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Superhalogen Passivation for Efficient and Stable

Perovskite Solar Cells

Hobeom Kim,* Jaekeun Lim, Muhammad Sohail,
and Mohammad Khaja Nazeeruddin*

Metal-halide perovskites are optoelectronic materials applied to solar cells as a
light absorber due to their excellent optoelectronic properties. The power con-
version efficiency of perovskite solar cells (PSCs) reaches 25.7% certified, which
stands in comparison with Si solar cells. Importantly, compositional engineering
of perovskites has been one of the keys to the breakthrough. However, the
presence of defects within perovskites is a matter of importance as it can cause
nonradiative recombination of charge carriers. In addition, defect migration can
degrade the photovoltaic performance and stability of PSCs. Previous studies
have commonly addressed that iodide-related defects such as interstitial iodide
and iodide vacancy are problematic due to their low formation energy. Thus,
halide engineering is imperative to mitigate the defect-related dynamics and
improve the materials quality of perovskites. In this sense, superhalogen is a
promising candidate for defect passivation and stabilization of perovskites based
on its higher electronegativity and electron affinity than halides, which are
beneficial to the formation of a more robust interaction with adjacent elements in
perovskites. This perspective gives an overview of studies regarding the use of
superhalogen to develop efficient and stable PSCs and concludes with an outlook
of further research directions.

demonstrated a certified power conversion
efficiency (PCE) of 25.7% being compara-
ble to the existing photovoltaic technology
of Si solar cells.”) The achievement of
the high-efficiency PSCs can be attributed
to the excellent optoelectronic properties of
perovskite light absorbers with a
high-absorption coefficient and long-range
carrier diffusion length. Also, its simple
fabrication process using low-cost materi-
als opens a bright prospect of commerciali-
zation of PSCs in the energy industry. In
general, the lattice structure of metal-halide
perovskites consists of three distinct
positions that formulate ABX;3 cubic unit
cells, where cation A (e.g., methylammo-
nium (MA™), formamidinium (FA™),
and/or Cs™) is located at (0,0,0), cation
B (e.g., Pb*") is at (1/2,1/2,1/2), and halide
X (e.g., CI7, Br, and I") is at the center of
the six planes of the cubic at (1/2,1/2,0)
(Figure 1a).’! Therefore, when the

1. Introduction

Metal-halide perovskites are a class of optoelectronic materials
for solar cells. Since Miyasaka et al. first reported perovskite solar
cells (PSCs) based on a liquid junction in 2009, recent solid-
state PSCs wusing 3D polycrystalline perovskites have
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Goldschmidt tolerance factor is between
0.8 and 1.0, and the octahedral factor is
between 0.442 and 0.895, 3D perovskites
can be formulated with a high degree of freedom in terms of
compositional engineering, which has enabled and will enable
the advancement of perovskites as a light absorber.?*!
Nevertheless, perovskites fundamentally suffer from their
internal defects in the bulk and at the surface of their polycrys-
talline film.”® The presence of some defects accompanies the
formation of electronic states within the bandgap of perovskites,
leading to nonradiative recombination of excitons and charge car-
riers, thereby degrading photovoltaic characteristics of PSCs.
Furthermore, the defects cause structural degradation of perov-
skites as they migrate due to their ionic nature.””! Certainly, deep-
level defects are undesirable because they are primary nonradia-
tive recombination center trapping excitons and charge carriers.
In contrast, the so-called defect tolerance of perovskites, i.e.,
those with the benign nature of the shallow defects, has been
known to enable efficient radiative recombination of charge car-
riers.'”) However, the shallow-level defects may also be problem-
atic as they can lead to the formation of polarons that may activate
the nonradiative process degrading the photovoltaic performance
of PSCs.""! Several studies have revealed that interstitial iodide
and iodide vacancy are responsible for the formation of deep-,
and shallow-level trap states, respectively,’***! and their high
density in perovskites due to the low formation energy may result

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 1. a) Crystal structure of metal-halide perovskite. Reproduced with permission.! Copyright 2016, The Royal Society of Chemistry. b) Improvement
in PL intensity by incorporating superhalogen (BF,") into perovskite (MAPbls). Reproduced with permission.?*! Copyright 2015, Wiley-VCH. c) Reduction
of trap density of states in the device using superhalogen-incorporated perovskite. d) XRD patterns of perovskites shifting to lower 20. Reproduced with

permission.?’! Copyright 2019, Wiley-VCH.

in more serious degradation of the material's optoelectronic
properties and stability. Moreover, the most active migrating spe-
cies is known to be iodide with a low activation energy of migra-
tion.""! Therefore, defect engineering, particularly the halide-
related defects, maybe the key to further improvement in the effi-
ciency and stability of PSCs.

In this sense, one of the most direct and effective approaches
to mitigate the defect-related dynamics in perovskites may be to
engineer the anion site by exploiting pseudo-halides with a
valency of —1, which may fit into the X site of the perovskite lat-
tice. For example, recently, Kim et al. reported the incorporation
of a small amount of polyatomic pseudo-halide, HCOO™ into
perovskites thereby demonstrating PSCs with a PCE of 25.6%
and long-term operational stability.!'”! The authors presented
the role of HCOO™ in the passivation of iodide vacancy, which
is a predominant defect in iodide-based perovskites as above-
mentioned. Also, thiocyanate (SCN™) has been the most widely
used pseudo-halide to stabilize perovskites by occupying the X
site in the perovskite lattice.**”!

In fact, in the group of pseudo-halides, there is a specific class
of molecules called superhalogen that is highly electronegative
with a greater electron affinity than monoatomic halogens.8?!
Thus, strong interaction with adjacent cations in perovskites can
be expected to suppress the formation of halide-related defects
and stabilize perovskites. In this perspective, we present studies
on the use of superhalogen molecules such as tetrafluoroborate
(BF4 "), borohydride (BH, ), and hexafluorophosphate (PF; ) for
defect passivation and enhancement of the structural stability of
perovskites, which can lead to efficient radiative recombination
and better device performance. As defect passivation of
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perovskites is generally realized according to its target position,
for example, either in the bulk or at the surface of a polycrystal-
line perovskite film, we accordingly organized sections separately
dealing with the use of superhalogen in the bulk and for the sur-
face treatment of perovskites. Lastly, we present an outlook on
the use of superhalogen in perovskites with some suggestions
for further advancements of PSCs.

2. Incorporation of Superhalogen in the Bulk of
Perovskites

In 2014, Ogale et al. first introduced the use of superhalogen
BF,” to incorporate it into methylammonium lead triiodide
(MAPbDI;) with an idea of improving the photocurrent of
perovskites inspired by a previous study in which fluorine-doped
perovskites increased photocurrent of solid-state dye-sensitized
solar cells.?®*"! The formulation of perovskites incorporating
superhalogen (MAPDI;_,(BF,),) was completed by a two-step
deposition method, where Pbl, was first deposited and subse-
quently exposed to MABF,. Photodetectors using the perovskites
exhibited an increased photo-response compared to control devi-
ces using pristine MAPDI;. This study showed the potential of
superhalogen in its application to PSCs. Walsh et al. (2014)
reported exploration of the use of superhalogens, BF,” and
PF¢™ in the framework of CsPbl; through computational studies
showing possible partial substitution of superhalogen for iodide
of perovskites.”?! The first PSCs using superhalogen-
incorporated perovskites, MAPbI3_,(BF,),, was demonstrated
by Han et al. in 2015.%®) The authors used a fully printable
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hole-transporting material (HTM) free mesoscopic structure
(FTO/(Ti0,/ZrO,/carbon)/perovskite), in which perovskite is
infiltrated into the underlying mesoporous TiO, and ZrO, scaf-
folds through the top mesoporous carbon electrode. The superhal-
ogen-incorporated perovskites were obtained from a MAPbI;
precursor solution with the addition of MABF,. The perovskite film
with BF,~ exhibited improved photoluminescence (PL) intensity,
which the authors attributed to fewer traps in the film compared
to pristine MAPDI;. (Figure 1b) Furthermore, electrochemical
impedance spectroscopy (EIS) revealed that the incorporation of
BF, ™ suppressed interfacial charge recombination and bulk recom-
bination in the device, resulting in a PCE of 13.24%, which was
higher than the otherwise-identical device using pristine MAPDbI3
(10.54%). Similarly, Hu et al. (2018) employed MABF, as an addi-
tive in a perovskite precursor solution consisting of MAPbI; and
5-ammonium valeric acid iodide (5-AVAI).*¥ The superhalogen-
incorporated perovskites, (5-AVA)g 034MAg 966PbI;_(BF,), showed
an improvement in PL characteristics, which the authors also
attributed to a decrease in defect density within the perovskite films
as well as efficient electron extraction from the perovskite to
underlying TiO,. Thus, the HTM-free mesoscopic PSCs resulted
in a PCE of 15.5%, which was higher than the control device
without superhalogen (13.4%). In 2019, Jen et al. employed
NH,BF, to develop superhalogen-incorporated perovskites,
FAQAggMA0_17Pb(IBI')3,x(BF4)x.[25 I The incorporation of BF,~ effec-
tively reduced trap density in perovskites, which suppressed non-
radiative recombination and improved PL characteristics
(Figure 1c). PSCs using the perovskites in an n-i—p structure
(ITO/SnO,/perovskite/spiro-OMeTAD/MoO;/Ag)  achieved a
PCE of 20.16%, which was higher than the device using perovskites
without superhalogen (17.55%). The authors suggested that the
improvements might be due to lattice expansion (and relaxation)
of perovskites derived by the incorporation of BF,~ based on a shift
of (100) diffraction peak of the perovskite to a lower 20 (Figure 1d).
Given the similar ionic radius between I (220 pm) and BF,
(218 pm), the authors surmised that the lattice expansion might
originate from a weaker bonding between BF,~ and Pb*" due
to weaker hybridizations of tetrahedral BF,~ with the atomic orbi-
tals of Pb*" than spherical I".

The studies presented in the paragraph above commonly used a
superhalogen compound containing MA™ in its cationic part that is
already a constituent of perovskite, or NH, " that may not exert an
additional function, but maybe evaporated during the formation of
perovskite crystal. In contrast, some studies intended to take advan-
tage of the cationic part of the superhalogen compound for a syn-
ergistic effect. Snaith et al. (2019) highlighted that the incorporation
of ionic liquid (IL), 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBE,) into perovskite ((FAog3MAg.17)0.95CS0.0sPD(I0.9Bro.1)3)
improved the stability of the perovskite film and device as well
as its efficiency.”® The authors assumed that BMIM™ bound at
the surface and grain boundaries of the polycrystalline perovskite
film based on its depth profile obtained by time-of-flight secondary
ion mass spectrometry (ToF-SIMS) (Figure 2a). Therefore, the
perovskite film was rendered highly resistant to external degrada-
tion factors such as oxygen and moisture (Figure 2b). Interestingly,
the authors visualized ion migration in perovskites of a planar
device (Au/perovskite/Au with a channel width of 150 um) by
PLimaging under a constant bias (Figure 2c). The control film with-
out the ionic liquid (IL) showed PL quenching, which was attributed
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to the accumulation of defects and/or the structural degradation of
perovskites. We presume iodide was the migrating species consid-
ering the moving position of PL emission across the channel. In
contrast, the IL incorporation prevented the PL quenching, which
indicates effective suppression of ion migration in the perovskite
film. Although the authors did not deal with the detail of the under-
lying reasons for the suppression of ion migration, we conjecture
that the presence of BF,~ at the grain boundary might contribute to
the suppression of the ion migration because of the high binding
affinity of BF,~ to iodide vacancy (V;").”! The same research group
(2020) reported the use of a different ionic compound, 1-butyl-
1-methylpiperidinium tetrafluoroborate ([BMP]*[BF,]") to stabilize
perovskites (Cso.17FAog3Pb(I;_.Bry)3).?®! The authors addressed
the detrimentality of the formation of iodine (I,) under illumination
on the device stability,”” and explained that it forms due to the for-
mation of Frenkel defects consisting of iodide vacancies and/or
their interstitial pairs. The authors postulated that the IL compound
could passivate sites available for the iodide oxidation, and suppress
the migration of halide species. Oh et al. (2020) proposed to use
ionic imidazolium tetrafluoroborate (IMBF,) in mixed Pb-Sn per-
ovskites.*® The mixed Pb-Sn perovskites, due to the different ionic
radii between Sn (1.18 A) and Pb (1.19 A), are vulnerable to lattice
strain by lattice distortion that can lead to defect formation. The
authors conjectured that the incorporation of a smaller BF,~ than
I” could relieve the strain by releasing strong tension between Pb
and 1. However, the X-ray diffraction (XRD) showed a shift imply-
ing the lattice expansion, and the authors ascribed it to the less
strong hybridization of BF,~ with the Pb atomic orbitals compared
to I as proposed by Jen et al. previously. As the lattice relaxation
increases the formation energy of Vy, the incorporation of BF, ™~ into
the perovskite lattice is expected to result in less density of V; sup-
pressing iodide oxidation. Concomitantly, the undesirable reduc-
tion of metallic species that yield Pb® and Sn® can be inhibited.
In contrast, the cationic part (IM*) of the ionic compound may pas-
sivate positively charged under-coordinated Pb** or Sn®*. Based on
the synergistic effect of IMBF,, the best-performing device showed
PCEs over 19.0% with improved stability while the otherwise-iden-
tical device without the superhalogen compound achieved lower
PCEs ~17% with a shorter device lifetime. Song et al. (2021)
reported the use of zwitterionic ionic liquid (ZIL) that contains
4-fluoro-phenyl ammonium (4FB™) as a cation and tetrafluorobo-
rate (BF,7) as an anion in a two-step solution-processed
(FAPDI;);_(MAPbBr3),.”! The authors suggested that 4FB*
and BF,  can effectively passivate defects in perovskites by filling
corresponding vacancies, which are formed by migration of the
A-site cation and the X-site halide, respectively (Figure 2d).
Furthermore, the passivation of under-coordinated Pb*" by
4FBT was suggested owing to its electron-donating
property. Accordingly, the reduction of trap state density was empir-
ically shown. However, the XRD peak of (001) of the perovskite
exhibited a shift to a larger 20 after the incorporation of the ZIL,
which implies a contraction of the lattice, and this is in stark contrast
to the result from the abovementioned reports by Jen et al. and
Oh et al.

Pan et al. (2020) reported the use of borohydride (BH, ).*?
The superhalogen-incorporated perovskite, MAPbI;_,(BHy),,
was obtained by using MAPDI; precursor solution with the
addition of tetrabutylammonium borohydride. The authors sug-
gested that the partial substitution of BH, for I" may

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. a) Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiles of the 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF,)-

containing perovsklte film. b) XRD patterns of pristine and aged samples of perovskite films with or without BMIMBF,. The decomposition of Pbl, in the
films was denoted as the stars. The inset images show perovskite films after aggressive aging (72 h of light-soaking at 60-65 °C). c) PL images of perov-
skite films with or without BMIMBF, under a constant bias (10 V). Reproduced with permission.’?®) Copyright 2019, Springer Nature. d) Schematic of
perovskite lattice that shows defect passivation mechanism by a zwitterionic compound. Reproduced with permission.' Copyright 2021, Wiley-VCH.
e) Perovskite lattice before and after the incorporation of superhalogen BH, ™, which occupies iodide vacancy and forms hydrogen bonding with MA™.
Reproduced with permission.?? Copyright 2020, American Chemical Society.

compensate V so that BH,~ may interact with MA™ via dihydro-
gen bonding (Figure 2e). Therefore, the formation of internal
defects  and  defect  migration  were  effectively
suppressed, which led to improvement in the device efficiency
and stability. The PSCs using the superhalogen with a
structure of FTO/compact-TiO,/mesoporous-TiO,/perovskite/
spiro-OMeTAD/Au resulted in a PCE of 21.10%, which was
higher than that of the control device showing 18.43%.
Moreover, current-voltage hysteresis of the PSCs became negli-
gible due to the use of superhalogen.

Although it is generally stated that the use of superhalogen is
effective in perovskite defect passivation, there are still unclear
and inconsistent points to be clarified, particularly about the
incorporation of superhalogen into perovskite lattice. For exam-
ple, some studies simply surmised that superhalogen occupies
the X-site of perovskite lattice by presenting the chemical for-
mula of perovskites as AB(X,X’;_,); (here, X’ denotes superhal-
ogen.).”>*"! Some other works showed a shift in perovskite
diffraction peak, which may account for the incorporation of
superhalogen into the lattice.”>*%3!] However, there is a contra-
diction among these studies regarding whether the perovskite
lattice expands or contracts with the superhalogen integrated.
On the contrary, another work concluded that superhalogen does
not perturbate perovskite lattice as the addition of the compound
did not cause a shift of perovskite diffraction peak.* Since there
have not been many studies on the use of superhalogen in per-
ovskites, it may be too presumptive to judge whether a claim was
erroneous or not. Thus, more clarification to explain these dis-
crepancies seems to be required in follow-up studies.

Sol. RRL 2022, 6, 2200013 2200013 (4 of 8)

3. Utilization of Superhalogen for Perovskite
Surface Treatment

The surface treatment of perovskites has become widely
exploited owing to its notable effects such as reduction of defect
density, suppression of nonradiative recombination, protection
of underlying perovskite from moisture, and thus improvement
in device efficiency and stability. Park et al. (2018) reported the
use of FAPF; to treat the surface of FA( ggCsg 1,PbI; (Figure 3a).
The authors suggested that the deposition of FAPF; led to partial
substitution of PFs~ for iodide by anion exchange which gave
rise to the formation of a thin FAgggCsg.12Pbl;_,(PF¢), layer
at the surface.?® The effect of PFs~ incorporation on crystal
structure was investigated by XRD (Figure 3b). Due to the larger
ionic radius of PF¢~ than 17, the first derivative of diffraction
peak by (100) exhibited a shift to a lower angle upon an increase
in the concentration of PFs ™, which implies an increase in lattice
constant by replacing I” with PFs . The superhalogen-
incorporated perovskite increased carrier lifetime and decreased
defect density, which resulted in the improvement in the photo-
voltaic performance of PSCs also with reduced current—voltage
hysteresis. Moreover, scanning electron microscopy exhibited
that the PFq~ integrated perovskite grew preferentially along
grain boundaries. Thus, the underlying perovskite layer can
be protected from moisture, which improved moisture stability.
Chen et al. modulated the surface of perovskite by using phos-
phonium salts (bromotrispyrrolidinophosphonium hexafluoro-
phosphate), namely, BrTPPPF, containing PF¢ .*Y X-Ray
photoelectron spectroscopy (XPS) and density functional theory
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Figure 3. a) Schematic of the formation of superhalogen-incorporated perovskite layer at the surface by anion exchange between I~ and PF¢™. b) A shift of
the first derivative of XRD peak of (100) to low angle as increasing the concentration of FAPFs. Reproduced with permission.*l Copyright 2018,
Wiley-VCH. c) The binding affinity of various anions to |~ vacancy at the surface of the perovskite (CsPbl,Br). d) The binding energy of various anions
with Pb-I antisite defect. €) Lattice structure showing passivation of an |~ vacancy by BF, ™ at the surface of perovskite (left) and the interaction between
Pb-I antisite and BF,~ (right). Reproduced with permission.?” Copyright 2021, Springer Nature.

(DFT) calculations suggested that halide vacancies were filled by
PF¢~ that passivated undercoordinated Pb>* at the surface of
perovskite film. Thus, the surface-treated perovskite had a lower
defect density and prolonged carrier lifetimes, which resulted in
the PSCs with a PCE of 22.15%, which was higher than the con-
trol device (20.6%). Furthermore, as the components of the salt
fill the vacancy defects, the authors stated that ion migration and
trap-assisted nonradiative recombination were suppressed and
moisture resistance improved. Liu et al. (2021) reported the use of
imidazolium-based IL containing BF, (1-butyl-2,3-dimethylimida-
zolium tetrafluoroborate) that was applied as a surface passivation
agent on top of CsPbI,Br perovskites.””! The authors suggested
that BF,~ of the IL played an important role in the passivation
of under-coordinated Cs*/Pb*" by forming strong ionic interac-
tions (Pb—F, Cs—F). The calculation result corroborated the effec-
tiveness of superhalogen in passivation by showing its higher
relative binding affinity than halide to I vacancy, and also higher
binding energy to Pb-I antisite as shown in Figure 3c,d, respec-
tively. In Figure 3e, the passivation of I vacancy (left) and
Pb-I antisite (right) by BF, were schematically illustrated.

Sol. RRL 2022, 6, 2200013 2200013 (5 of 8)

Nevertheless, since the XRD peak of perovskites did not show
an obvious shift with the addition of the IL, the authors concluded
that the IL was not incorporated in the perovskite lattice but only
passivating the defects at the surface. Thus, PSCs with the surface
passivation (FTO/TiO,/CsPbl,Br/IL/Spiro-OMeTAD/Au) had a
PCE of 17.02% with improved stability whereas the control device
exhibited a PCE of 15.62% and rapid degradation. Interestingly,
Stranks et al. (2021) suggested a different passivation mechanism
by the use of superhalogen.*” The authors used MABF, for sur-
face treatment of MAPDI;, and the introduction of BF, signifi-
cantly reduced trap density leading to improvement in PL
characteristics with suppressed nonradiative recombination.
Importantly, analysis of solid-state nuclear magnetic resonance
(NMR) revealed BF,~ did not make an atomic-level interaction with
under-coordinated Pb in the perovskite structure. Instead, the
reduction of trap density was attributed to BF, acting as a
scavenger of unreacted methylammonium iodide (MAI) by produc-
ing thermodynamically stable MAI-MABF, cocrystal, which
decreased the concentration of interstitial iodide defects in the
perovskite.

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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The studies introduced in this section would also raise ques-
tions primarily about the incorporation of superhalogen in the
perovskite lattice and the mechanism of superhalogen passiv-
ation. For example, the studies conducted by Park et al. and
Chen et al. deduced that superhalogen can occupy the X-site
of perovskite lattice by relying on the results of XRD, XPS,
and DFT calculations.’*** Thus, the partial substitution of
superhalide for the existing halide effectively coordinates the cor-
responding defective components of perovskites. In contrast, Liu
et al. suggested defect passivation by superhalogen only at the
surface, but without being incorporated into the perovskite
lattice.’”” In contrast, Stranks et al. strongly corroborated no
atomic-scale interaction of superhalogen with the under-coordi-
nated Pb*" in the perovskite lattice by solid-state NMR, which led
to their conclusion that superhalogen rather scavenges unreacted
MALP?!

4, Conclusion and Outlook

We have presented and discussed studies on the use of super-
halogen (e.g., BF,~, PFs, and BH, ) in perovskites for the

www.solar-rrl.com

development of efficient and stable PSCs. Highly electronegative
superhalogen with a high electron affinity compared to monoa-
tomic halogens may enable the formation of a strong bond to
Pb?>" and monovalent cations (e.g., MA™, FA', and CS+)
in the bulk or at the surface of perovskites. Accordingly, most
of the studies presented in this perspective have addressed that
the use of superhalogen was effective in passivation of iodide-
related defects (e.g., iodide vacancy and interstitial iodide) in per-
ovskites, showing the reduced density of defects and improved
radiative recombination of charge carriers, thereby enhancing
efficiency and stability of PSCs. We summarized the improve-
ment of photovoltaic parameters of PSCs after introducing super-
halogen into perovskites (Table 1).

Nevertheless, there are still unclear aspects of the role of
superhalogen in terms of defect passivation. For example, many
studies suggested the incorporation of superhalogen into perov-
skite lattice and chemical or physical interaction between the
superhalogen and the perovskite components, which led to
defect passivation (e.g., occupation of Vi, interaction with
MA™ via dihydrogen bonding, passivation of undercoordinated
Pb?*, Pb-I antisite, lattice strain relaxation, etc.). In contrast,
recent work by Stranks et al. revealed that the surface treatment

Table 1. Summary of photovoltaic performance of PSCs before and after introducing superhalogen into PSCs.

Device architecture Perovskite Superhalogen Voc Jsc FF  PCE Remarks Ref.
compound V] [mAcm™? [%]
Superhalogen in the perovskite bulk
FTO/(TiO,/ZrO,/carbon)/perovskite MAPbI; - 0.914 1692  0.68 10.54 [23]
MABF, 0.957 18.15 0.76 13.24
FTO/(TiO,/ZrO,/carbon)/perovskite (5-AVA) 0 034MAo 566Pbl3 - 0.920 2237 0.65 134 [24]
MABF, 0.970 2437 0.66 155
ITO/SnO,/perovskite/spiro-OMeTAD/MoO;/Ag (FAPbI3)0.53(MAPbBI;) .17 - 112 2339 067 17.55 25]
NH,4BF, 1.15 2338  0.75 20.16
FTO/NiO/perovskite/PCBM/BCP/Cr/Au ((FA0.83MA0.17)0.95Cs0.05Pb(l0.9Bro 1)3) — 1.02 23.2 0.79 18.5 Under [26]
102 mWcm 2
BMIMBF,~ 1.08 23.8 0.81 19.8 Under
105 mW cm ™2
FTO/polyTPD:F4-TCNQ/perovskite/PCBM/BCP/ Cs0.17FP0.53Pb(11_4Br,)3 - 107 224 074 176 28]
Cr/Au [BMP]*[BF,]” 112 227 080 203
ITO/PEDOT:PSS /perovskite/PCBM/Cqo/BCP/Ag FAo sMAg sPbg sSnoss - 0.780 301  0.735 17.3 30]
IMBF, 0.810 31.4 0.752 19.1
ITO/SnO,/perovskite/spiro-OMeTAD/Au (FAPbI3); _,(MAPbBr;), - 1130 2400 0.76 20.69 137]
[4FBI*IBF,]~ 1062 2485 078 22.52
FTO/c-TiO,/m-TiO,/perovskite/spiro-OMeTAD/ MAPbI; - 108 2171 0781 18.43 32]
Au tetrabutylammonium 1.11 23.89 0.798 21.10
borohydride
Superhalogen at the perovskite surface
FTO/c-TiO,/m-TiO,/perovskite/spiro-MeOTAD/ FAo.55CS012Pbls - 1.020  23.00 0.76 17.79 33]
Au FAPF¢ 1.045 2311 0.80 19.25
ITO/SnO,/perovskite/spiro-OMeTAD /Au (C5.RbyFA;,,)Pb(l1 2Br.)s - 1133 2268 0.798 20.61 34]
BrTPPPFg 1179 2295 0.818 22.15
ITO/TiO,/perovskite/spiro-OMeTAD/Au CsPbl,Br - 127 1545 0.779 15.28 [27]
BMMIMBF, 1.31 15.95  0.806 16.89
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of perovskites by superhalogen (BF, ") did not result in its incor-
poration into the lattice. Instead, a role of the superhalogen com-
pound as a scavenger of unreacted MAI was proposed to decrease
the density of interstitial iodide rather than direct passivation of
defect sites by superhalogen. The different suggestions might
result from various differences, for example, in the target posi-
tion of the superhalogen treatment, composition of perovskites,
deposition process, etc. Thus, further studies are required to ver-
ify the bonding state of superhalogen in perovskites and its pas-
sivation mechanism. Moreover, unveiling the underlying
mechanism of the effective suppression of ion migration by
the use of superhalogen may be one of the keys to improvement
in the stability of perovskites and PSCs. Given the various types
of internal charged defects in perovskites, it may be more prac-
tical and effective to exploit zwitterions that contain a functional
cationic component as well as superhalide. Thus, the capability of
defect passivation may be expanded with a higher degree of free-
dom in materials selection. We believe that a deeper understand-
ing based on further research on superhalogen in terms of its
roles in perovskites may provide a principle and guidelines for
the judicious and rational design of superhalogen to improve
the efficiency and stability of PSCs.
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