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Passivation treatment is an effective method to suppress various defects in perovskite solar cells (PSCs),
such as cation vacancies, under-coordinated Pb?* or |=, and Pb-I antisite defects. A thorough
understanding of the diversified impacts of different defect passivation methods (DPMs) on the device
performance will be beneficial for making wise DPM choices. Herein, we choose a hydrophobic Lewis
acid tris(pentafluorophenyl)borane (BCF), which can dissolve in both the perovskite precursor and anti-
solvent, as the passivation additive. BCF treatment can immobilize organic cations via forming hydrogen
bonds. Three kinds of DPMs based on BCF are applied to modify perovskite films in this work. It is found
that the best DPM with BCF dissolved in anti-solvent can not only passivate multiple defects in
perovskite, but also inhibit & phase perovskite and improve the stability of devices. Meanwhile, DPM with
BCF dissolved in both the perovskite precursor and anti-solvent can cause cracks and voids in perovskite

. films and deteriorate device performance, which should be avoided in practical applications. As a result,
iizzgfe% 1151?; ?Ae;i?gg;iozz PSCs based on optimal DPMs of BCF present an increased efficiency of 22.86% with negligible hysteresis
as well as improved overall stability. This work indicates that the selection and optimization of DPMs

DOI: 10.1039/d35c067469 have an equally important influence on the photovoltaic performance of PSCs as the selection of
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Introduction

Organic-inorganic hybrid perovskite materials have found
extensive applications in various domains such as solar cells,*
lasers,” light emitting diodes,® photosensitizers,* and photo-
electric detectors.” The remarkable photoelectric properties
exhibited by perovskite materials,® including their ability to
adjust bandgaps, high absorption coefficients, long carrier
diffusion lengths, and excellent charge carrier mobilities, have
garnered significant interest in perovskite solar cells (PSCs).”*
PSCs have experienced significant advancements with the best
certification power conversion efficiency (PCE) of 26.1%,"* while
theoretical efficiency is still far from being achieved."” In order
to further improve the PCE and enhance the stability of devices,
a series of passivation strategies have been investigated.*®

The non-radiative recombination of carriers at the interface
of devices has notorious impact on the PCE and stability of
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PSCs.* This recombination in PSCs is mainly caused by various
types of defects.” The charged defects can be neutralized or
suppressed through coordinate bonding or ionic bonding. The
Lewis acid-base adduct passivation strategy has been proven to
be effective for enhancing the photovoltaic performance and
stability of PSCs.'® The ability of a Lewis acid to acquire elec-
trons enables the formation of Lewis acid-base adducts with
Pb-X antisite defects or under-coordinated halides, thus
passivating the defects.” A Lewis base can provide a pair of non-
bonding electrons to coordinate with under-coordinated Pb** to
form a Lewis acid-base adduct.”**® Dual functional additives
containing both Lewis acid and Lewis base functional
groups,*®** ammonium salts,>»** low dimensional perov-
skites,**** and ionic liquids®***” are also commonly applied as
perovskite passivation additives. The current research is mainly
focused on the impact of a passivation additive on the photo-
voltaic performance of perovskite films and devices.*® However,
the selection of defect passivation methods (DPMs) also has
a critical impact on the properties of PSCs. Phenethylammo-
nium iodide (PEAI) is a widely used additive in PSCs based on
many DPMs. By spin-coating a thin PEAI layer above the
perovskite layer, PEAI can reduce the defects and suppress non-
radiative recombination.*® Guo and co-workers developed
a DPM based on two-step deposition by dissolving PEAI in Pbl,
solution.?® The grain growth and the dimensionality of the as-
fabricated perovskite film could be adjusted using the ratio of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PEAI/PbI,. In another research study, by dissolving in the
precursor solution of perovskite, PEAI could lower the elec-
tronic disorder of Pb-Sn mixed perovskites.>* In addition, the
subsequent introduction of PEAI vapor could also be applied in
the fabrication of vapor-deposited perovskite films. This DPM
with PEAI vapor reduced the diffusive adsorption of O, or H,O
molecules and thus enhanced the ambient stability of the
films.** Therefore, different DPMs can cause diverse passivation
effects, even if the same additive is used.

The influence mechanisms of many DPMs on the photovol-
taic performance of PSCs are still unclear. For example, the
concentration distribution of the additive in the film can be
affected by the selection of DPMs. A functional ionic liquid
EMIMTFA dissolved in a perovskite precursor showed
a successful passivation effect by homogeneously distributing
all over the perovskite film.** A Nil, additive dissolved in an all-
inorganic CsPbI,Br precursor exhibited a similar concentration
distribution in the perovskite film.** This distribution mode can
passivate both the top surface and the bottom interface. A
radical-strengthened defect passivation strategy was proposed
by dissolving a stable radical derivative (OTTM) in anti-
solvent.*® The OTTM additive was incorporated into the top
surface of the perovskite film and optimized the energy level
alignment between the perovskite surface and hole transporting
material (HTM). Generally speaking, the DPM for the additive
dissolved in the perovskite precursor could make the additive
distributed in the film homogeneously or concentrated on the
grain boundaries. Meanwhile, the additive incorporated from
anti-solvent is inclined to concentrate on the top surface of the
perovskite film and may even form a passivation layer. It seems
that the DPM for the additive dissolved in the precursor is more
advantageous, as it can passivate more crystal boundaries and
interfaces. However, passivation treatments can also have an
impact on the energetics of the heterointerface and potentially
activate halide migration, which can worsen the instability of
PSCs via inducing a negative shift in the work function.*® Thus,
it is necessary to investigate the impact of DPMs and wise to
select appropriate DPMs according to the characteristics of the
additive.

In order to reveal the impact of different DPMs on the
performance of PSCs, we choose a hydrophobic Lewis acid
tris(pentafluorophenyl)borane (BCF) as the passivation addi-
tive, which has good solubility in various solvents including
chlorobenzene (CB), N,N-dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO). BCF was applied as a dopant for
multiple HTMs in PSCs to replace the commonly used dopants
FK209 and Li-TFSI, which could cause the instability of
devices.*** The BCF doping increases the vertical carrier
mobility of the HTMs and thus improve the photovoltaic
performance of the devices.** Herein, we utilize the solubility of
BCF in various organic solvents to treat perovskite films with
three kinds of passivation methods. It is found that even when
the same additive is applied, the passivation process and its
impact on device performance are divergent for different
passivation methods. The selection of DPMs plays a vital role in
the photovoltaic performance of PSCs. Appropriate BCF treat-
ment can effectively suppress the ion migration of organic
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cations, decrease the generation of & phase perovskite, passivate
under-coordinated halide defects, and thus suppress carrier
recombination in perovskite films, while unsuitable treatments
may deteriorate the functionality of the devices. As a result, the
PSCs based on BCF passivation exhibit the best PCE of 22.86%
with negligible hysteresis. Due to the suppression of defects
that can drastically degrade perovskite, as well as the hydro-
phobic BCF covering the surface of perovskite films, the stability
of the modified device is also significantly improved.

Results and discussion

To investigate the influence of BCF on PSCs, three kinds of
defect passivation methods (DPMs) are utilized, as shown in
Fig. 1. For the first passivation method (denoted as p-BCF,
hereafter), the perovskite precursor solution is supplemented
with BCF. For the second method (c-BCF), BCF is dissolved in
CB as the anti-solvent for perovskite film deposition. For the last
method (pc-BCF), BCF is added to both the perovskite precursor
and anti-solvent. The detailed procedure will be discussed in
the Experimental section. A series of liquid-state 'H nuclear
magnetic resonance ("H NMR) measurements are applied to
gain an insight into the interaction between BCF and perovskite
(Fig. 2 and S2t). To simplify the experiment and reduce
unnecessary interference signals, deuterated dimethylsulfoxide
(DMSO-dg) is selected as the solvent and CH(NH,),Pbl; (FAPbI;)
is the perovskite material used in "H-NMR. Two main resonance
peak groups are observed in all spectra in Fig. 2. By comparing
the peak areas, the peak groups at about 8.8 ppm and 7.9 ppm
should correspond to the amino hydrogen and the methyl
hydrogen on the FA, respectively. The splitting of FA protons
has been reported in many research studies and is regarded as
the formation of hydrogen bonding complexes.**** For the
spectrum of FAI solution in Fig. 2a, the peak at 8.8 ppm splits
slightly into a double peak. As the full spectra (Fig. S2a and ct)
prove the existence of H,O (3.3 ppm) in the solutions without
BCF, we deem that the slight splitting is primarily attributed to
the formation of hydrogen bonds between H,O and FAL
Meanwhile for the perovskite case (Fig. 2c), a single peak
structure is exhibited at 8.8 ppm without any splitting. The

a Control b & p-BCF
—l —
< < < <
c ¢-BCF d N pc-BCF
—l —_—
< d < <
Perovskite Perovskite precursor cB CB with BCF
precursor with BCF

Fig. 1 Schematic diagram of preparing perovskite films based on (a)
control, (b) p-BCF, (c) c-BCF and (d) pc-BCF treatments. The first step
is to spin coat the perovskite precursor, and the second step is to drip
anti-solvent (CB).
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Fig.2 Liquid-state *H NMR spectra (600 MHz, in pure DMSO-dg) of (a)
FAI solution, (b) FAI solution with BCF, (c) perovskite solution and (d)
perovskite solution with BCF.

elimination of splitting can be correlated with the formation of
a FAI-PbL,-DMSO intermediate complex, which weakens the
interaction between H,O and FAIL As shown in Fig. 2b and d,
when BCF is introduced into the solutions of FAI or perovskite,
the 8.8 ppm peak completely splits into two new single peaks as
a result of the establishment of hydrogen bonds between BCF
and FAI or perovskite. The peak of the methyl hydrogen on the
FA at 7.9 ppm also splits into a symmetrical multi-peak struc-
ture, which implies a strong hydrogen bonding interaction
between BCF and FAI. Furthermore, the Fourier transform
infrared (FTIR) spectra are also depicted in Fig. S4.f The N-H
stretching vibration peak at around 3409 em™" in the control
film moves to 3389 cm ' in the BCF treated perovskite film,
further verifying the hydrogen bonding interaction between
BCF and perovskite.**

From the 'H-NMR full spectrum in Fig. S2a,f the peaks at
2.5 ppm and 3.3 ppm can be assigned to the methyl hydrogen
on the DMSO and the hydroxyl hydrogen on the H,O, respec-
tively.** Although the solutions were prepared in a nitrogen box
(Pu,0 < 0.1 ppm) and the NMR tubes for testing were just dried
before use, and moisture absorption was still unavoidable.
Interestingly, both spectra of FAI and perovskite solutions
without BCF show a significant peak corresponding to H,O,
while this peak is completely absent in the spectra of the solu-
tions with BCF. The concentration of FAI is 0.1 M in all solu-
tions, so the amount of water absorbed can be estimated.
According to Fig. S2a,} the peak area belonging to H,O is nearly
half as large as the peak area at 7.9 ppm, which represents the
methyl hydrogen on the FA. It means that the moisture
concentration absorbed by solution is about 0.025 M. As shown
in Fig. S3,T there is still almost no characteristic peak of H,O in
the magnified '"H NMR spectra of solutions with BCF (even the
quadruple peak belonging to the ethanol impurity is found at
about 3.4 ppm). The BCF molecule contains 15 F atoms, which
make it highly hydrophobic.** When BCF dissolves in solution,
it can prevent moisture attack at the interface between the

5644 | Chem. Sci., 2024, 15, 5642-5652
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solution and atmosphere. Taking into account all these obser-
vations, the strong hydrogen bonding interaction between BCF
and FA is thus demonstrated. This interaction could passivate
the shallow-level defects caused by the FA vacancies in perov-
skite crystals, suppressing the migration of organic cations and
enhancing the stability of the whole device. Additionally,
benefited by the hydrophobicity of BCF, the hygroscopicity of
perovskite solution is effectively inhibited, and even a tiny
amount of water is difficult to intrude into the perovskite
solution with BCF.

In order to investigate the surface chemical states and
demonstrate the existence of BCF in the modified films, X-ray
photoelectron spectroscopy (XPS) measurement is performed,
as shown in Fig. 3a-c and S5.f All samples modified with BCF
show a significant F 1s peak at about 688.5 eV, which is however
absent in the control sample. This indicates that the BCF
additive does exist on the surface of the modified perovskite
films. In Fig. 3b, the strong peak at about 186.7 eV belongs to I 4
s emission and no peak for B appears. The main reason for the
absence of the B 1s peak is that the atomic sensitivity factor
(ASF) of B is 0.13, much smaller than that of F (1.00).*°
Furthermore, the molar amount of B in BCF is only 1/15th that
of F. As shown in Fig. 3c, the I 3d peaks of the control sample are
located at 619.2 and 630.7 eV. The peaks shift to higher binding
energies after BCF treatments, suggesting a robust interaction
between the introduced BCF and I within the perovskite
films.*” As a strong Lewis acid, BCF has the ability to accept
electrons from the under-coordinated halides and PbI; ", which
would therefore passivate the corresponding deep-level
defects*® and decrease non-radiative recombination'® for
perovskite devices. As BCF does not have any interaction with
Pb, the Pb 4f spectra for all the types of perovskite films are
similar (Fig. S5et). The XPS results demonstrate the passivation
effect of all three BCF treatments for perovskite films.

XPS is a surface sensitive analysis method, typically with
a detection depth of less than 10 nm. Therefore, further
measurements are needed to detect the distribution of BCF
through the whole film depth. As BCF is soluble in various
solvents, time-of-flight secondary ion mass spectrometry (TOF-
SIMS) was conducted to determine whether the BCF in the
perovskite film is tolerable to the washing processes of anti-
solvent and solution coating of the HTM. By ejecting ions to
etch the surface of the sample, an extremely small number of
secondary ionic fragments are collected to determine their mass
based on sputtering time. Fig. 4a and b show negative ion depth
profiles corresponding to the multiple layers as a function of
sputtering time for the films of spiro-OMeTAD/perovskite:BCF/
SnO,/ITO. The CN™ originates from organic materials which
contain C-N bonds, so its trace covers both HTM and perovskite
layers. The Br~ and I signals come from the perovskite layer,
while the SnO™ signal corresponds to the SnO,/ITO layer. By
analyzing these ion traces, the component distribution through
the depth of the whole film can be determined. In order to
eliminate the interference of unnecessary fluorine sources,
spiro-OMeTAD used here is pure without the additives of Li-
TFSI and FK209 which contain fluorine element. So the varia-
tion of the F~ signal can reflect the distribution of BCF in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS spectra of (a) F 1s, (b) B 1s and (c) | 3d for the control, p-BCF, c-BCF and pc-BCF perovskite films.
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Fig. 4 TOF-SIMIS of (a) p-BCF and (b) c-BCF samples based on the
structure of spiro-OMeTAD/perovskite: BCF/SnO,/ITO. Negative ion
depth profile mode is used.

depth of the films. The main difference between Fig. 4a and b is
focused on the ion trace of F~. In Fig. 4a, the F~ ion trace shows
a weak peak at the interface between the perovskite and HTM
layer (top interface) and a very strong peak at the interface
between the perovskite and SnO, layer (bottom interface).
Meanwhile two peaks with similar strength are presented on the
¢-BCF sample in Fig. 4b. It is therefore concluded that the BCF

© 2024 The Author(s). Published by the Royal Society of Chemistry

can infiltrate into the perovskite layer via both DPMs and is
enriched at the interfaces between perovskite and charge
transporting layers. In the case of the p-BCF sample, the
washing processes of anti-solvent and HTM coating decrease
the concentration of BCF at the top interface and wash away
extra BCF which does not interact with perovskite crystals.
However, the washing effect cannot influence the bottom
interface significantly and lead to a higher concentration of BCF
accumulated at the interface. Such a high concentration of BCF
could lead to the formation of a p-dopant functional layer, or
even the formation of an insulation layer which may hinder
electron transporting between the perovskite and electron
transporting layer (ETL). For the ¢-BCF sample, the distribution
of BCF above the bottom interface is similar to that of the p-BCF
sample. Coating a c-BCF film is proceeded via anti-solvent and
the concentration of BCF is enhanced at the interfaces. An
appropriate amount of BCF infiltrates into the bottom interface
and passivates the perovskite crystals without forming a block-
ing layer. The balanced distribution of the additive is very
important to adjust to appropriate BCF concentration to opti-
mize the device performance.

The morphologies of different perovskite films are charac-
terized using top view scanning electron microscope (SEM)
images (Fig. 5a-d). The control, p-BCF and c-BCF perovskite
films display similar surface morphologies, which are dense,
without any cracks or pinholes. An appropriate amount of BCF
does not obstruct the development of perovskite crystals or the
creation of the perovskite film. Meanwhile a relatively high
concentration of BCF is generated on the top surface of the
perovskite layer during the pc-BCF treatment when anti-solvent
(containing BCF) is poured on. Due to the strong hydrogen

Chem. Sci., 2024, 15, 5642-5652 | 5645
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Fig.5 Top view SEM images of the (a) control, (b) p-BCF, (c) c-BCF and (d) pc-BCF perovskite films. XRD patterns of (e) annealed perovskite films
and (f) unannealed perovskite films. (g) Schematic diagram of BCF modification at grain boundaries of perovskite.

bonding between BCF and FA, an excessive amount of BCF will
make perovskite crystal formation too fast and excess solvent
remains trapped in the film, which eventually leads to the
emergence of voids when the excess solvent evaporates via
annealing. The voids will be filled with the HTM and form
a direct contact between the HTM and electron transporting
material. Deleterious charge recombination will therefore be
created, which deteriorates the photovoltaic performance of the
device. Energy-dispersive X-ray spectroscopy (EDS) is applied to
corroborate the presence and distribution of BCF in the
perovskite films. Fig. S6-S87 show the SEM-EDS mapping of p-
BCF, c¢-BCF and pc-BCF perovskite films, respectively. By
comparing these images, it is confirmed that the BCF additive
can distribute homogeneously on the surface of the perovskite
layer. The cross-sectional SEM images of the PSCs based on
different BCF treatments (Fig. S177) indicate that all perovskite
films have a similar thickness of approximately 750 nm (devi-
ation =50 nm).

To further investigate the influence of BCF on the growth
and quality of perovskite crystals, their X-ray diffraction (XRD)
patterns are obtained. In Fig. 5e, all perovskite films display the
crystal planes of (001), (011), (111), (002), (012) and (112), which
are characteristic of the a phase perovskite.*® There is no
discernible alteration in the peak distribution or emergence of
new peaks, suggesting that BCF molecules will not enter into
the crystal lattice or have impact on the crystal structure of the
perovskite film. This observation aligns with the SEM images in
Fig. 5a-d. Further, the peak at 12.6°, assigned to lead iodide
(PbI,),* is attenuated in the XRD intensity for all BCF samples
compared to the control films. Under our experimental condi-
tions, it should be pointed out that the addition of PbI, is 5%

5646 | Chem. Sci, 2024, 15, 5642-5652

excess to ensure the full conversion of perovskite from Pbl,, so
the existence of Pbl, in the XRD patterns is almost inevitable.
However, the residual Pbl, is suppressed by BCF modification
and almost disappears in the c-BCF and pc-BCF samples. These
suggest that BCF can promote the transformation of Pbl, into
perovskite and removal of residual PbI, at the perovskite crystal
boundaries. Except for the characteristic peaks of ITO at 30.3°
and 35.2°," no other impurity peak can be found in all patterns
of Fig. 5e. All perovskite films exhibit high crystal quality with
no d phase peak. To reveal the formation process of perovskite
films, the XRD patterns of unannealed perovskite films are also
obtained as depicted in Fig. 5f. The solvent is pure DMSO
instead of a mixture of DMF and DMSO to simplify the solution
system. In the unannealed films, there are three main forms of
raw materials: FAI-PbI,-DMSO complex, « phase and & phase
perovskite. Three peaks at low angles (6.6°, 7.2° and 9.2°) are
assigned to the intercalation of DMSO and FAI into Pbl,, which
forms a FAI-Pbl,-DMSO intermediate complex.*® As there is no
peak shifting at low angles compared to the control film, the
introduction of BCF will not impede or exert a substantial
impact on the formation of the FAI-PbI,-DMSO complex. The
peaks at 11.8° and 14.0° are assigned to the d phase and a phase
perovskite, respectively.” The & phase perovskite with low
photovoltaic properties should be eliminated in the perovskite
films.”” The control and p-BCF samples exhibit a strong peak at
11.8° and a weak peak at 14.0°, implying the unwanted d phase
perovskite as the dominant component. In contrast, for the
unannealed ¢-BCF and pc-BCF samples, the o phase dominates
and the 3 phase almost disappears. Since anti-solvent dripping
is a washing process for the p-BCF sample, the BCF concen-
tration decreases in this process (especially on the top surface).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Meanwhile for c-BCF, it is a passivation process, during which
the concentration of BCF increases. The different trends of BCF
concentration in these two processes may be the key to inhibit
the & phase perovskite and promote the o phase. In summary,
BCF can suppress the residue of Pbl, in the perovskite films,
and the addition of BCF in anti-solvent can effectively accelerate
the transformation of the o phase perovskite from & phase
perovskite.

Through the above measurements and analysis of perovskite
films via different BCF treatments, we propose three pathways
by which BCF may influence the photovoltaic performance of
the perovskite devices, as illustrated in Fig. 5g. Firstly, BCF can
form hydrogen bonds with FA to immobilize organic cations
and inhibit ion migration. Meanwhile, BCF at grain boundaries
could stabilize perovskite crystals through hydrogen bonding.
Secondly, BCF can effectively passivate the under-coordinated
I and the Pbl; defects of perovskite, which could be instru-
mental in reducing non-radiative recombination of carriers.
Thirdly, due to the presence of a large number of hydrophobic F
groups in BCF, covering the surface of perovskite films with BCF
may effectively improve the humidity stability of the devices.
However, it is found from our results that not all DPMs utilizing
the BCF additive can achieve the desired passivation effect. The
selection of DPMs is crucial for the photovoltaic performance of
perovskite films.

The perovskite solar cells are fabricated with a conventional
planar  structure  ITO/SnO,/perovskite/spiro-OMeTAD/Au
(Fig. 6a). In order to achieve the best passivation effect,
control experiments are conducted on the effect of BCF
concentration in two of the DPMs, p-BCF and c-BCF (Fig. S9 and
Tables S1-S21). For p-BCF treatment, the best photovoltaic
performance is achieved when the concentration of BCF in the
perovskite precursor is 10 mg mL ™", while the highest PCE is
obtained via dissolving 3 mg mL™~" BCF in the anti-solvent for c-
BCF treatment. The combination of the optimal concentrations
of BCF in the perovskite precursor in the p-BCF cases with those
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in anti-solvent in the c-BCF cases is adopted in the pc-BCF
preparation. The J-V curves based on the best control, p-BCF,
¢-BCF and pc-BCF PSCs are recorded in Fig. 6b with detailed
device parameters in Table S3.T Among the four types of devices
that utilize various treatments, the c-BCF device displays the
most favorable photovoltaic performance with a PCE of 22.86%,
short-circuit current density (Js.) of 24.78 mA cm ™, open-circuit
voltage (Vo.) of 1.15 V, and fill factor (FF) of 80.09%. The
performance of the p-BCF device with a PCE of 22.34% is a bit
lower than that of the c-BCF device. The pc-BCF device yields the
worst PCE of 18.91% which is even lower than that of the
control device (19.88%). The J-V curves under different scan
directions are provided in Fig. S10a and b.} In order to quantify
the hysteresis effect, the hysteresis index (HI) is defined as:*

PCEreverse - PCEI‘orward

= D o

The HI values of 0.055, 0.028, 0.032 and 0.063 are presented
for PSCs based on control, c-BCF, p-BCF and pc-BCF treatments,
showing the negligible hysteresis of properly modified devices.
The reduction in the HI may be attributed to the suppressed ion
migration and reduced defects by passivation.®® The corre-
sponding incident photon-to-electron conversion efficiency
(IPCE) spectra and calculated integrated J. are also given in
Fig. S10c and d.T The c-BCF device presents the highest inte-
grated Js. and the calculated /. values of the four devices are
similar to the J,. obtained from J-V curves.**

As depicted in TOF-SIMS and XRD measurements, the c-
BCF treatment can modify the perovskite film homoge-
neously, suppressing the formation of the & phase while
facilitating the formation of the o phase perovskite. Meanwhile
p-BCF treatment may form a blocking layer between the
perovskite and SnO, layers, leading to impeded charge carrier
transport. By comparing the statistical distribution of photo-
voltaic parameters (Fig. 6¢), it can be found that the average J.
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(a) Schematic illustration of the PSCs with a structure of ITO/SnO,/perovskite/spiro-OMeTAD/Au. (b) J-V curves of the best control, p-

BCF, c-BCF and pc-BCF PSCs. (c) Statistical distribution of photovoltaic parameters for each of the 15 PSCs fabricated from different DPMs.
Stabilized power output (SPO) measured for 600 s at the maximum power point (MPP) of (d) the control and c-BCF PSCs, (e) p-BCF and pc-BCF

PSCs.
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of the c-BCF devices is higher than that of the other devices.
The increase in the current density of the c-BCF devices is
mainly due to the fact that BCF promotes the growth of o phase
perovskite and improves the crystallinity of the perovskite film.
Meanwhile, this improvement is not obvious for the p-BCF
devices. Importantly, the unwanted BCF blocking layer in the
p-BCF devices could impede charge extraction and thus
increase the series resistance inside the device. The superior
Voe and FF of both c-BCF and p-BCF devices can be attributed
to the excellent passivation from BCF, which reduces the defect
density of perovskite layers. However, performance deteriora-
tion occurs in the pc-BCF devices. During the fabrication of pc-
BCF devices, upon the BCF-containing anti-solvent is added
dropwise onto the perovskite film, a large number of cracks are
generated in the film (Fig. S11f}), seriously affecting the
photovoltaic performance of the device. Interestingly, similar
cracks also appear during the preparation of p-BCF and c-BCF
devices with relatively high BCF concentration. During the pc-
BCF treatment, the film is treated with BCF twice, resulting in
a high concentration of BCF in the film. These observations
indicate that an excessive concentration of BCF can lead to the
formation of cracks and the deterioration of perovskite films.
From the aforementioned SEM images (Fig. 5d), it is also
found that the perovskite film by pc-BCF treatment exhibits
more voids and poor film quality, which seriously lower device
performance. Therefore, the dosage of BCF is crucial for the
defect passivation and quality of perovskite films. The stabi-
lized power output (SPO) measured at the maximum power
point (MPP) is shown in Fig. 6d and e. The continuous SPOs
are relatively stable by holding the samples at the maximum
power point for 600 s. The c-BCF PSC still shows the best SPO
PCE of about 22.17%, while the control device shows about
18.64%.
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To further understand the carrier transport process in the
devices, space-charge limited current (SCLC) measurements are
performed. The dark current-voltage (I-V) curves of hole-only
devices with the configuration of glass/ITO/Au/perovskite/Au
are exhibited in Fig. 7a-c. Typical three regions with an expo-
nential relationship of I o« V" are evident in the experimental
data (except for pc-BCF devices which will be discussed in
Fig. S127). At low voltages, the I-V curve presents a linear ohmic
regime (I o« V). In the intermediate regime, the trap states
become occupied by the injected carriers with the rapid current
increase (I « V", n > 3) and the trap-filled limit (TFL) regime is
reached. The voltage required for the trapped space-charge is
defined as the onset voltage (Vg ), which could be obtained by
fitting the curves of the first two regions. The trap density (Ny)
can be calculated as follows:**

N, = 2epe; I;TFL
qd

where ¢, is the vacuum permittivity, ¢, is the relative dielectric
constant of perovskite, g is the electron charge and d is the
thickness of the perovskite layer. The relative dielectric constant
& of mixed perovskite (FA,MA,Cs;_, ,PbI,Br;_, with FAPbI;
dominated) is 46.5 £+ 1.4.>* Therefore, 46.5 is selected as the
dielectric constant of the mixed perovskite in our cases. The
Ve of the control, c-BCF and p-BCF devices is 0.693 V, 0.426 V
and 0.509 V, respectively. Decreased N, for both ¢-BCF (3.42 X
10" ecm ™) and p-BCF (4.09 x 10" ¢cm™>) devices is observed,
compared to the control device (5.57 x 10"> em ™), indicating
a remarkable passivation effect of c-BCF treatment. The reason
for the lower defect density of the c-BCF perovskite film
compared to the p-BCF film can be manifested from the XRD
analysis of Fig. 5. The anti-solvent dropping in c-BCF treatment
is a passivation process, while it is a washing process in p-BCF
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Fig.7 Dark current—voltage (/-V) curves with the configuration of hole-only devices for (a) control, (b) p-BCF and (c) c-BCF perovskite films. (d)
PL spectra and (e) normalized TRPL decay curves of the control, p-BCF, c-BCF and pc-BCF perovskite films. (f) Long term stability tests of
different PSCs for more than 1000 h under ambient conditions (10-25 °C and 45 + 10% RH).
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treatment, which would weaken the BCF passivation effect on
the top surface of the perovskite film. At high voltages, the
injected free carrier concentration rises over the background
charge carrier concentration and the space-charge effect occurs.
In this region, the buildup of space-charge limited current
makes the current-density Jp follow the Mott-Gurney law:*
2
Jp = geoer,uI;—z

where u is the carrier mobility and V, is the applied voltage.
According to the Mott-Gurney law, carrier mobility can be ob-
tained from the slope of the \/Jp — V, curves in the high region.
The hole mobilities of both ¢-BCF (2.09 x 10> cm® V™' s~ ") and
p-BCF (2.32 x 107> cm® V' s71) films are about one order of
magnitude larger than that of the control (3.06 x 10~ em® V™"
s~ ") film, which should be ascribed to the low trap density and
high quality of the films. The SCLC measurements have
demonstrated the effective suppression of defect density and
the improvement of carrier transport in perovskite films by
suitable BCF modification. Meanwhile unsuitable BCF modifi-
cation (pc-BCF) forms a poor quality perovskite film with many
pinholes, which will lead to direct contact between gold elec-
trodes on both sides and thus causes a large leakage current to
exceed the measurement range (Fig. S121).

The absorption spectra of perovskite films are recorded
through the use of ultraviolet-visible (UV-vis) spectroscopy, as
depicted in Fig. S13.F All types of BCF treated perovskite films
show a slightly enhanced absorption. The steady photo-
luminescence (PL) spectra of perovskite films prepared under
different conditions are shown in Fig. 7d. The PL intensities of
the ¢-BCF and p-BCF perovskite films are much stronger than
those of the control one, implying that the non-radiative
recombination from defects has been remarkably sup-
pressed.*® Enhanced PL intensity by the pc-BCF treatment is
also observed, but not as strong as those on the c-BCF or p-BCF
samples, indicating a less effective passivation. The control film
shows a peak in PL emission at 789 nm and a blue shift of the
peak is observed in all BCF-modified perovskite films. When the
shallow traps near the band edge are removed, excitons will not
be easily captured by these traps but recombine radiatively by
releasing a photon with a higher energy, leading to the blue
shift of the emission peak.®” The blue shift of the PL emission
observed here is attributed to the reduced shallow trap density
on the surface and at grain boundaries as a result of the
passivation effect of BCF. This is in line with the time-resolved
photoluminescence spectra (TRPL) results in Fig. 7e (the fitted
parameters are listed in Table S47). The average lifetime 7,y of
the ¢-BCF (694.62 ns) and p-BCF (587.88 ns) films is relatively
longer than those of the pe-BCF (406.12 ns) and control samples
(309.08 ns). These results validate that an appropriate pathway
for the BCF treatment can increase the recombination lifetime
and reduce the non-radiative recombination of perovskite films.
As the non-radiative recombination is responsible for the V.
loss,*® the V,. enhancement of ¢c-BCF and p-BCF PSCs should
originate from the suppressed trap defects by BCF passivation.
For p-type dopant BCF, the c-BCF treatment is the best pathway
to passivate perovskite films in PSCs. The p-BCF treatment can

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cause a high concentration of BCF at the bottom interface of
PSCs, hindering carrier transport and resulting in a reduction in
short-circuit current. If an n-type dopant to promote electron
transport at the perovskite/ETL interface is employed as the
additive, the DPMs like p-BCF may be a better choice. Mean-
while, for additives with high concentrations that can easily
affect the crystallinity and film morphology of perovskite, the
treatments like pc-BCF need to be used with caution.

The long term stability of different PSCs under ambient
conditions (10-25 °C and 45 + 10% RH) is evaluated in Fig. 7f.
The c-BCF device maintains more than 90% of its initial PCE for
1000 h, which is much better than that of the control device
(76%). The PCE degradation trend of the p-BCF device (88%
PCE for 1000 h) is similar to that of the ¢-BCF device. Meanwhile
the PCE of pc-BCF decreases to 62% of the initial value implying
a rapid degradation. The improved stability of the c-BCF and p-
BCF devices should be attributed to the successful passivation
achieved through the BCF treatment, along with the hydro-
phobicity of BCF. The rapid degradation of the pc-BCF device
may be attributed to the low quality of the perovskite film,
which contains numerous cracks and voids. The moisture
resistance of the BCF treated perovskite films is confirmed by
water contact angle measurements in Fig. S14.7 Both c-BCF and
p-BCF films present a higher water contact angle than the
control film. The poor morphology of the pc-BCF film, charac-
teristic of a large number of cracks and voids, would increase
the roughness of the perovskite film and accelerate the infil-
tration of water into the perovskite film. The contact angle
decreases with increasing roughness, when it is smaller than
a certain transition angle.* The surface hydrophobicity of the
pc-BCF film may be compromised, resulting in a relatively lower
water contact angle of the pc-BCF film. To further verify the
moisture resistance, perovskite films based on different BCF
treatments were aged under high humidity conditions (75 &+ 5%
RH) for 18 days (Fig. S151). The ¢c-BCF and p-BCF films are still
stable, while significant degradation occurs in control and pc-
BCF films after aging. The XRD spectra of the perovskite films
before and after aging (Fig. S16t1) also provide the same
conclusion.

Conclusions

In summary, the influence of various BCF based DPMs on
perovskite films and PSCs is well investigated. p-BCF treatment
can lead to the enrichment of additives on the bottom surface of
perovskite films, while the c-BCF treatment makes the additives
dispersed homogeneously in the film. This situation is different
from additives that can only be dissolved in the perovskite
precursor or anti-solvent. Therefore, it is necessary to select the
optimal DPM based on the solubility of additives in diversified
solvents. BCF can form hydrogen bonds with C-H and N-H in
perovskite, immobilizing FA and inhibiting the migration of
organic cations. The ability of a Lewis acid to acquire electrons
enables it to passivate the under-coordinated I~ and Pbl;~
defects, suppressing non-radiative recombination. In addition,
selecting an appropriate DPM can also eliminate the generation
of 3 phase perovskite and make the distribution of BCF more
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reasonable. Among three types of DPMs, c-BCF results in the
best photovoltaic performance of PSCs, achieving the highest
PCE of 22.86% with negligible hysteresis. The performance of
the p-BCF treated device is slightly lower than that of c-BCF. The
devices based on the above two treatments have shown excellent
stability. This work provides a novel perspective for the selec-
tion of DPMs to achieve high performance and stable PSCs.

Experimental section
Chemicals and materials

Unless stated otherwise, all chemicals were used as received
without further purification. Lead(u) iodide (Pbl,), lead(u)
bromide (PbBr,) and cesium iodide (CsI) were purchased from
TCI. N,N-Dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), chlorobenzene (CB) and tris(pentafluorophenyl)
borane (BCF) were purchased from Sigma-Aldrich. For-
mamidinium iodide (FAI), methylammonium bromine (MABr),
methylamine chloride (MACI) and 2,2/,7,7'-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9-spirobifluorene (spiro-OMeTAD)
were purchased from Xi'an Polymer Light Technology Corpo-
ration. The tin oxide (SnO,) colloidal dispersion, 4-tert-butyl-
pyridine (tBP), lithium bis(trifluoromethylsulphonyl)imide (Li-
TFSI) and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(im)
bis(trifluoro-methylsulphonyl)imide (FK209) were acquired
from Alfa Aesar.

Solution preparation

Two kinds of SnO, solutions were obtained by diluting SnO,
colloid dispersion in water at a volume ratio of 1: 6 by dissolv-
ing 7 mg and 14 mg NH,CI, respectively. The perovskite
(Cs0.03FAp.97Pbl3)0.05(MAPDBr3)0 05 precursor solution with
22 mg mL~" MACI was prepared in a stoichiometric ratio of FAI,
MABE, Csl, Pbl, and PbBr, to make the concentration of Pb>" to
be 1.6 M in DMF/DMSO mixed solvents (volume ratio of 8 : 2) in
a glovebox. The solution was stirred until fully dissolved for
more than 1 h and filtered before use. Various doses of BCF
were added into the perovskite precursors or anti-solvents for
the required defect passivation methods. Spiro-OMeTAD solu-
tion was prepared by mixing 73.5 mg spiro-OMeTAD, 29 pL tBP,
17 pL Li-TFSI (500 mg in 1 mL of acetonitrile), and 8 uL FK209
(400 mg in 1 mL of acetonitrile) in 1 mL chlorobenzene.

Device fabrication

ITO glass (1.5 x 2 cm®) was cleaned in an ultrasonic bath con-
taining deionized water and ethanol for 30 min each time, dried
with flowing nitrogen gas, and then treated with ultraviolet
ozone for 30 min. SnO, solution (100 uL) containing 7 mg mL "
NH,CI was spin-coated on the substrate at 4000 rpm for 50 s,
and an equal volume of SnO, solution containing 14 mg mL ™"
NH,CI was added dropwise at the 25th second. Subsequently,
the film was annealed at 90 °C for 1 hour. The perovskite
precursor (35 pL, with or without BCF) was spin-coated in a dry
air flowing glovebox by a consecutive two-step spin-coating
process at 1000 rpm and 4600 rpm for 10 s and 30 s, respec-
tively. In the last 15 s of the second spin-coating step, the
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substrate was treated with 150 pL of chlorobenzene (with or
without BCF) as the anti-solvent. Afterwards, the film was
annealed at 150 °C for 15 min. 40 pL of spiro-OMeTAD solution
was spin-coated onto the perovskite layer at 3000 rpm for 20 s.
Finally, an 80 nm gold electrode was thermally evaporated on
top of the device.

Characterization

Unless stated otherwise, the solutions containing BCF applied
in all measurements were at the concentration for optimal PSC
fabrication (10 mg mL ™" in the perovskite precursor for p-BCF,
3 mg mL™" in CB for ¢-BCF, 10 mg mL™ " in the perovskite
precursor and 3 mg mL~ " in CB for pc-BCF). The 'H NMR
spectra were recorded on a 600 MHz liquid NMR spectrometer
(Bruker, AVANCE III 600 MHz 54 mm ') and DMSO-dg was used
as solvent to dissolve 0.1 M FAI and 0.1 M FAPbI; (with or
without 25 mg mL~" BCF). FTIR spectra were recorded with
a Thermo Scientific iS50R FT-IR spectrometer. Perovskite
precursor solution containing 20 mg mL ™" BCF was applied in
Per.+BCF samples for both liquid and powder measurements.
XPS characterization was performed with a Thermo ESCALAB
250Xi X-ray Photoelectron Spectrometer by using a mono-
chromatized Al Ko source (hv = 1486.6 eV, 150 W) with a 500 um
sized X-ray beam spot (hydrocarbon C 1s located at 284.8 eV is
used for energy referencing). The TOF-SIMS measurement of
perovskite films was conducted with a TOF-SIMS 5 IONTOF via
negative ion depth profile mode (primary ion Bil, energy 30
keV, and current 1.00 pA; sputter ion Cs, energy 1 keV, and
current 60.00 nA). The morphologies of all samples were char-
acterized with a cold field-emission scanning electron micro-
scope (SU8220, Hitachi), equipped with an X-ray spectrometer
(Aztec Oxford) for EDS mapping. XRD patterns were obtained
with a Micro-diffractometer (Rigaku SmartLab 9kW, Nippon
Institute of Science and Technology Co., Ltd, Japan) using Cu
Ko radiation (A = 1.5406 A). UV-vis absorption spectra were
acquired on a UV-vis spectrophotometer (SOLID3700, Shi-
madzu, Japan) acquired in absorption mode. The PL and TRPL
spectra (excited at 450 nm) were recorded on a JY Fluorolog-3-
Tou fluorescence spectrophotometer (Jobin Yvon, France).
Contact angles were determined on an OCA15EC contact angle
measuring instrument (Dataphysics, Germany) with a drop of
ultrapure water.

The J-V curves were recorded on a solar simulator (Enlitech,
SS-F5-3A) with a source meter (Keysight B2901A SMU). The solar
simulator with 100 mW cm™? illumination (AM 1.5 G) was
calibrated by using a NREL certified silicon reference cell (SRC-
2020). The device area of 0.09 cm” was defined by masking
a metal mask to avoid light scattering from the metal electrode
onto the device during the measurement. The IPCE was
measured using an IPCE measuring system (Newport Corpora-
tion, CA) equipped with a Xe lamp as the light source.

Data availability

The data supporting this study are available within the main
text and the ESL{
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