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High-Performance Perovskite Solar Cells with Low
Open-Circuit Voltage Loss and Excellent Stability

after p-F-PEAI Posttreatment

Jiahao Bao, Li He, Chao Gao, Jingjing Liang, and Wenzhong Shen*

Photoelectric properties of perovskite solar cells (PSCs) are closely linked to
defects on the surface of perovskite in the preparation process, which have a
significant impact on the open-circuit voltage (Vo) of devices. It is necessary for
high-performance PSCs to suppress the non-radiative recombination at the
interface and improve the charge transfer. Herein, phenylethyl ammonium iodide
containing fluorine (p-F-PEAI) is utilized to treat the perovskite film, which can
optimize the energy-level alignment between perovskite layer and hole-transport
layer to promote charge transfer and reduce non-radiative recombination by
passivating interface defects and inhibiting the generation of Pb°. The intro-
duction of fluoride can enhance the electropositivity of —NH;" to obtain
excellent passivation and moisture resistance. The p-F-PEAI-modified PSCs
achieve a superior power conversion efficiency of 22.56% with remarkable Vo
(1.20 V) and maintain 96% of the initial optimal value after 1000 h without

encapsulation.

1. Introduction

With the rapid development of perovskite solar cells (PSCs), the
power conversion efficiency (PCE) of devices has rapidly
improved from 3.8% to 25.7%.!""*! Compared with the traditional
crystalline silicon cells, the PSCs exhibit low fabrication cost,
simple process, and excellent photoelectric performance.®”!
However, due to the polycrystalline nature of perovskite, the
defects at the interface are inevitable, which will lead to severe
non-radiative recombination and poor stability.®'? According
to previous work, surface defects have a greater impact on
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properties than bulk defects. Reducing
the defect density on the surface as much
as possible is an urgent issue to be
solved."*'®! The poor contact of hetero-
junction interface and unsuitable energy-
level alignment will reduce the values of fill
factor (FF) and the short-circuit current
density (Jsc).7517-23

Effective interface processing is particu-
larly important for high-performance
PSCs. Among various types of defects in
PSCs, point defects at the interface are uni-
versal phenomenon.”'*?*8 For those
point defects, the defects are easy to be
formed due to the low defect formation
energy. Thus, the directional management
of lead is significant. There are three main
types of lead defects, including undercoor-
dinated Pb**, anti-positional defect PbI; ",
and PbO.I'"*?%3% The defects of lead will
lead to a large amount of non-radiative recombination at the
interface, which causes terrible impact on the devices perfor-
mance and the reduction of the stability of PSCs.***? A series
of methods of passivating at the interface between perovskite
and charge-transfer layer (CTL) are employed, including
small molecules, macromolecular polymers, inorganic layers,
ionic liquids, low-dimensional perovskite, etc. Small molecular
electron donor groups such as —NH,, COO—, and SCN— have
been widely used for passivation.?***! Due to the weak van der
Waals force and the poor stability of these small molecular
materials, the results obtained in practical work are often not
very satisfactory. In addition, covering a layer of 2D perovskite
on the surface of 3D perovskite has been proved to be a more
effective strategy. Because of the semi-insulating nature of 2D
perovskite based on bulky organic cations, it is urgent to
improve charge extraction and decrease the open-circuit voltage
(Voc) loss.

According to previous studies, modified materials are not
involved in the formation of low-dimensional structure, which
may be conducive to obtain better passivation effects.®
Meanwhile, the formation of mixed-dimensional perovskite
structure often demands high-temperature annealing for a long
time, which will cause unnecessary energy loss. Under high
humidity conditions, the stability of PSCs is also unsatisfactory.
Thus, simple and effective passivation strategies are needed,
which can not only effectively reduce the defects of lead and
reduce the mobility of ions, but also match the valence band
(VB) of perovskite with the highest occupied molecular orbital
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of hole-transport layer (HTL) to achieve better charge collection at
the interface.

Herein, we systematically develop highly efficient and low V¢
loss mixed-dimensional PSCs with phenylethyl ammonium
iodide containing fluorine (p-F-PEAI). The electropositivity of
—NH;" is enhanced due to the introduction of F element, which
further promotes the passivation of ammonium on the surface of
perovskite. The devices are annealed only for a short time with
low temperature, and only part of the modified material is
involved in the formation of low-dimensional structures, while
most of p-F-PEAI is deposited at the grain boundaries. This strat-
egy is conducive to the passivation effect and avoiding the com-
plete cover of the low-dimensional structure on the perovskite
layer, which can promote the charge extraction and transport.
High Voc of PSCs is obtained because of the excellent passiv-
ation effect. The passivation layer exhibits better stability due
to the enhanced bonding ability with the perovskite layer. The
absorption layer can obtain better energy-level alignment with
HTL because of the conjugation property of benzene ring.
The champion devices achieve a PCE of 22.56% with low V¢
loss (0.36 eV) and excellent stability under high humidity after
p-F-PEAI treatment. The PCE of PSCs without encapsulation still
maintains high value of the initial optimal efficiency under high
humidity and temperature conditions.

2. Result and Discussion

As shown in Figure 1la, we explained the passivation
mechanisms. The structure of the modified perovskite crystal
was measured by X-ray diffraction (XRD) in Figure 1b, which
is consistent with previous reports. All perovskite films show
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diffraction peaks of traditional perovskite structure, which
indicates that the passivation of p-F-PEAI does not change the
intrinsic structure of perovskite. For the unmodified perovskite
films, we can find that there was a weak characteristic peak of
Pbl, near 12.7°. After modification, it can be observed that
the characteristic peak of lead iodide is obviously eliminated,
which indicates that p-F-PEAI can interact with the residual
PbI, on the surface. As shown in Figure 1c, it is worth noting
that when the concentration of p-F-PEAI is increased, the
full width at half maximum of diffraction peak at about 5.6°
narrows down. This indicates the formation of 2D structure
(p-F-PEA),Pbl,. When the concentration continues to enhance,
a new diffraction peak appears at 10.8°. We speculate that that
is another phase of the low-dimensional perovskite layer of
(p-F-PEA),PbI,."**~*% Compared with the aliphatic amino cat-
ions, the aromatic amino cations-based 2D perovskite have
exhibited exciton binding energies, which are beneficial to the
application in PSCs due to the higher dielectric constant of
the polarizable aromatic groups.

The crystal morphology of perovskite reflects the quality of the
film, to study the effect of passivation on the morphology of
perovskite, the top and cross sections of perovskite films were
tested by scanning electron microscope (SEM). In Figure 1d—f,
we used different concentrations of p-F-PEALI to treat perovskite
film. The control group with a white surface represents the resid-
ual lead iodide on the surface. It can be observed that lead iodide
is obviously eliminated after modification. However, when the
concentration of p-F-PEALI is excessive, an obvious covering layer
was formed on the surface of perovskite and mainly concentrated
at the grain boundary, which forms a thick layer of low-
dimensional perovskite and blocks the charge transport.*!~**
As shown in Figure S1, Supporting Information, when the
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Figure 1. a) Passivation of the phenylethyl ammonium iodide containing fluorine (p-F-PEAI) on the perovskite film. b) X-ray diffraction (XRD) and
¢) high-resolution images of the perovskite films with and without p-F-PEAI treatment. d—f) Scanning electron microscope (SEM) images with different

conditions of perovskite films.
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concentration of the modified material enhanced, there is a thick
layer structure between the perovskite layer and the HTL, and obvi-
ous holes can be seen. We speculate that that may be caused by the
aggregation of the modified materials, which has a great impact on
the charge transport and leads to poor performance of PSCs.
Atomic force microscope images were conducted in Figure S2,
Supporting Information. The surface of the films in the control
group is dense; however, it can be seen obvious grain boundaries.
After modification, the grain boundary becomes blurred and the
surface roughness is obviously improved, which is attributed to
the formation of low-dimensional perovskite layer and p-F-PEAI
is mainly concentrated at the grain boundary. By comparing
the device performance obtained by the modification at different
concentrations, we finally determined the best concentration is
2mgmL . At this time, the thickness of low-dimensional perov-
skite layer is optimized to the best, which improves the interface
contact between perovskite layer and HTL to promote the charge
transmission. The target device has achieved the best perfor-
mance. According to the reports of previous work, it can be found
that the dominant form of p-F-PEAI on the perovskite surface is
the p-F-PEAI crystal itself. Meanwhile, the formation of a 2D
perovskite on a 3D perovskite surface also has better passivation
effect. The reduction of height between the grain surface and the
grain boundary can be ascribed to the p-F-PEAI that is more
easily deposited at the grain boundary.

In addition to the morphology and structure of perovskite,
the element information of perovskite surface is still worth
studying. We utilized X-ray photoelectron spectroscopy (XPS)
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measurement to study the chemical element state on the surface
of perovskite and prove the existence of the modified material. As
shown in Figure 2a, the control perovskite film has two strong
peaks near 143.1 and 138.2 eV, which correspond to Pb 4f; , and
Pb 4f;/,, respectively. The two strong peaks shift to 143.4 and
138.5 eV after introduction of p-F-PEAI, which means that the
Pb** on the perovskite film surface has a strong interaction with
p-F-PEAI resulting in a strong passivation effect on the sur-
face.>*#54¢I The control perovskite film has two weak peaks near
141.3 and 136.3 eV, which represent the presence of Pb° and for-
mation of a non-radiative composite center at the interface. It will
seriously affect the performance and stability of the PSCs. Pb°
was significantly inhibited after p-F-PEAI modification, which
indicates that p-F-PEAI has strong interaction with unpaired
Pb**, and non-radiative recombination is fully suppressed. As
shown in Figure 2b, for the unmodified perovskite surface, there
is a strong peak at 288.2 eV of C 1s, which represents the C=O.
This shows that the unmodified perovskite thin films are easy to
react with moisture and oxygen.'® The characteristic peak is
obviously weakened after modification. The stability of films
was fully enhanced owing to the ability of resisting water and
oxygen was improved. As shown in Figure 2c, we measured
the XPS of F 1s. The existence of F 1s was confirmed after modi-
fication, which further proves the existence of the passivation
layer. In Figure S3 and S4, Supporting Information, we mea-
sured the XPS of N and I, respectively. The shift of binding
energy indicates that the modification plays a positive role in
the performance of the device.
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Figure 2. a—c) X-ray photoelectron spectroscopy (XPS) spectra of the perovskite films with and without p-F-PEAI treatment about Pb, C, and F,
respectively. d,e) Ultraviolet photoelectron spectroscopy (UPS) spectra of the perovskite films with and without p-F-PEAI treatment. f) Energy-level

scheme of films.
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As shown in Figure 2d,e, ultraviolet photoelectron spectros-
copy (UPS) was adopted to measure the surface energy level
of the control device and the modified device, respectively.
The energy gap of perovskite is measured by photoluminescence
(PL) test. As shown in Figure 2f, we have established the energy-
level diagram of films. After p-F-PEAI modification, the Ep of
perovskite is increased by 0.44eV, which verifies better
energy-level matching and hole-extraction ability. The VB of
perovskite is increased by 0.36 eV, which indicates that a bent
band structure is formed. It will block the electron transmission
through the backscattered electric field.[*" In addition, the typical
2D perovskite packing of (p-F-PEA),Pbl, is mimicking that of the
well-known (PEA),Pbl,, with layers of corner-sharing octahe-
drons separated by head-to-head packed p-fluorophenyl ethyl
amines. The (p-F-PEA),Pbl, showed slightly larger lattice param-
eter and wider bandgap due to the presence of para-substituted
fluoro atom. Since the organic cation do not directly participate in
the electronic states near the VB or conduction band edges, but
indirectly affect the bandgap through the structural changes
imposed in the inorganic structure, the minor structure change
from other PEA materials to p-F-PEA will not change signifi-
cantly the band structures. The change of energy level of the
3D-2D perovskite film can be attributed to the 2D perovskite
capping layer.

As shown in Figure 3a, PSCs are fabricated by the traditional
spin-coating method with a plane structure, which are measured
under the condition of AM 1.5G. As shown in Figure 3b, we mea-
sured the current density-voltage (J-V) curves of the control
device and the target device under the forward and reverse scan-
ning, respectively. The PCE of the control device is 20.01% under
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reverse scanning. After p-F-PEAI modification, the device
achieves a PCE value of 22.56% with almost negligible hysteresis.
The passivation effect of the modified materials decreases the
non-radiative recombination and inhibits ion migration.*?
The champion device has a high Voc more than 1.2V, an FF
of 81%, and a Jsc of 23.13mAcm 2 As shown in Table 1,
we summarized the detailed values of photovoltaic parameters
of PSCs.

As seen in Figure S5, Supporting Information, the original
J-V curve of the champion device was provided. The J-V curves
at concentrations of 1 and 5 mg mL ™" were revealed, respectively
(Figure S6, Supporting Information). When the concentration of
the modified material is low, the performance of devices has not
been fully improved. When the concentration of the modified
material is huge, the formation of thicker passivation layer hin-
ders charge transfer and causes a significant impact of the devi-
ces. We measured the incident photon—electron conversion
efficiency (IPCE) spectra of the control device and the target
device. It can be seen that the performance of modified group
has been comprehensively improved, and the integral current
has been increased from 22.11 to 22.58 mA cm 2. The improve-
ment of current is attributed to the inhibition of non-radiative
recombination and the improvement of charge transfer. To fur-
ther verify the reproducibility of the PSCs, we summarized the
parameters of 80 cells. The enhanced performance can be attrib-
uted to the suppression of non-radiative recombination, the
reduction of defect density of states, the extension of carrier life-
time, and the enhancement of charge transfer. The PCE, Vo,
FF, and Jsc distributions of the control devices and the modifi-
cation devices are shown in Figure 3d-f and S7, Supporting
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Figure 3. a) Device structure of as-built planar perovskite solar cells (PSCs). b) current density—voltage (J-V) curves under different conditions.
c) Incident photon—electron conversion efficiency (IPCE) spectra and integrated current. d) Power conversion efficiency (PCE) distributions,
e) open-circuit voltage (Voc) distributions, and f) fill factor (FF) distributions.
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Table 1. The details of photovoltaic parameters of PSCs at the optimal
states.

Cells Scans Jsc [mMAcm ™3 Voc [V] FF PCE [%]
Control Reverse 22.68 1.15 76.34 20.01
Control Forward 22.64 1.09 74.23 18.32
Target Reverse 23.13 1.20 81.21 22.56
Target Forward 23.10 1.19 80.62 22.16

Information. As shown in Figure 4a and S8, Supporting
Information, we conducted a continuous 300 s steady-state out-
put test. It can be seen that after modification, the stability of PCE
and Voc has been significantly improved.

By measuring the light-dependence of J-V curve, we can
further reveal the charge non-radiative recombination loss of
devices. The relationship between the light intensity and the
Jsc is as follows. The logarithm of Jsc and the incident light
intensity have a linear relationship. When the slope is 1, it rep-
resents an ideal molecular recombination. As shown in
Figure 4b, compared with the control device (@ = 0.956), the tar-
get device (@ = 0.982) closer to 1, indicating that the non-radiative
recombination is weaker and the Jsc has been improved. As
shown in Figure 4c, Vo basically conforms to the linear relation-
ship with light intensity. The fitting slope after modification
decreases from 1.85 to 1.34kTq ', which indicates that the
trap-assisted recombination in devices is significantly reduced
and Ve of 1.20V is obtained.!*!

The UV-vis absorption spectrum of the control and modified
perovskite films is shown in Figure 4d. After the p-F-PEAI
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treatment, the absorption intensity in the visible is enhanced,
the Jsc is also improved. As shown in Figure 4e, to characterize
the defects of perovskite films, the PL spectroscopy was mea-
sured. The peak intensity of the modified PL is significantly
enhanced, which fully explains the improvement of the quality
of the perovskite film and the reduction of internal defects.
The remarkable ability of p-F-PEAI effectively inhibits the
non-radiative recombination at the interface.'*) Therefore, the
energy levels is more matched and the charge transfer is pro-
moted, explaining that the Vo and the FF of the device are
greatly increased. At the same time, we noticed that the PL peak
of modified perovskite had a slight blueshift, and the peak posi-
tion shifted to 793 nm, which explains the formation of low-
dimensional perovskite structure on the 3D perovskite surface.

Comparing the charge-transfer capability of perovskite films
with and without interface modification, as shown in
Figure 4f, we measured the time-resolved photogrammetry
(TRPL) spectroscopy for the control and modification devices,
respectively. The structure of the control device is glass/ITO/
SnO,/perovskite, and modified device is including p-P-PEAI
treatment. Under the single exponential decay fitting, the carrier
lifetime of the control device is 21.5ns. The carrier lifetime is
rapidly reduced to 13.9ns after modification. In Figure S9,
Supporting Information, the TRPL of control and modification
devices without ITO and SnO, was measured, respectively.
According to the carrier lifetime of the fitting curve, the carrier
lifetime is obviously optimized. The measurement results are
attributed to the improvement of charge transfer and the inhibi-
tion of non-radiative charge recombination between the perov-
skite layer and HTL. As shown in Figure 5a and Table 2, the
electrochemical impedance spectroscopy (EIS) was used to study
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Figure 4. a) Stabilized power output at the maximum power point. b) Dependence of Vo about the light intensity. c) Dependence of short-circuit current
density (Jsc) about the light intensity. d) UV-vis absorption spectra. e) Photoluminescence (PL) spectra. f) Normalized time-resolved photogrammetry

(TRPL) decay curves.
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the interfacial charge transfer and non-radiative recombination.
For the target devices, the charge-transfer resistance (Ry) is
decreased and the recombination resistance (R,.) is increased,
which indicates that the charge-transfer loss is reduced and
non-radiative recombination is suppressed. It proves the
improvement of charge-transfer capability and the suppression
of harmful recombination at the interface, leading to the increase
of Voc, Jsc, and FF.B% There are two reasons to explain the
aforementioned improvement. First, the strong interaction
between p-F-PEA™ and perovskite strengthens the connection
at the interface and promotes the extraction and transfer of
carriers. Second, the strong z—r interaction effectively reduces
the potential barrier of hole transmission and improves the
hole-transfer capability.!*>**

As shown in Figure 5b, the dark current density of perovskite
decreases significantly after modification owing to the reduction
of defect density of the modified perovskite layer.*”) The charge
recombination is reduced and the charge transmission is
enhanced. The V¢ is increased from 1.15 to 1.20V with less
energy loss. As shown in Figure 5¢—f. We utilized space charge
limited current measurement to estimate the defect density of
the devices. We measured the single ETL and single HTL in
the dark, respectively. According to the equation

N, = 2Vrp£0¢,/(9L?) 1)

the electron and hole trap density (N;) of the perovskite film
decreased from 4.97 x 10" to 3.55x 10”cm ? and from
8.71 x 10" to 6.38 x 10'°> cm™, respectively. It is obvious that
the formation of a low-dimensional perovskite structure and
defect passivation effectively reduces the concentration of defect
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Table 2. The details of R.; and R, parameters of target and control PSCs.

Cells Ra [ Reec [
Control 201.7 496.7
Target 155.9 22011

states on the surface to passivate the surface and inhibit the
non-radiative recombination at the interface. We speculate that
the p-F-PEAI, as an electron donor, interacts with uncoordinated
Pb** to form Pb-N coordination bond to fill I vacancy. At the
same time, —NH;" can also form a hydrogen bond structure
with perovskite to further passivate the surface. It inhibits the
generation of Pb° and reduces the non-radiative recombination
of the interface, which improves the Vo, building better connec-
tion between the HTL and perovskite layer and promoting the
separation and transmission of carriers.?****”! The performance
and stability of the devices have been greatly improved through
the treatment of Pb on the interface.

The long-term stability of PSCs is the most important factor in
the future development and industrialization.[**! As shown in
Figure S10, Supporting Information and Table 3, we provided
the initial J-V curves and photovoltaic parameters of PSCs for
target and control devices. We have made the following compar-
ative tests on the control device and the target device. We con-
ducted the stability of the nonencapsulated control device and
the target device in dry air. As shown in Figure 6a, the stability
of the device is significantly improved after modification. It still
maintained 96% of the initial optimal efficiency after 1000 h,
while the PCE of control devices declined to 75% of the initial
optimal value. As shown in S11, Supporting Information, to
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Figure 5. a) Nyquist plots at V=—1.0V. b) Dark J-V curves. c,d) Space charge limited current (SCLC) for electron-only. e,f) SCLC for hole-only.
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Table 3. The details of photovoltaic parameters of PSCs.

Cells Scans Jsc [mAcm™?] Voc V] FF PCE [%]
Control Reverse 22.69 1.14 75.61 19.61
Control Forward 22.72 1.08 73.36 18.00
Target Reverse 23.08 1.18 79.70 21.71
Target Forward 23.11 1.16 78.59 21.07

further verify that the stability of the modified PSCs has obtained
greatly improved, we measured the stability of the devices under
high-humidity and high-temperature conditions. Under high
humidity, target devices maintained 80% of the initial efficiency,
while the control devices declined to 67%. Under high tempera-
ture, target devices maintained 85% of the initial value, while the
control devices declined to 75%. Comparing the results of the
two groups of measurements also indicates that the humidity sta-
bility of the devices has improved significantly after modification.
It is worthy to study the stability of perovskite film in wet envi-
ronment. The contact angle of the control perovskite layer and
target perovskite layer were measured, respectively. As shown
in Figure 6b, the contact angle of the unmodified perovskite sur-
face was only 64.4°, and the contact angle of the modified perov-
skite surface reached 85.2°, the moisture resistance was
significantly improved. The stability of perovskite film is signifi-
cantly improved. Finally, according to Figure 6¢,d, the crystal
structure of perovskite after a long time in dry air was measured
by XRD. The strength of lead iodide in the control group is
significantly improved after 2000h, which means that the

1.0 pone—
0.8 \

0.4 —o—Target
—e— Control

0.2
200 400 600 800 1000
Time (h)
(c) —— After 2000 h
-~
3
2
E Control
£

5 10 15 20 25 30 35 40
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www.entechnol.de

decomposition of perovskite was higher, and the strength of lead
iodide peak in the modified group is significantly weaker, so the
stability of the modified group was much better. In conclusion,
the defect state density is reduced and the internal stability is
improved after p-F-PEAI modification, owing to the effective
treatment of Pb at the interface leads to the reduction of defect
state density and improvement of internal stability.

3. Conclusions

In this work, high-efficiency and stable PSCs were obtained after
p-F-PEAI treatment. A combined theoretical and experimental
study of the 3D-2D perovskite film and devices revealed that
the density of defect states on the surface of perovskite is greatly
reduced and the energy level of PSCs has been further optimized
after modification. The introduction of fluoride can enhance pas-
sivation effect and moisture resistance. Therefore, the champion
PSCs have achieved Vo up to 1.20 V and FF more than 81%. The
unencapsulated target devices can maintain 96% of their initial
PCEs after 1000 h and the stability of PSCs exhibits excellent per-
formance under high humidity and high temperature. This work
provides an excellent method of interface passivation, which has a
positive significance for the development of PSCs in the future.

4. Experimental Section

Preparation of the SnO; Electron-Transport Layer Solution: The solution
was prepared by mixing SnO, colloidal dispersion liquid (15wt%) with
deionized water (viv=1:2), and then stirring for 6 h.

(b)
Control 64.4°
Target 85.2°
(@) —— After 2000 h
3k ﬂ o I
.‘? * * * * . 'l‘.arget
g
=
‘_ "'l Ll B

5 10 15 20 25 30 35 40
2Theta (degree)

Figure 6. a) Normalized PCE variation curves. b) Contact angles for the water. c,d) XRD images for control and target perovskite films.

Energy Technol. 2023, 11, 2300295

2300295 (7 of 9)

© 2023 Wiley-VCH GmbH

88UB017 SUOWIWIOD BAIIeRID) 3|qedl|dde 8y Ag peusenob afe sejoNte VO ‘8sn JO Sa|nJ 10} ARigT 8UIIUQ /8|1 UO (SUONIPUOD-pUe-SWIR)WI0D A8 | 1M A Ul JUO//SANY) SuoNIpUOD pue swwie | Yl 88S *[£202/80/20] Uo Akiqi7auljuo fejim ‘AiseAiun Buo | ceir rybueys Ag S6Z00£202 @1U8/Z00T OT/I0p/W0d A3 | 1M Areiqul|uo//:sdny woi) pepeojumod ‘g ‘€202 ‘962612


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

Conversion, Storage, Distribution

www.advancedsciencenews.com

Preparation of the Perovskite Precursor Solution: Precursor solution for
perovskite films was prepared by dissolving 1.70 M Pbly, 1.4 M FAI, 0.16 m
MABr, 0.16 M PbBr,, and 0.45 m MACI in N,N-dimethylformamide/dimethyl
sulfoxide mixed solvent (v:v=7:1), and then stirring for 12 h.

Preparation of p-F-PEAI Solution: p-F-PEAI solutions with different
concentrations (1, 2, 5 mgmL™") were dissolved in isopropanol, and then
stirring for 2 h.

Device Fabrication: The electron-transport layer (ETL) was formed by
deposing a thin layer of SnO, at 3000 rpm. for 30s, and subsequently
annealed at 170°C for 20 min. In addition, for better surface wetting,
the substrate was treated with ultraviolet ozone for 30 min. The perovskite
precursor solution was spin-coated at 1000 rpm for 10 s and 5000 rpm for
305, ethyl acetate (250 mL) was poured onto the substrate at 20 s during
the second spinning stage. For the p-F-PEAI passivation layer, the
p-F-PEAl/isopropanol solution with different concentrations was
spin-coated onto the (FAPbl3)oo(MAPbBr3)0.1 perovskite surface followed
by annealing at 100 °C for 2 min.

More details about the materials, device fabrications and characteriza-
tions for experiment were demonstrated in Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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