectrum, as shown in Figure 1b, we found
that compared with the pure MAPbI3 film, the two peaks of Pb

Figure 1. Research on the passivation mechanism of multifunctional molecule. a) Schematic showing the planar p–i–n device architecture (left) and the
schematic showing the possible passivation mechanism of the L-4-fluorophenylalanine additive in the perovskite film (inner box). b) High-resolution XPS
spectra of Pb 4f core level measured on the MAPbI3 and MA/FPA films. c) FTIR spectra of FPA molecule and its mixture with lead iodide. d) UV–vis
absorption spectra of iodine dissolved in different solvents in the range from 290 to 800 nm. Inset shows the photograph of iodine dissolved in the
methylene chloride solution without and with 20% FPA (mass ratio). The concentration of iodine is 1mgmL�1. e) FTIR spectra of FPA and the mixture of
FPA and MAI. f ) 1H NMR spectra of MA (NH3) in MAI and the mixture of FPA and MAI.
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4f7/2 and Pb 4f5/2 in MA/FPA both shifted to the direction of low
binding energy, indicating that the FPA molecule can compen-
sate the Pb2þ defect in the perovskite. Moreover, the XPS spec-
trum of Pb 4f in the MAPbI3 film shows two small shoulder
peaks caused by Pb0, which are due to the reduction of unsatu-
rated Pb2þ,[28] while the shoulder peaks disappeared after the
introduction of FPA, proving that the unsaturated Pb2þ has been
passivated, which has a positive effect on the carrier propagation
efficiency.[37,38]

We further studied the interaction between FPA and perovskite
through Fourier transform infrared (FTIR) spectra with the mix-
ture of PbI2 and FPA (1:1, mass ratio). In Figure 1c, it is observed
that the infrared vibration peaks of the amino group (–NH2) and
carbonyl group (–COOH) in the FPA molecule both significantly
redshifted, indicating the interaction of the lone electron pair on
the amino group and the carboxyl group of FPA with PbI2.

The unique large π-bond on the benzene ring gives it the prop-
erty of electron donors that can passivate electron-deficient I2
defects.[28,39] According to previous studies, the presence of
residual I2 in perovskite can introduce defects through the for-
mation of I gaps or I–Pb inversion.[28] Here, we mixed I2 and
FPA to explore the possible interaction between I2 and the ben-
zene ring. The magenta methylene chloride solution of iodine
turns darker after the addition of 20 wt% FPA, as shown in
the inset of Figure 1d. The ultraviolet–visible (UV–vis) absorp-
tion spectra (Figure 1d) show a new absorption peak at
307 nm, which indicates the formation of benzene–iodine com-
plex due to the electron-donating nature of the benzene ring.[39]

Therefore, we speculate that the benzene ring can effectively
reduce the density of electronic trap states caused by the presence
of I2 in the perovskite to improve the effectiveness of carrier
transport in the device.

In addition, the fluorine group on the benzene ring can also
contribute to the excellent passivation performance of FPA. We
tested the FTIR spectra of the FPA molecule, MAI, and
FPAþMAI mixture to analyze the possible interactions between
the fluorine group and perovskites. In Figure 1e, the peak around
1292 cm�1 matches the C–F stretching vibration of FPA and
shifts to a lower wavenumber of 1283 cm�1 in the MAIþ FPA
spectrum, indicating the interaction between MAI and FPA
through the fluorine group.[40] We further conducted 1H nuclear
magnetic resonance (NMR), as shown in Figure 1f. The obvious
signal at 7.5 ppm assigned to proton on NH3

þ in MAI shifts to
7.6 ppm in the FPAþMAI mixture. The FTIR and NMR analy-
ses reveal that the hydrogen bond is formed between fluorine
group on FPA and NH3

þ on MAI.[40–42]

The above analysis supports that FPA has the potential to pas-
sivate both the uncoordinated Pb2þ defects and the inevitable
trace I2 defects, and can also form hydrogen bonds with
MAþ, which has a certain influence on the crystallization and
stability of the perovskite. A schematic diagram of the multifari-
ous interactions between the FPA molecule and perovskite is
given in Figure 1a.

Figure 2a illustrates the schematic diagram of the preparation
of perovskite films in detail. Through its interaction with perov-
skite, FPA inhibits the diffusion of MAþ ions during perovskite
film crystallization and induces the formation of high-quality
perovskite film. A scanning electron microscope (SEM) was used
to study the surface morphology and quality of the perovskite

film. Figure 2b–c shows the top-view SEM images, the cross-
sectional SEM images, and the crystal size distribution of
MAPbI3 film and MA/FPA film, respectively. It is observed from
Figure 2b that the grains of the MAPbI3 film are small (average
grain diameter D is about 155.8 nm) and not uniform, and there
are obvious cracks and residual PbI2 (white particles). With the
addition of the FPA multifunctional molecule, the grain size is
enlarged, with an average size of about 260.5 nm, and the film is
more compact and uniform with fewer GBs (Figure 2c).

The X-ray diffraction (XRD) further proved that the FPA mol-
ecule improved the quality of the perovskite film (Figure 2d–e).
In Figure 2d, the modified perovskite film has no shifted diffrac-
tions or irrelevant diffractions to perovskite, indicating that the
perovskite lattices were not affected by the additives. The peak
around 12.8� corresponds to residual PbI2, which is weakened
in the FPA-contained perovskite film, suggesting that FPA sup-
pressed the inadequate crystallization of PbI2 and the decompo-
sition of perovskite. Figure 2e shows an enlarged view of the
(110) diffraction peaks of the perovskite film from 13.6� to
14.9�. With FPA in perovskite, the full-width-half-maximum
(FWHM) of the diffraction peak of the (110) plane decreases,
which may be related to the improvement of crystallinity and
less scattering. This is consistent with the results of Raman
spectroscopy (Figure S2, Supporting Information) and SEM
(Figure 2b,c). Consistently, the UV–vis absorption of the
MA/FPA film is also significantly enhanced (Figure 2f ) due to
the larger grain size of the perovskite, the reduction of GBs,
and the improvement of the quality of the film.[13]

To verify the performance improvement of PSCs with FPA-
modified perovskites, we fabricated PSCs with a structure of
ITO/NiOx/perovskite/PC61BMþC60/BCP/Cr/Au. The concen-
tration of FPA in perovskite was optimized to be 0.2 mgmL�1

(Figure S3 and Table S1, Supporting Information). Figure 3a
shows forward- and reverse-current density–voltage (J–V ) curves
of champion devices with MAPbI3 and MA/FPA under
100mW cm�2, with the extracted parameters given in Table 1.
At a reverse scan (RS) rate of 0.1 V s�1, perovskite with FPA
improves the PCE from 17.87% to 21.28%, with an open-circuit
voltage (VOC) from 1.07 to 1.10 V, a short-circuit current ( JSC)
from 21.23 to 23.15mA cm�2, and FF from 78.68% to
83.58%. Figure S4, Supporting Information, shows the statistical
distribution of photovoltaic parameters from ten devices, which
reflects the excellent repeatability of the champion devices. The
hysteresis factors (HF) of the devices are calculated using the for-
mula HF¼ (PCEreverse� PCEforward)/PCEreverse).

[43] Compared
with the HF of the MAPbI3 devices (4.48%), the HF of the
MA/FPA devices is substantially reduced to 1.97%, suggesting
the effective defect passivation and inhibition of ion migration
for the perovskite with FPA additive. Figure 3b shows JSC values
obtained by the integration of the IPCE. The integrated currents
of MAPbI3 and MA/FPA devices are 20.44 and 22.12mA cm�2,
respectively, which are well matched with the current values
obtained from the J–V characteristics (error within 5%).
Moreover, the champion devices of MAPbI3 and MA/FPA were
maintained at the MPP of 0.89 and 0.94 V, respectively, to track
stable power output. In Figure 3c, the stabilized photocurrent of
MAPbI3 and MA/FPA is 19.32 and 22.29mA cm�2, correspond-
ing to the stabilized PCE of 17.19% and 20.96%, respectively. The
PSCs with FPA show a highly stable power output.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2022, 2101101 2101101 (3 of 9) © 2022 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


To gain a deeper understanding of the charge-carrier dynam-
ics, steady-state photoluminescence (PL) spectroscopy and time-
resolved PL (TRPL) were studied, as shown in Figure 3d,e.
Compared with the MAPbI3 film, the MA/FPA exhibits a

stronger band emission and a blueshift of 3 nm at the same exci-
tation wavelength. We fit the TRPL curves with a biexponential
decay function.[44,45] The results show that the average TRPL life-
time of the perovskite film with FPA is more than six times that

Figure 2. Microstructure and properties of perovskite films with and without multifunctional molecules. a) Schematic diagram of the preparation of
perovskite films without and with FPA additive. b,c) SEM characterizations. Top-view and cross-sectional SEM images and grain size statistics (obtained
from top-view SEM images) of MAPbI3 (b) and MA/FPA films (c). The scales in top-view and cross-sectional SEM images are 1 μm and 500 nm, respec-
tively. d) XRD patterns of these perovskite films and e) the zoom-in image of the 13.6–14.9 region. f ) UV�vis absorption spectra of the perovskite films
with and without multifunctional passivation molecules. The illustration shows the film structure used for testing.
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of MAPbI3 (3.63 ns), reaching 23.94 ns (Table S2, Supporting
Information). A strong band emission, 3 nm blueshift in PL
spectroscopy, and longer TRPL lifetime of the MA/FPA film pro-
vide strong evidence that FPA has good control on defects to
reduce unnecessary nonradiation recombination and facilitate
the conversion of light energy into electrical energy.[46]

We further studied the electrical properties of the devices to
gain more insight into the effect on the device performance with
FPA. The defect state density (N trap) of the perovskite layer was
studied by testing the J–V curves of the electron-only devices in
the dark with the structure of ITO/TiO2/perovskite/
PC61BMþ C60/Ag. The linear relationship in Figure 3f indicates
an ohmic contact at a low bias voltage. When the bias voltage
exceeds the inflection point, the current rapidly increases,

indicating that the trap state is filled.[47,48] The voltage at the inflec-
tion point is called the limit voltage of trap filling (VTFL). The mea-
suredVTFL values for MAPbI3 and MA/FPA are 0.57 V and 0.17 V,
respectively. Ntrap can be calculated by the following equation.

Ntrap¼ 2εε0VTFL=eL2 (1)

where e is the basic charge of the electron, L is the thickness of the
perovskite film, ε is the relative permittivity of the perovskite, and
ε0 is the vacuum permittivity. In contrast to the MAPbI3 device
with a defect density of 2.02� 1016 cm�3, the device with FPA
delivered a lower defect density of 6.02� 1015 cm�3. Thermal
admittance spectroscopy (TAS) analysis was used to gain the quan-
tification of the trap density of states (tDOS) by the following
equations.[41]

Figure 3. Photovoltaic properties of the devices. a) The J� V curves of the champion devices based on MAPbI3 and MA/FPA perovskite films in RS and
forward scan (FS) under illumination of an AM 1.5 solar simulator (100mW/cm2). b) Corresponding IPCE curves and c) steady-state current densities and
PCE of the PSCs measured at constant bias voltages. d) Steady-state and e) time-resolved PL spectra of the perovskite films deposited directly on the ITO
glass substrate. f ) The dark J–V curves of electron-only devices. The device architecture is shown in the inset. g) Mott–Schottky plots and h) tDOS spectra
for the MAPbI3 and MA/FPA PSCs. In A2C�2, A is the active area and C is the capacitance; NT is trap state density; and Eω represents the energetic defect
level. i) Nyquist plots based on the EIS regarding the devices (inset: the equivalent circuit model of the devices).
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NTðEωÞ¼ �fVbiωðdC=dωÞg=ðqWkBTÞ (2)

Eω¼ kBT lnðω0=ωÞ (3)

where C is the capacitance, ω is the angular frequency, ω0 is
the attempt-to-escape frequency, q is the elementary charge, kB
is the Boltzmann constant, and T is the temperature. Vbi and
W are the built-in potential and depletion width, respectively,
which were extracted from the Mott–Schottky analysis
(Figure 3g). The density of deeper trap states (energy level above
0.40 eV) decreased after the introduction of the FPA molecule, as
shown in Figure 3h. The decrease of the tDOS is consistent with
the decreased photocurrent hysteresis, indicating the effective
passivation of charge traps in the MA/FPA film.[49] Further, elec-
trochemical impedance spectra (EIS) measurement reveals the
positive effects of FPA molecule on the electron transport

characteristics of PSCs.[50,51]The smaller charge transfer resistance
(Rct) is beneficial for the improvement of JSC and FF, as shown in
Figure 3i. The above results suggest that the FPA molecule can
simultaneously control the negative effects of multiple defects,
which maximizes the efficiency of carrier migration.

As long-term stability is one of the key issues for the practical
application of PSCs, we conducted aging tests on the perovskite
film in the air (RH¼ 40� 5%, heating at 85 �C for 24 h) to verify
the extremely excellent stability of perovskite films with FPA. As
shown in Figure 4a, after the rigorous test, the MAPbI3 film was
completely degraded (turned to yellow), while the MA/FPA film
was dark. Therefore, the multifunctional molecular additive FPA
can observably enhance the stability of the active layer through
the powerful interaction with the perovskite, thereby improving
the water and heat resistance of PSCs.

Table 1. A summary of the reverse- and forward-scanning photovoltaic parameters and the calculated HF of the MAPbI3 and MA/FPA devices under
100mW cm�2 AM 1.5G illumination.

Devices Scanning mode VOC [V] JSC [mA cm�2] FF [%] PCE [%] HF [%]

MAPbI3 Reverse 1.07a) (1.06)b) 21.23 (20.97) 78.68 (78.06) 17.87 (17.35) 4.48c)

Forward 1.06 (1.06) 20.93 (20.66) 76.97 (76.40) 17.07 (16.67)

MA/FPA Reverse 1.10 (1.10) 23.15 (23.01) 83.58 (83.30) 21.28 (21.05) 1.97

Forward 1.10 (1.10) 23.06 (22.84) 82.52 (82.21) 20.86 (20.66)

a)The best device performance from the different batch; b)The average values of 10 devices from the different batch; c)HF calculated from the optimal data of the reverse
scanning.

Figure 4. Stability testing of unencapsulated devices. a) Photographs of the MAPbI3 (e1, e3) and MA/FPA (e2, e4) films before (e1, e2) and after (e3, e4)
the “rigorous test,”which refers to keeping the films in air environment (RH¼ 40%� 5%) at 85 �C heating conditions for 24 h. b) TheMPP tracking of the
encapsulated device under 1 sun continuous illumination without a UV filter at 45 �C. The SEM images for c) MAPbI3 and d) MA/FPA perovskite film after
MPP tracking test. e) Statistical data on the PCE of unencapsulated devices varying with environmental storage time in the case of room temperature,
darkness, and ambient air humidity of about 40%� 5%. Inset: Contact angle of water on perovskite films. f ) Monitoring the change of PCE with thermal
aging time under the condition of continuous heating at 85 �C in nitrogen environment. g) The weight curve of perovskite films with and without FPA
multifunctional molecule as a function of temperature.
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The MPP tracking test of the encapsulated device under 1 sun
continuous illumination without a UV filter at 45 �C shows that
the PCE of MA/FPA devices remained at about 90% of the initial
values after continuous illumination for 1000 h, while the PCE of
MAPbI3 decayed by 50% only after 500 h (Figure 4b). We
observed the SEM images (Figure 4c,d) and XRD patterns
(Figure S5, Supporting Information) of MAPbI3 and MA/FPA
films after the MPP tracking test (note: the perovskite film
was obtained via peeling off the electrode with Kapton tape
and spin coating chlorobenzene to remove electron transport
layer). There is PbI2 degraded from MAPbI3 perovskite, while
the MA/FPA perovskite displays a small amount of degraded
PbI2, which is consistent with the XRD patterns, indicating that
FPA has a positive effect on keeping the perovskite composition
stable. We studied the influence of the FPA molecule on the sta-
bility of unencapsulated PSCs through an environmental stability
test in the air with a humidity of 40%� 5% and a temperature of
25 �C for 4000 h (Figure 4e). The efficiency of the control device
(MAPbI3) quickly drops below 45% of the original efficiency
within 2000 h, while the PCE of the MA/FPA devices can still
retain about 85% of the initial efficiency after being placed for
4000 h. Further, the tDOS of the MA/FPA device after aging
rarely changes (Figure S6, Supporting Information), which sup-
ports the device stability in the long term.

In addition, the surface hydrophobicity is another factor con-
ducive to device stability. We dropped water droplets on the sur-
face of the perovskite films to observed the water contact angle. It
can be seen from the inset in Figure 4e that the contact angle of
MAPbI3 is 56.98�, while that of MA/FPA increased to 78.66�,
which should be attributed to the vertical alignment of the hydro-
phobic benzene ring and fluorine group along the surface of the
perovskite film caused by the interaction between amino group/
carbonyl group in the FPA molecule and Pb via sharing the lone
electron pair.[52] Increased hydrophobicity is beneficial to block
the decomposition of the perovskite film under humidity and
improve the environmental stability of the device.

To examine the thermal stability of the optimized perovskite
material, we placed unencapsulated devices in a glove box filled
with nitrogen and heated them continuously at 85 �C. The curves
of PCE versus temperature are shown in Figure 4f. After contin-
uous heating treatment for 500 h, the PCE of MA/FPA devices
retained about 90% of the initial values, while the PCE of
MAPbI3 decayed by 60% only after heating for 350 h. The ther-
mogravimetric analysis (TGA) in Figure 4g shows the decompo-
sition temperature (DT) of MAPbI3 at 305 �C (weight loss by 5%)
while the DT of the perovskite with FPA increases to 314 �C. In
addition, the organic component MAI sublimates around
335 �C,[53] whereas the perovskite with FPA molecule displays
less weight loss due to the effective interaction between them.
The increased DT and reduced weight loss explain the positive
effect of FPA in improving the thermal stabilities of PSCs.

3. Conclusion

In summary, we provide an effective and simple method of
perovskite passivation. FPA multifunctional alanine molecu-
lar additive with a special multigroup structure is explored to

passivate both Pb2þ and I2 defects, and control the perovskite
crystallization, so as to achieve comprehensive effects of
reducing defects, suppressing recombination, and greatly
improving the quality of the perovskite film. The solution-
treated planar inverted PSCs have a champion PCE of
21.28% and maintain about 90% of the initial efficiency after
heating at 85 �C for 500 h under nitrogen atmosphere and
85% after 4000 h under ambient conditions. Moreover, the
optimized device retains 90% after 1000 h under 1 sun illumi-
nation without a UV (ultraviolet) filter at 45 �C to track MPP.
This method provides a strategy to improve the stability and
efficiency of PSCs with multifunctional groups to enable the
low-cost and large-scale fabrication for the commercialization
of PSCs.

4. Experimental Section

Materials: Gamma-butyrolactone (GBL, 99.8%), anhydrous dimethyl
sulfoxide (DMSO, 99.8%), chlorobenzene (CB, 99.8%), and isopropanol
(IPA, 99.9%) were purchased from Sigma-Aldrich. Methylammonium
iodide (MAI), lead iodide (PbI2), [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM), and bathocuproine (BCP) were purchased from Xi’an
Polymer Light Technology Corp. L-4-Fluorophenylalanine (FPA) was
purchased from Aladdin. All materials were used without further
purification.

Device Fabrication: The structure of the photovoltaic device was ITO/
NiOx/MAPbI3 (or MA/FPA)/PCBMþ C60/BCP/Cr/Au. Indium tin oxide
(ITO)-coated glass was cleaned with a cleaning detergent, and then deion-
ized water, acetone, and ethanol solution were used for ultrasonic cleaning
for 15min, respectively. After nitrogen blowing to dry the cleaned ITO
glass, the glass sheets were treated with ultraviolet ozone for 15min to
remove the organic residue and enhance the wettability. NiOx was synthe-
sized according to previous literature.[54] For the fabrication of hole trans-
port layer of NiOx, we spin coated the synthesized NiOx aqueous solution
on the ITO glass at 2000 rpm for 50 s in the air and heated at 100 �C for
10min. Subsequently, the sample was transferred to a glove box filled with
N2. To make the MAPbI3 precursor solution, MAI and PbI2 were dissolved
in 1mL GBL/DMSO mixed solution (volume ratio of 7:3) with a molar
ratio of 1:1 and stirred at 60 �C for 5 h.[55,56] To prepare MA/FPA precursor
solution, different concentrations of FPA were added in MAPbI3 precursor
solution. Then, through one-step antisolvent method, the perovskite pre-
cursor was spin coated on NiOx film at 1000 rpm for 10 s and 3000 rpm for
40 s, and chlorobenzene as the antisolvent solution was dropped on the
film at the last 30 s during spin coating to remove the excess solvent. After
annealing at 100 �C for 10min, a perovskite film was obtained. Then
PC61BM and C60 mixture solution (mass ratio, 4:1; 25 mgmL�1) in chlo-
robenzene was spin coated on top of the perovskite film at 3000 rpm for
40 s and then annealed at 60 �C for 10min. The BCP/IPA solution
(0.5mgmL�1) was spin coated on PC61BM/C60 and annealed at
60 �C for 10min to obtain the barrier layer. Finally, the chromium
layer (4 nm) and gold layer (100 nm) were deposited under vacuum
(4� 10�6 mbar) by thermal evaporation. The effective area of the prepared
device was 0.1 cm2.[57]

Characterizations: The J–V curves were measured by a Keithley 2400
source meter with a scanning speed of 0.1 V s�1. All devices were measured
under AM 1.5G illumination (100mW cm�2) from a solar simulator
(Newport 94023A Oriel Sol3A, Class AAA), using a Hamamatsu S1133 stan-
dard silicon diode to calibrate the luminous intensity.[58–60] The internal
photo-to-current efficiency (IPCE) spectra were acquired in the wavelength
range from 300 to 850 nm with Newport (1600W). The steady-state PL spec-
tra and TRPL of the samples were measured via a fluorescence spectrometer
(Edinburgh Instruments, FLS980, excitation wavelength: 480 nm). A bias volt-
age of 0.8 V was applied to the electrochemical workstation (Chenhua 760),
and the EIS of the devices were performed in dark in the frequency range from
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0.1Hz to 1MHz, with the oscillation potential amplitude of 10mV. The FTIR
spectra were carried out by NICOLET iS50 FTIR spectrometer. X-ray photo-
electron spectroscopy (XPS) spectra of the samples were tested by X-ray pho-
toelectron spectrometer Axis Supra (Shimadzu Kratos) under a base pressure
of 1� 10�9 torr with a monochromatized Al Kα source and multichannel
detector 452. The ultraviolet–visible (UV–vis) absorption spectra were
obtained by a spectrophotometer (Lambda 35, Perkin-Elmer). The surface
morphology of the perovskite films and the cross-sectional morphology of
the samples were characterized by an field emission SEM (FESEM, FEI,
NANOSEM450, US) with the working voltage of 10 kV. The XRD spectra
of the samples were obtained by XRD-7000 using Cu Kα radiation
(PANAlyticalX 0pert PRO, λ¼ 0.154 nm) with a scanning speed of 5� min�1.
The Raman spectra of samples were tested by Horiba RENISHAW Via
Raman. The TGA curves were acquired by STA 449F3 under nitrogen atmo-
sphere with a heating rate of 5 �Cmin�1. Water contact angle measurements
were performed by DSA100 (KRUSS, Germany). The 1H NMR spectrum
(used DMSO-d6 as locking solvent) was performed with Bruker AVANCE
400MHz spectrometer.

Stability Test: The rigorous stability tests of the perovskite films were per-
formed in an atmospheric environment (relative humidity of 40%� 5%)
and maintained a heating condition of 85 �C. The samples were not encap-
sulated to study their durability under severe conditions (oxygen, moisture,
and high-temperature environment). The environmental stability of the devi-
ces was tested in an atmospheric environment with the relative humidity of
40%� 5% and the temperature of 25 �C. The thermal stability was tested in
a glove box filled with nitrogen and continuous heating on a heating table at
85 �C. All of the samples were tested without encapsulation. Heating in a
nitrogen atmosphere was to eliminate the negative effects of oxygen, mois-
ture, and only consider the changes in device performance with heating
time. All devices were not further processed and the conditions were con-
sistent with the J–V curve measurement. The operation stability of the
encapsulated devices was tested under 1 sun continuous illumination with-
out a UV filter at 45 �C to track the MPP via an MPP trace system (YH-
VMPP-16). As for the encapsulation of devices in operational stability, it
could be achieved via UV adhesive (LT-U001, Lumtec) and a glass on top.
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