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ABSTRACT: The p-i-n type perovskite solar cells with a nickel oxide
(NiOx) hole transport layer in combination with self-assembled
monolayers (SAMs) have a high power conversion efficiency (PCE)
of over 26%. The surface properties of the SAM layer have a
significant impact on the growth and crystallization of the perovskite
film. In the meanwhile, defects formed during thermal annealing at the
SAM layer and the perovskite layer interface would act as charge
recombination centers, decreasing device performance and stability.
To address these issues, this work introduces 3,4,5-trifluorophenylbor-
onic acid (3,4,5-3FPBA) as the interfacial modification layer to
improve the buried interface properties that enable better crystal-
lization of the perovskite film. With the 3,4,5-3FPBA layer, based on
the perovskite composition Cs0.05(FA0.98MA0.02)0.95Pb(I0.95Br0.05)3, the
device efficiency increased from 21.99% to 24.02%. A similar improvement was observed for the perovskite composition
Cs0.05FA0.82MA0.13Pb(I0.85Br0.15)3, where the device efficiency increased from 21.87% to 22.76%. The universality of interface
modification has been confirmed. In addition, based on the perovskite composition Cs0.05FA0.82MA0.13Pb(I0.85Br0.15)3, the resulting
cells showed improved thermal stability, maintaining 75% of its initial efficiency after 500 h of continuous heating at 85 °C for
unencapsulated devices.
KEYWORDS: perovskite solar cells, 3,4,5-trifluorophenylboronic acid, self-assembled monolayer, thermal stability,
power conversion efficiency

1. INTRODUCTION
As a rising star in the photovoltaic technology, perovskite solar
cells (PSCs) has attracted widespread attention for their high
power conversion efficiency (PCE),1,2 low manufacturing
cost,3,4 and flexible large-area preparation.5,6 Currently, the
PCE of inverted (p-i-n) PSCs has exceeded 26%,7 demonstrat-
ing tremendous development potential and commercial
application values. In reviewing the development of inverted-
type PSCs, the hole transport material (HTM) is the key factor
in achieving high PCE.8−10 The HTM for inverted PSCs have
shifted from traditional materials, including poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA),11,12 poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS),13,14 and NiOx,15−17 to distinctive self-assembling
material (SAM), such as 2-(9H-carbazol-9-yl)ethyl phosphonic
acid (2PACz),18−20 [2-(3,6-dimethoxy-9H-carbazol-9-yl)-
ethyl]phosphonic acid (MeO-2PACz),21,22 and [4-(3,6-
dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-
4PACz).23,24 These materials show the advantages of high
hole-selectivity,17,25 high hole transport efficiency,19,26 and low

interface defects,3,27 resulting in high efficiency of p-i-n type
PSCs.
It has been found that devices using NiOx as hole transport

layer (HTL) exhibit high stability but low efficiency.15,17

Conversely, devices with SAM as HTL possess high efficiency
but lack stability.18−20 Therefore, researchers have combined
the two type materials as dual HTL to achieve devices with
both high efficiency and stability.28 However, the dual HTL
can only address the issue of SAM weak anchoring to the
substrate but cannot solve the interfacial problems between
SAM and perovskite.29 The specific interfacial issues mainly
include: (1) different SAM materials have various dipole
moments, leading to different interface contacts; (2) the film-
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forming process of SAM materials results in a rough surface
that is harmful to the growth and crystallization of perovskite.
These factors can lead to a decrease in the device performance.
To address these issues, researchers have optimized the
molecular structure of the SAM with suitable dipole moments.
When applied to devices, these materials have a suitable energy
level matching perovskite, enhancing charge collection and
suppressing interfacial reactions and recombination, ultimately
achieving high efficiency and stability.22,27,29−32 Other
researchers focused on the interface, inserting a modification
layer to improve film quality of perovskite substrates and boost
device efficiency and stability.20,33

Based on this, 3,4,5-trifluorophenylboronic acid (hereinafter
referred to as 3,4,5-3FPBA) was conducted as an interfacial
modification layer between the SAM layer and the perovskite
layer. It can passivate interfacial defects and provide a suitable
growth substrate for the growth and crystallization of
perovskite. Ultimately, the device modified with 3,4,5-3FPBA
reached 22.76% [open-circuit voltage (VOC) of 1.185 V], while
the efficiency of the reference device was only 21.87% (VOC of
1.164 V) based on the Cs0.05FA0.82MA0.13Pb(I0.85Br0.15)3
perovskite system. After continuous heating at 85 °C for 500
h, the efficiency of the reference device dropped to 50% of its
initial efficiency, while the efficiency of the 3,4,5-3FPBA-
modified device remained at 75% of its initial efficiency.

2. EXPERIMENTAL SECTION
2.1. Materials. Lead(II) iodide (PbI2) and lead(II) bromide

(PbBr2), CsI, formamidinium iodide (FAI), methylammonium
bromide (MABr), phenethylammonium chloride (PEACl), and
bathocuproine (BCP) were purchased from Xi’an Polymer Light
Technology in China. NiOx nanoparticle powder and (6,6)-phenyl
C61 butyric acid methyl ester (PC61BM) were purchased from
Advanced Election Technology Company in China. [2-(3,6-
Dimethoxy-9H-carbazol-9-yl) ethyl] phosphonic acid (MeO-
2PACz), 3,4,5-trifluorophenylboronic acid (3,4,5-3FPBA), 3,5-di-
fluorophenylboronic acid (3,5-2FPBA), and 2,3,4,5,6-pentafluoroben-
zeneboronic acid (2,3,4,5,6-5FPBA) were purchased from TCI
AMERICA in China. Dimethylformamide (DMF, purity >99%),
dimethyl sulfoxide (DMSO, purity >99%), ethanol, isopropyl alcohol
(IPA, purity >99%), and chlorobenzene (CB, purity >99%) were
purchased from J&K scientific. All materials were used directly.
2.2. Preparation of Device. ITO glass substrate was cleaned by

sequentially washing with detergent, deionized water (twice), and
ethanol (twice). Before use, the ITO was treated with ultraviolet
ozone for 30 min. Then, a thin layer of NiOx nanoparticle film (20
mg/mL NiOx water solution) was deposited on the ITO substrate by
spin coating at 4000 rpm for 30 s and annealed in ambient air at 150
°C for 20 min. 0.5 mg/mL MeO-2PACz was deposited on the NiOx
at 4000 rpm for 30 s and annealed at 100 °C for 10 min. 0.5 mg/mL
3,4,5-3FPBA was coated on the MeO-2PACz surface at 5000 rpm for
20 s. For Cs0.05FA0.82MA0.13Pb(I0.85Br0.15)3 perovskite films, 1.5 M
perovskite precursor solution was prepared through dissolving 190.12
mg of FAI, 548.6 mg of PbI2, 77.07 mg of PbBr2, 21.84 mg of MABr,
and 17.68 mg of CsI in mixed solvents of DMF and DMSO (v/v:
4:1). The perovskite precursor solution was spin-coated on the
substrate at 5000 rpm for 30 s; 230 μL of EA was dropped into the
perovskite film at 10 s before ending the program; then the perovskite
fi lms we r e annea l ed a t 120 °C fo r 30 min . Fo r
Cs0.05(FA0.98MA0.02)0.95Pb(I0.95Br0.05)3 perovskite films, 1.7 M perov-
skite precursor solution was prepared through dissolving 277 mg of
FAI, 781.4 mg of PbI2, 12.9 mg of PbBr2, 3.8 mg of MABr, and 22.5
mg of CsI in mixed solvents of DMF and DMSO (v/v: 6:1). The
perovskite precursor solution was spin-coated on the substrate at 5000
rpm for 30 s, 170 μL of CB was dropped into the perovskite film at 15
s before ending the program, and then the perovskite films were
annealed at 120 °C for 20 min. After that, 1 mg/mL PEACl was

coated on the perovskite surface at 5000 rpm for 20 s and annealed at
100 °C for 10 min, then 20 mg/mL PC61BM was spin-coated at 3000
rpm 30 s, afterward, the BCP solution in IPA (0.5 mg/mL) was spin-
coated on PC61BM film at 5000 rpm for 30 s. Finally, a 100 nm Ag
electrode was thermally evaporated on the BCP film under vacuum of
6 × 10−4 Pa. The preparation of TCO thin films was carried out using
magnetron sputtering, with the primary components of the film being
In (indium) and W (tungsten) in a ratio of 98:2. The complete device
was placed into a vacuum chamber, and the film was formed under
the bombardment of high-energy particles. After 30 min of sputtering,
the final film thickness reached 150 nm. Specifically, the thicknesses of
each transport layer film were determined through relevant scanning
electron microscopy (SEM) and atomic force microscopy (AFM)
techniques, and the results are listed in Figure S1 and Table S1.
2.3. DFT Calculations. DFT calculations were performed with the

ORCA 5.0.3 software package. The geometry optimizations were
performed using the B3YP functional with the Becke-Johnson
damping scheme (D3BJ), and the def2-SV(P) basis was used for all
atoms. All calculations utilized the def2/J auxiliary basis. Electrostatic
potential grid data files are generated with the Multiwfn program and
visualized with the VMD program.
2.4. Instruments and Characterization. The current density−

voltage (J−V) characteristics of the solar cell were measured with
Keithley 2400 source in an N2 glovebox in a simulated solar AM1.5G
(Newport VeraSol-2 LED Class AAA solar simulator). The active area
of each cell is 0.09 cm2, and a 0.0625 cm2 mask is used for J−V
testing. The hysteresis coefficient at different scan rates is obtained by
adjusting the Trigger Delay and Volt Speed NPLC values. At the same
time, the scanning range is observed from 1.3 to −0.2 V and from
−0.2 to 1.3 V. The electrochemical impedance spectroscopy was
obtained by testing with an electrochemical workstation
(PGSTAT302N) under dark open-circuit voltage. The frequency
range is 0.1 Hz to 10 MHz. The external quantum efficiency (EQE)
was measured by using a self-assembled system. This system consists
of a 150 W tungsten lamp (Osram 64642), a monochromator (Zolix
Omni l300), an optical chopper, and an I−V converter (QE-IV
Convertor, Suzhou Deruikeyi Instrument Equipment Co., Ltd.)
equipped with a lock in amplifier (Stanford Research Systems SR
830). To better simulate sunlight, the bias light of a 532 nm solid state
laser was introduced into the testing system. During the test, a
standard silicon cell was used as the reference cell for calibration. SEM
images were obtained by a field emission scanning electron
microscope (S-4800) at an accelerating voltage of 10 kV. The XRD
spectra of the perovskite films were obtained by a Bruker D8
ADVANCE X-ray diffractometer with Cu Kα radiation (λ = 0.15418
nm). Absorption curves of samples were measured by an UV−vis
spectrometer (LAMBDA 750, PerkinElmer). PL and TRPL of cells
were measured by a homemade defect imaging system (LBIC). The
thermal stability of unencapsulated devices was tested in a glovebox
(H2O < 10 ppm, O2 < 10 ppm) with a thin-film solar cell decay test
system (PVLT-G8001 M, Suzhou D & R Instruments) under 85 °C
heating conditions. Absorbance and transmittance spectra were
recorded with an UV/vis/near-IR spectrophotometer (PerkinElmer,
LAMBDA 750). The AFM images were taken with a Dimension Icon.
The SIMS data were tested through IONTOF TOF SIMS 5−100
(GmbH) with a GCIB sputter source with a 30 keV energy at
Vacuum Interconnected Nanotech Workstation (Nano-X) of
SINANO. The operational stability of the cells was tested on a
multichannel solar cell performance degradation test system (PVLT-
G8001 M, D&R Instruments Suzhou) in an N2-filled glovebox (H2O
< 10 ppm, O2 < 10 ppm) under a simulated white LED light (D&R
Light, L-W5300KA-150, D&R Instruments Suzhou). The battery was
irradiated with a white LED light (D&R Light, L-W5300KA-150,
Suzhou D&R Instruments) at the intensity of a simulated sun (initial
short current equal to the JSC measured under standard conditions).
The performance of the cell was measured by an I−V scan from 1.3 to
−0.2 V in steps of 0.01 V. The temperature is measured from time to
time and is approximately 55 to 65 °C. Unless otherwise specified, the
subsequent device fabrication, characterization methods, and stability
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tests are all based on the Cs0.05FA0.82MA0.13Pb(I0.85Br0.15)3 perovskite
system.

3. RESULTS AND DISCUSSION
3.1. Effect of Phenylboronic Acid Materials on the

Device Performance. It was reported that fluorobenzene
boronic acid can passivate the defects of the perovskite film by
forming ionic bonds of F with Pb2+ and FA+ ions in
perovskite.34,35 Therefore,3,5-difluorophenylboronic acid
(3,5-2FPBA), 3,4,5-3FPBA, and 2,3,4,5,6-pentafluorobenzene-

boronic acid (2,3,4,5,6-5FPBA) (Figure 1a) were used as
interface modification layer for device fabrication. The
schematic diagram of the device structure is shown in (Figure
1 b ) . B a s e d o n t h e p e r o v s k i t e c ompo s i t i o n
Cs0.05FA0.82MA0.13Pb(I0.85Br0.15)3, the J−V curves (Figure 1c)
results demonstrate an enhancement in device performance
following 3,4,5-3FPBA treatment. According to Table 1 and
Figure S2 (1), the control, 3,5-2FPBA, 3,4,5-3FPBA, and
2,3,4,5,6-5FPBA modified cells exhibited optimum efficiencies
of 21.87%, 22.18%, 22.76%, and 22.28%, respectively. Clearly,

Figure 1. (a) Chemical structure and DFT calculated dipole forces of 3,5-2FPBA, 3,4,5-3FPBA, and 2,3,4,5,6-5FPBA; (b) schematic diagram of the
p-i-n device structure; (c) optimal J−V curves of devices modified with 3,5-2FPBA, 3,4,5-3FPBA, and 2,3,4,5,6-5FPBA based on the perovskite
composition Cs0.05FA0.82MA0.13Pb(I0.85Br0.15)3; (d) optimal J−V curves of devices modified with 3,5-2FPBA, 3,4,5-3FPBA, and 2,3,4,5,6-5FPBA
based on the perovskite composition Cs0.05(FA0.98MA0.02)0.95Pb(I0.95Br0.05)3; performance distribution of (e) VOC and FF and (f) JSC and PCE of
the control and target devices (3,4,5-3FPBA medicated), the data were averaged based on 32 individual devices.
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the device modified with 3,4,5-3FPBA shows the best
efficiency; (2) the VOC of control, 3,5-2FPBA, 3,4,5-3FPBA,
and 2,3,4,5,6-5FPBA is 1.164, 1.166, 1.185, and 1.162 V. It is
indicated that 3,4,5-3FPBA enhances device efficiency by
improving the VOC, possibly due to molecular dipole
interactions. To assess the universality of the interfacial
modification layer, devices were fabricated using another

perovskite composition. The highest efficiency was achieved
w i t h t h e p e r o v s k i t e s y s t e m b a s e d o n
Cs0.05(FA0.98MA0.02)0.95Pb(I0.95Br0.05)3. According to Figure
1d and Table S2, the VOC and PCE also show similar results
after interfacial modification, indicating that the FPBA
interfacial modification is universal. In addition, a 500 min
short-term thermal stability test was carried out on four groups

Table 1. Best and Average Photovoltaic Performance of the Control and FPBA-Modified Cellsa

sample VOC (V) JSC (mA/cm2)
b FF (%) PCE (%)

control 1.164 23.05 81.50 21.87
1.153 ± 0.007 22.57 ± 0.46 79.89 ± 3.03 20.79 ± 0.73

3,5-2FPBA 1.166 23.27 81.76 22.18
1.158 ± 0.007 22.84 ± 0.45 79.00 ± 4.51 20.89 ± 1.27

3,4,5-3FPBA 1.185 23.47 81.84 22.76
1.171 ± 0.009 22.90 ± 0.35 80.12 ± 3.24 21.48 ± 0.73

2,3,4,5,6-5FPBA 1.162 23.39 81.99 22.28
1.158 ± 0.014 22.99 ± 0.40 79.92 ± 2.40 21.28 ± 1.11

aThe average data were obtained from 32 individual cells. bJSC data obtained from J−V measurements, where light intensity was calibrated with
certified Si solar cells.

Figure 2. (a) TOF-SIMS testing revealed the distribution of PbI-2, BO−, and In− ions, along with corresponding 3D ion distribution maps; (b)
water contact angles for the control and target films; (c) AFM images of films; (d) SEM images of the top interface of PVSK films, with insets
showing the grain size distribution based on 100 samples; and (e) SEM images of the buried interface of PVSK films.
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of devices, and a normalized data plot was drawn based on the
test data. As shown in Figure S3, the device in the control
group maintains 50% of its initial efficiency after heating.
However, after continuous heating, the devices with 3,5-
2FPBA, 3,4,5-3FPBA, and 2,3,4,5,6-5FPBA interface modifica-
tions maintain 60%, 90%, and 47% of their initial efficiencies,
respectively. It can be seen that only the device modified with
3,4,5-3FPBA exhibits excellent stability, while the devices
modified with 3,5-2FPBA and 2,3,4,5,6-5FPBA show poor
stability. This may be related to the number and position of the
fluorine atom sites. An inappropriate interface modification
layer can cause an unstable interface and result in a decrease in
the device stability.
Further statistical analysis (Figure 1e,f) of the data reveals

significant enhancement of various device performances after
3,4,5-3FPBA modification. Additionally, forward (−0.2 to 1.3
V) and reverse (1.3 to −0.2 V) scan tests were conducted on
the aforementioned devices to characterize their hysteresis
performance; the scan rate for both the forward and reverse
scans is 0.01 V/s. The results (Figure S4) show that the device
of control, 3,5-2FPBA, 3,4,5-3FPBA, and 2,3,4,5,6-5FPBA
hysteresis index of 8.7, 8.8, 7.2, and 10.01. This indicates that
3,4,5-3FPBA can reduce the hysteresis index of the device. At
the same time, to ensure the universality of the interface
modification layer in reducing device hysteresis, forward and
reverse J−V tests at different scan rates were conducted on
both the control and target devices (Figure S5 and Table S3).
The results show that after modification with 3,4,5-3FPBA, the
hysteresis coefficients of the devices are lower than those of the
unmodified devices and the hysteresis coefficients are smaller
under both low-speed and high-speed scan tests.
To investigate the effectiveness of interface modification

during the device scaling process, a 1 cm2 device was fabricated
using 3,4,5-3FPBA as a representative material. As shown in
Figure S6 and Table S4, after the interface modification with
3,4,5-3FPBA, the efficiency of the device significantly
increased. Further performance analysis of the device
parameters reveals that both the open-circuit voltage (average
VOC increased from 1.056 to 1.077 V) and the fill factor
(average FF increased from 69.10% to 75.11%) changed

notably. Comparing with the small-area device performance,
the interface modification remains effective during the scaling
process and suppresses the decrease in FF. This is beneficial for
the large-area commercial application of PSCs.
To preliminarily understand the reasons for the increase in

VOC and the decrease in the hysteresis of devices, density
function theory (DFT) theoretical simulations (Figure 1a)
were conducted on three fluorinated phenylboronic acid
materials. The results revealed that the dipole moments of
3,5-2FPBA, 3,4,5-3FPBA, and 2,3,4,5,6-5FPBA are 4.13, 5.35,
and 4.20 D, respectively. The 3,4,5-3FPBA intermediate layer
exhibits a strong dipole moment and form a homogeneous
junction structure that is conducive to the extraction of holes,
which is consistent with literature reports.36 The relatively high
dipole moment of 3,4,5-3FPBA is then ascribed to the high
VOC of the cells, demonstrating that 3,4,5-3FPBA is a suitable
interfacial material for PSCs.
3.2. Impact of 3,4,5-3FPBA on the Crystallization of

Perovskite Films. To confirm the persistence of the 3,4,5-
3FPBA interfacial modification layer during the formation of
the perovskite film, samples with the structure of ITO/3,4,5-
3FPBA/PVSK were prepared and subjected to the time of
flight secondary ion mass spectrometry (TOF-SIMS) test
(Figure 2a). The measured BO− signal confirms the presence
of the 3,4,5-3FPBA interface layer. Ultraviolet−visible spectra
(UV−vis) and transmittance spectra (Figures S7 and S8) are
almost identical for these two films, indicating that the
introduction of 3,4,5-3FPBA does not influence the perovskite
thin-film quality.
To further analyze the impact of 3,4,5-3FPBA as an

interfacial modification layer on the microscopic morphology
of SAM, water contact angle and AFM tests were conducted.
Figure 2b shows that after introducing the 3,4,5-3FPBA
interface modification layer, the water contact angle of the
SAM surface decreased from 62.60 to 56.31°, while the water
contact angle of the perovskite surface increased from 57.60 to
61.56°. On the one hand, the reduced water contact angle on
the SAM surface provides a favorable substrate for perovskite
growth and crystallization. On the other hand, the increased
water contact angle on the perovskite surface indicates that the

Figure 3. (a) XRD images of control and target PVSK films; (b) transient PL spectra and (c) steady-state PL spectra of perovskite films deposited
on glass/NiOx/MeO-2PACz with or without 3,4,5-3FPBA interlayer, the film was excited from the glass side with a λ of 532 nm; and XPS spectra
of I 3d (d) and Pb 4f (e) for the two perovskite films.
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film has a stronger resistance to erosion. In addition, the
surface roughness decreased from 4.21 to 3.70 nm after
modification with 3,4,5-3FPBA (Figure 2c). This indicates that
the film became smoother and denser, which would facilitate
the growth and crystallization of perovskite.
To further analyze the effect of 3,4,5-3FPBA modification on

the growth and film formation of perovskite, SEM testing was
conducted to characterize the morphology of the top and
buried interfaces. Figure 2d shows that after modification with
3,4,5-3FPBA, the grain size at the top interface of the
perovskite layer increased and the number of gaps at the
interface reduced. These improvements will contribute to
enhance the efficiency and stability of the device. Additionally,
Figure 2e presents SEM images of the buried interface of the
perovskite layer with and without 3,4,5-3FPBA modification.
The stripping steps for the buried interface of the perovskite
layer can be referenced in Figure S9. The results revealed that
after modification with 3,4,5-3FPBA, the residual PbI2 at the
interface is significantly reduced. Consequently, the enhance-
ment of the device performance can be attributed to the

improved quality of perovskite thin films. The improvement in
the film quality is also reflected in X-ray diffraction (XRD)
measurements. As shown in Figure 3a and Table S5, the PbI2
characteristic diffraction peaks of MeO-2PACz are observed to
slightly intensify while PbI2 signal become weaker after being
deposited on MeO-2PACz and 3,4,5-3FPBA substrate,
indicating that 3,4,5-3FPBA is helpful in increasing the
crystallinity of the perovskite film and suppressing the
formation of PbI2 phases.
Changes in the film quality also influence exciton transport

to a certain extent. Steady-state photoluminescence (PL) and
time-resolved PL (TRPL) spectra were performed to
characterize the transport of charge carriers. In Table S6, the
rapid decay lifetime decreased from 12.50 to 10.26 ns after
3,4,5-3FPBA modification. Meanwhile, Figure 3b demonstrates
the acceleration of carrier extraction and transport rates after
modification with 3,4,5-3FPBA. The faster fluorescence
quenching of the PL signal in (Figure 3c) verifies the results
from the TRPL analysis, the red-shift of the PL peak also partly
proves that nonradiative recombination is suppressed. Addi-

Figure 4. (a) Dark J−V curve, (b) transient photovoltage, and (c) light intensity dependent VOC of the control and target PSCs; UPS spectra of
MeO-2PACz (d) and MeO-2PACz/3,4,5-3FPBA (e) films; energy diagrams for MeO-2PACz/perovskite (f) and MeO-2PACz/3,4,5-3FPBA/
perovskite (g) interfaces.
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tionally, the decrease in PL intensity after the introduction of
3,4,5-3FPBA could be due to a quenching effect caused by the
presence of 3,4,5-3FPBA. Specifically, the passivation material
itself may absorb some of the emitted photons or trigger other
recombination processes, thereby reducing the PL intensity.
In summary, the X-ray photoelectron spectroscopy (XPS)

(Figure 3d,e) analysis provides further evidence for the
beneficial effects of 3,4,5-3FPBA modification on the perov-
skite film. The peak positions of I 3d shift from 630.72 and
619.15 to 630.21 and 618.64 eV, while the peak positions of Pb
4f shift from 137.94 and 142.92 to 137.49 and 142.42 eV. The
observed shifts in Pb and I peak positions confirm the
formation of coordination bonds between 3,4,5-3FPBA and
perovskite.37

3.3. Utilization of 3,4,5-3FPBA as Dipole Chemical
Bridge to Enhance the Device Efficiency. The improve-
ment in the device performance stems partly from the
enhanced quality of perovskite thin films and may also be
associated with changes in the carrier dynamics of the device.
To investigate whether 3,4,5-3FPBA affects the carrier
dynamics processes in the devices, relevant tests are conducted.
First, the EQE and integrated Jsc values of the PSCs were
measured (Figure S10). Combining Table 1 and Figure S10,
the current densities of the unmodified and modified groups
under J−V scan tests are 23.05 and 23.47 mA/cm2,
respectively, while the EQE integrated currents are 23.25 and
23.59 mA/cm2, respectively. The overall error between the two
is less than 5%, indicating that the data are authentic and valid.
Moreover, the EQE of the device after 3,4,5-3FPBA interface
modification is significantly higher than that of the control
device in the short wavelength range of 350−450 nm,
suggesting that the recombination at the interface is sup-
pressed. The dark J−V curve in Figure 4a reveals that the
device exhibits lower leakage current in the negative voltage
region, indicating that 3,4,5-3FPBA modification can effec-
tively reduce series resistance and promote hole collection and
transport. The photovoltage decay of the devices was analyzed
by fitting the data using a single-exponential decay model.
Figure 4b shows the charge carrier recombination time
constant (τR) extracted from the photovoltage decay measure-
ments. After modification with 3,4,5-3FPBA, τR increased from
68.15 to 96.95 μs. The prolonged photovoltage decay time
indicates that there is less charge recombination at the MeO-
2PACz/Perovskite interface. This is mainly attributed to the
effective passivation of trap defect states at the perovskite film.
Transient photocurrent (TPC) measurements (Figure S11)
yield similar results, and τR decreased from 7.62 to 3.62 μs. In
addition, the interfacial charge transport and recombination
were further investigated by electrochemical impedance
spectroscopy. The Nyquist plots were fitted using the
equivalent-circuit model shown in the inset of Figure S12,
and the results were obtained (Table S7). Compared with the
control device, the resistance of the device with the introduced
3,4,5-3FPBA interface modification layer significantly changed.
Specifically, both the series resistance (Rs) and the transfer
resistance (Rtr) dropped from 8.58 and 124.1 to 6.29 and 102.1
Ω, respectively. Meanwhile, the recombination resistance
(Rrec) increased from 763 to 1222 Ω, indicating that the
carrier recombination at the interface has been effectively
alleviated. These results suggest that the 3,4,5-3FPBA
interfacial modification layer can effectively passivate interfacial
defects and accelerate carrier transport and extraction.

To verify the relationship between defect reduction in
perovskite films and nonradiative recombination in devices, JSC
and VOC measurements were performed on the devices under
different light intensities. Under open-circuit conditions, VOC
can be described by eq 1

( )
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nk T

q

ln 1
J

J
OC

B
ph

O=
+

(1)

where n is the ideal factor representing the charge carrier
recombination rate, kB is the Boltzmann constant, T is the
temperature in Kelvin, Jph is the photocurrent density, and J0 is
the reverse saturation current density. Figure 4c shows that
after modification with 3,4,5-3FPBA, the slope of the device
decreases from 1.86 to 1.53 kBT/q. A smaller n value indicates
lower trap defect recombination in the device. Meanwhile, Jph
(Figure S13) exhibits a linear relationship with light intensity
indicating that monomolecular recombination is negligible.38

To get a deep insight into the influence of the interfacial
dipoles on device performance, ultraviolet photoelectron
spectroscopy (UPS) tests were conducted for the ITO/
NiOx/MeO-2PACz films with or without a 3,4,5-3FPBA
modification layer. Figure 4d,e presents the UPS results that
the Fermi energy (EF) of the MeO-2PACz before modification
is 4.62 eV. After introducing the interfacial layer, EF increases
to 4.76 eV. This change in EF indicates a variation in the
energy distribution and occupation state of electrons in the
material. The energy band gap between EF and the valence
band maximum (VBM) decreases from 0.85 to 0.78 eV,
moving closer to the VBM. Further analysis Figure 4f,g
indicates that after interfacial modification, the VBM energy
level shifts from −5.47 to −5.54 eV, and the energy level offset
(ΔE) decreases from 0.29 to 0.22 eV. This suggests a
reduction in hole accumulation at the interface, effectively
improving hole extraction and transport efficiency. It also
suppresses nonradiative recombination at the interface, thereby
enhancing device efficiency. In addition, the energy level
change diagram (Figure S14) was plotted based on the UPS
results, and the results are consistent with the above.
3.4. Improvement of Perovskite Buried Interfaces

Using 3,4,5-3FPBA to Enhance Device Stability.
Compared with the device efficiency, stability is more
important for future development. First, device with the
structure of ITO/NiOx/MeO-2PACz/Cs0.05FA0.82MA0.13Pb-
(I0.85Br0.15)3/PEACL/PC61BM/BCP/Ag was prepared to verify
its performance changes under the condition of heating at 85
°C or illumination. As shown in (Figure S15), the Ag electrode
device undergoes severe device decay under continuous
heating at 85 °C. The device efficiency loss of 50% occurs in
the first 30 min and completely fails after 30 h. Figure S16
shows that the device completely fails after 37 h of illumination
and the perovskite has completely decomposed, which is
obviously reflected in the SEM (Figure S17). Therefore, the
presence of the Ag electrode is the primary reason for the poor
stability of the device. To mitigate the negative impact of
electrodes, TCO electrodes were chosen over Ag electrodes for
device fabrication. The performance parameters are shown in
Table S8. It can be seen that JSC and FF of the TCO electrode
device have decreased to different degrees compared to the Ag
electrode device.
To further investigate whether 3,4,5-3FPBA interface

modification can enhance the thermal stability of the device
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at 85 °C, relevant tests were performed using the TCO
electrode devices. Figure 5a shows the thermal stability decay
curves of the control and target devices. It is observed that the
device performance experiences a relatively rapid degradation
within the first 100 h. The previous report of research group
referred to this as the “burn in” phenomenon.39 Through the
analysis of various parameters, it is found that this is mainly
caused by the degradation of the current. The mainly due to
the ion migration inside the perovskite and at the interface in
the early stage of heating. Meanwhile, as can be seen from
Figure S3, this phenomenon also exists in the Ag electrode
devices. However, after the 3,4,5-3FPBA interface modifica-
tion, the degradation rate significantly decreases, further
demonstrating that the interface modification can play a role
in inhibiting the decomposition of perovskite in both the early
and middle stages.
After 500 h of continuous heating, the efficiency of the target

device remained at 75% of its initial efficiency, while the
efficiency of the control device only maintained 50%.
Additionally, the target device exhibited smaller decay degrees
in VOC, FF, and JSC compared to the control device. This is also
reflected in the initial and aged J−V curves of the devices

(Figure S18), indicating that 3,4,5-3FPBA can significantly
improve the thermal stability of the device.
To analyze the microscopic mechanism of how 3,4,5-3FPBA

enhances the stability of the device, XRD and SEM tests were
performed on the aged devices. Figure 5b and Table S9 show
the phase diffraction peak intensities of the perovskite films
before and after aging. There are distinct peak positions at
12.8, 14.0, and 28.0° corresponding to the PbI2 peak position
and the (100) and (020) crystal planes of the perovskite cubic
phase, as reported in the literature.40 The appearance of the
PbI2 peak position may be due to excessive PbI2 in the
perovskite precursor solution, while the presence of peaks at
14.0 and 28.0° indicates that 3,4,5-3FPBA does not affect the
growth and crystallization of perovskite. Further analysis of the
aged XRD images revealed that the diffraction peak intensity is
408 for the control and 191 for the target at 12.8°. It suggests
that the perovskite has decomposed and released PbI2. This is
more intuitively reflected in the SEM image (Figure 5c), where
a large number of voids appear on the surface of the perovskite
film of the unmodified device. While the perovskite grains of
the modified device remain intact, the film morphology
remains unchanged. These results demonstrate that the

Figure 5. (a) Decay curves of PCE, FF, JSC, and VOC of control and target devices under continuous heating at 85 °C; and (b) XRD images and
SEM images (c) of the perovskite films for the control and target devices before and after heating at 85 °C for 500 h.
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3,4,5-3FPBA interface modification layer can not only passivate
relevant interface defects but also inhibit the decomposition of
perovskite. In addition, ion migration is also a major factor
affecting the stability of the devices. To investigate the
distribution of ions within the device before and after aging,
TOF-SIMS tests were performed on the above devices (Figure
S19). Although the test results did not provide effective
information, according to literature reports, the migration of
harmful ions remains an important factor influencing device
stability.
In addition, the device in an inert atmosphere tests the PCE

evolution under continuous operation at the maximum power
point with irradiation of a white light LED (simulating
intensity of 100 mW cm−2) and at an elevated temperature
(55−65 °C). To facilitate the analysis of the true nature of the
data, two sets of curves were plotted for the modified group
and the unmodified group (both consisting of four devices),
namely, the normalized curve (Figure S20) and the non-
normalized curve (Figure S21). From the normalized curve, it
can be observed that the modified group and the unmodified
group exhibit similar attenuation trends. However, it can still
be noticed that within the first 300 h, the efficiency attenuation
of the modified group is lower than that of the unmodified
group. This is also reflected in the initial and aged J−V curves
of the devices (Figure S22). After 500 h of aging, the
unmodified device shows yellow PbI2 substances near the
TCO electrode (Figure S23), whereas the modified device
does not exhibit this phenomenon. The precipitation of a large
amount of PbI2 can cause fatal damage to the device
performance. On the one hand, it indicates that the perovskite
phase has changed. On the other hand, the excess PbI2
accumulating at the interface will form defect recombination
centers, thereby leading to a decline in device stability.
Meanwhile, upon observing the non-normalized stability
attenuation curves, it is found that compared with the
modified group, the unmodified group shows larger errors in
VOC, JSC, and FF. This is not conducive to the equalization of
devices. The large errors indicate that there is no uniform
attenuation among different devices, which is detrimental to
the commercial application and large-scale development of
devices. The abovementioned analysis proves the importance
of the 3,4,5-3FPBA interface modification. It also shows that
this modification can inhibit the decomposition of perovskite
and the precipitation of PbI2 under illumination.

4. CONCLUSIONS
In summary, this work successfully introduced small molecule
3,4,5-3FPBA into PSCs as an interfacial modification layer
between the SAM layer and the perovskite layer. Through
3,4,5-3FPBA interface modification, the perovskite grain size
increases, the grain boundaries decrease, and the buried defects
are reduced, resulting in faster overall carrier transport and
charge extraction. There are fewer interface defects between
the perovskite layer and the underlying interface. The results
demonstrate that the 3,4,5-3FPBA-modified device achieves
best efficiency of 24.02% based on the perovskite composition
Cs0.05(FA0.98MA0.02)0.95Pb(I0.95Br0.05)3. The unencapsulated
device can still maintain 75% of its initial efficiency after
continuous heating at 85 °C for 500 h for the perovskite
composition Cs0.05FA0.82MA0.13Pb(I0.85Br0.15)3. This interfacial
modification strategy provides a simple and convenient
method to address the thermal stability issue in inverted PSCs.
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