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1. Introduction

Perovskite solar cells (PSCs) have attracted tremendous attention
as an alternative to silicon-based photovoltaics due to their lower
cost and low-temperature processing, even being able to be
deposited on flexible substrates using widely available solution
deposition techniques.[1–3] Currently, the power conversion
efficiency (PCE) of single-junction PSCs has reached 25.2%[4,5]

by optimizing the composition,[6–8]

morphology,[9–11] and interfaces[12–15] of
perovskite films. This excellent efficiency
has been achieved due to the unique
properties of perovskite materials, such
as the high absorption coefficient, long
diffusion length, and outstanding carrier
mobility.[16,17] The remarkable efficiency
rise has put PSCs into a prominent position
among emerging PVs such as organic
photovoltaics (OPVs),[18,19] quantum dot
solar cells (QDSCs),[20,21] and dye-
sensitized solar cells (DSCs).[22–29]

Moreover, bandgap tunability of perovskite
materials from 1.2 to 3.0 eV makes PSCs
attractive as top cells in tandem structure
with well-established solar cells such
as crystalline silicon (c-Si) and copper
indium gallium selenide (CIGS),
overcoming the Shockley–Queisser effi-
ciency limit of 33.7% in single-junction
solar cells.[30–32]

However, further performance improve-
ment of PSCs depends on well understand-

ing the optoelectronic properties of perovskite films. Ideally, a
perfect solar cell should work similarly to an ideal light-emitting
device, which means the rate of charge recombination should be
equal to the rate of charge generation, i.e., radiative recombina-
tion (Figure 1a).[33]

However, unlike well-controlled manufacturing of crystalline
silicon semiconductors, the crystal-growth kinetic of perovskite is
generally fast and produces polycrystalline films, which forms a
wide range of structural defects. The defects are the primary
source of nonradiative recombination in perovskite films and
affect photovoltaic parameters negatively.[34–37] The open-circuit
voltage (VOC) is highly dependent on the density of defects
compared to other photovoltaic parameters.[38]

The VOC is derived from splitting quasi-Fermi levels of elec-
tron and hole carriers in a photoexcited perovskite film. Defects
in perovskite structure recombine some parts of charge carriers
nonradiatively, reducing the steady-state charge density. As a
result, the splitting of quasi-Fermi levels will be diminished,
decreasing the VOC of PSCs subsequently (Figure 1a).
Therefore, there is always a difference between the perovskite
bandgap and measured VOC, known as VOC deficit.
Nevertheless, defects affect the fill factor (FF) of PSCs as well,
decreasing the overall PCE detrimentally.[39,40] In addition,
defects also contribute to hysteresis in the current–voltage
(J–V ) characteristics of PSCs.[41,42]
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Perovskite solar cells (PSCs) have been introduced as an attractive photovoltaic
technology over the past decade due to their low-cost processing, earth-abundant
raw materials, and high power conversion efficiencies (PCEs) of up to 25.2%.
However, the relatively high density of defects within the bulk, grain boundaries,
and surface of polycrystalline perovskite films acts as recombination centers and
facilitates ion migration, lowering the theoretical PCE ceiling, often leading to
inferior device stability. Therefore, understanding the defect sources and
developing passivation methods are key factors for reaching higher PCEs and
stabilities in perovskite photovoltaics. Herein, various passivation methods,
including bulk and surface treatment of perovskite films, are explored. In the bulk
treatment, the passivating agents should be directly added to the perovskite
precursor. However, in the surface treatment method, the surface of perovskite
films can be treated by inducing passivating agents during the intermediate
phase or after annealing steps, denoted here as in-film or surface posttreatment.
In addition, different kinds of passivating agents are categorized based on their
functional groups. Finally, the outline directions to minimize the defects in
perovskite films are highlighted.
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On the other hand, the instability of PSCs is another issue
that needs serious consideration because the best-reported
stability of 1 year for PSCs[43] still is inferior compared to 25 years
for silicon solar cells.[44] Although the moisture and oxygen
instability can be minimized by improving the perovskite
interfaces[45–48] and device encapsulation,[49–51] the thermal
and photostability are directly related to the intrinsic stability
of perovskite films.[52] To respond to these challenges, passiv-
ation of perovskite films has been introduced as an efficient
approach to reduce the density of defects, improving the effi-
ciency and stability of PSCs simultaneously.[53,54] This Review
describes different types of defects in perovskite films and
their passivation mechanisms to minimize the nonradiative
recombination. We categorize defect passivation methods to bulk
and surface treatments. Various passivating agent materials
based on their functional groups are also explored. Moreover,
we discuss the effect of defect passivation on photovoltaic
parameters and the stability of PSCs. Finally, a perspective
direction for further developments in defect passivation is
presented.

2. Defects in Perovskite Films

The general performance of solar cells is highly dependent on the
presence of impurities and defects within the semiconducting
material. In an idealized perovskite crystal structure, each ion
would be located on its equilibrium site. However, due to the
polycrystalline nature of organic–inorganic perovskites, the gen-
eration of a wide range of structural defects at the bulk, grain
boundaries (GBs), and surface is frequently observed.

Generally, defects can be categorized into deep and shallow
levels.[55] In traditional semiconductors such as Si with high
formation energies, usually, the defects are located at a deep
energy level, i.e., within the bandgap (see Figure 1b, left).
However, these kinds of defects are uncommon in perovskite
films due to the high formation energy. In contrast, defects in
perovskite films are usually shallow-level due to the low forma-
tion energy. To explain this, the electronic structure of perovskite
materials should be considered. Figure 1b (right side) shows the
electronic structure of MAPbI3 as the most common organic–
inorganic perovskite. The hybridization of the 6s and 5p orbitals

Figure 1. a) Schematic illustration of radiative and nonradiative recombination, as well as the effect of defects on VOC in PSCs. b) Molecular orbital
structures of deep- (left side) and shallow-level (right side) defects in defect-intolerant materials (e.g., silicon) and defect-tolerant materials (e.g., MAPbI3),
respectively. Reproduced with permission.[57] Copyright 2021, John Wiley and Sons. Various types of point defects, including c) vacancies, d) interstitials,
and e) antisite defects in the perovskite structure. Schematic illustration of perovskite film passivation methods: f ) bulk treatment and g) surface treat-
ments (in-film and posttreatment).
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from Pb and I, which forms a pair of bonding and antibonding
states close to the valence band (VB). However, the p-orbital
hybridization, i.e., 6p from Pb and 5p from I, leads to a bonding
state close to the VB and an antibonding state close to the con-
duction band. Therefore, the original atomic orbitals will be
located around the band edges. As the primary estimation, defect
states form close to this orbital and are resonant within the bands
or shallow within the bandgap. As a result, perovskite films with
higher defect densities than Si or GaAs semiconductors show
low nonradiative recombination rates due to their shallow-level
defects.[56] However, due to the ionic nature and volatile organic
components in perovskite materials, the ions can easily migrate
to or evaporate from the defect points during the device perform-
ing condition, increasing the defect densities and charge
recombination.

An organic–inorganic perovskite crystal structure with formula
ABX3 consisting of B (central metal ions: Pb2þ, Sn2þ) and X (hal-
ides atoms: Cl�, Br�, or I�) forms BX6

4� corner-sharing octahe-
dra, which define a cuboctahedral cavity occupied by A cations
(MAþ; CH3NH3

þ, FAþ; HC(NH2)2
þ). However, in the actual sit-

uation, defects change the perovskite crystal in different ways.
Figure 1c–e shows the different types of point defects, including
the vacancies, interstitial and anti-site defects, which are the most
critical defects in the atomic level of perovskite structure. In addi-
tion, other types of more complicated defects such as Schottky
defects and Frenkel defects can also happen.[57]

Although all types of mentioned defects potentially can occur,
considering the formation energies, the vacancies have been
assigned as the most common defects in perovskite films, includ-
ing halide vacancies (mostly iodide) and cation vacancies (mostly
MAþ or FAþ).

The halide vacancies lead to the formation of undercoordi-
nated positively charged metal ions, i.e., Pb2þ or Sn2þ, which
can form other types of defects by reduction and oxidation of
these ions to Pb0 and Sn4þ, respectively. In contrast, the cation
vacancies create other negatively charged defects such as Pb─I
antisites (PbI3

�), with undercoordinated I� ions. Moreover,
due to the ionic nature of perovskite materials, some of the cat-
ions and anions (MAþ and I�) can migrate within the perovskite
film when applying an electric field, photon illumination, or tem-
perature. Normally, the GBs are the primary migration channel
in perovskite films, imposing challenges for PSCs such as J–V
hysteresis,[58] phase segregation,[59] or the reaction of migrated
ions with other function layers in PSCs,[60] i.e., the electron trans-
port layer (ETL), perovskite, hole transport layer (HTL), or even
the metal back contact. Therefore, developing passivation
methods for suppressing the defects in perovskite films is an
important direction.

Various methods have been established for the passivation of
perovskite films. One of the most common passivation methods
is the bulk treatment of perovskite films by directly adding the pas-
sivating agent to the perovskite precursor (Figure 1f ). Surface treat-
ment of the perovskite films is another often reported passivation
method. As shown in Figure 1g (top part), the surface of perovskite
films can be treated during the intermediate phase formation, e.g.,
by adding the passivating agent to the antisolvent, named an in-film
surface treatment. Moreover, the surface of perovskite films can be
treated by the passivating agent after the crystallization step, named
a surface posttreatment (Figure 1g, bottom part).

However, it should be considered that most of the passivation
methods lead to modified morphologies and an altered perov-
skite film crystallization, which significantly influences the
PSCs’ efficiency and, importantly, their stability. Here, we review
the passivation of different kinds of defects in perovskite films by
various methods.

3. Halide Vacancy Passivation

One of the possible negative results of halide vacancies is the
undercoordinated central metals (M2þ), i.e., Pb2þ or Sn2þ ions,
located in the bulk or surface of perovskite films.[61,62]

Nevertheless, the M2þ ions in perovskite films can create other
types of defects such as Pb0 and Sn4þ by reduction or oxidation
reactions.[63,64] Therefore, the passivation of undercoordinated
M2þ ions not only suppresses the nonradiative recombination,
but also prevents forming new defects. Materials with free lone
electron pairs; i.e., Lewis bases can coordinate with the free orbits
of M2þ ions and passivate halide vacancies.[65,66] Moreover,
halides or other similar anions can be directly replaced with
halide vacancies.[67] In this part, we review the most important
strategies of halide vacancy passivation.

3.1. Small Molecules

The small molecules with free lone-pair electrons in their
structure, i.e., the Lewis base characteristic, can coordinate with
undercoordinated M2þ ions, i.e., Pb2þ or Sn4þ, passivating the
halide vacancies. So far, many small molecules with O, N, or
S functional groups have been successfully used for this purpose
(Figure 2a).[68–71] However, these small molecules can be added
directly to the liquid perovskite precursor (bulk treatment) or
deposited onto the perovskite film (surface treatment).

As one of the first reports on the bulk treatment of perovskite
films, the Seok[9] and Park[72] groups demonstrated, separately,
the critical role of dimethyl sulfoxide (DMSO) as a cosolvent
of the perovskite precursor for achieving highly efficient PSCs
(Figure 2b). They demonstrated that the free electron pairs of
the oxygen atoms in the DMSO structure coordinate to under-
coordinated Pb2þ ions and form a Lewis acid–base adduct of
PbI2–DMSO. This results in a high-quality perovskite film, sup-
pressing nonradiative recombination. It shows that even in the
initial step of the perovskite crystallization, the free Pb2þ ions
need to be passivated using a cosolvent with Lewis base charac-
teristic. However, even in the presence of a DMSO cosolvent,
perovskite films tend to show some intrinsic Pb2þ defects after
DMSO evaporation during the perovskite crystallization.[73]

Therefore, adding nonvolatile Lewis base materials to the perov-
skite precursor could benefit the passivation of Pb2þ defects. In
this regard, Yang and co-workers[74] demonstrated that adding
small amounts of CH4N2O (urea) as a nonvolatile Lewis base to
the perovskite precursor can form a stronger PbI2–DMSO–urea
adduct compared to the conventional PbI2–DMSO adduct, result-
ing in better crystal growth with fewer defects (Figure 2c).
Likewise, they showed that urea was precipitated at the perovskite
GBs, removing the trap states in these regions and facilitating
charge transport by enhancing the quasi-Fermi level and thereby
improving the VOC.
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Figure 2. a) The Lewis acid–base interaction forms an adduct and various Lewis base molecules with different functional groups. Reproduced with
permission.[73] Copyright 2016, American Chemical Society. b) Schematic illustration of the effect of DMSO on the fabrication of the perovskite films.
Reproduced with permission.[73] Copyright 2016, American Chemical Society. c) Schematic of film crystallization in the presence of urea. Reproduced with
permission.[74] Copyright 2017, Elsevier. d) Schematic of defect passivation by BAA incorporation in perovskite films. e) Schematic of
passivation of PSC with oxo-G/DA nanosheets. Reproduced with permission.[71] Copyright 2019, John Wiley and Sons. f ) Schematic of acetic acid
(Ac)-assisted perovskite passivation strategy. Reproduced with permission.[277] Copyright 2020, John Wiley and Sons. g) Illustration of the passivation
mechanism of the 6TIC-4F molecule with perovskite and the J–V curves of champion PSCs. Reproduced with permission.[79] Copyright 2020, Springer
Nature. h) TPPO and TBPO molecular structures and their corresponding TRPL data. Reproduced with permission.[80] Copyright 2020, John Wiley and
Sons. (k) Schematic of lead sulfate overlayer on the perovskite surface and the stability test. Reproduced with permission.[91] Copyright 2019, The Authors,
some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to original U.S. Government Works.
l) Normalized PL spectra of SLP-treated and control perovskite films after illuminating for 0, 10, and 20min. Reproduced with permission.[31]

Copyright 2020, The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to original
U.S. Government Works.
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Moreover, the Huang group[70] demonstrated that adding
a small amount of bilateral alkylamine molecules, i.e.,
1,3-diaminopropane (DAP), to the perovskite precursor not only
passivates the perovskite grains, but also improves the morphol-
ogy and stability of the perovskite films. The bilateral ─NH2

groups in DAP structure can form coordination bonds with
neighboring undercoordinated Pb2þ ions and link them together.
Moreover, the linked hydrophobic carbon chain forms a moisture
barrier in perovskite grains (see schematic in Figure 2d). The
time-resolved photoluminescence (TRPL) and transient photo-
voltage (TPV) characterizations of passivated perovskite films
showed a longer carrier lifetime, achieving a lower Voc deficit (dis-
crepancy between VOC and bandgap) of 0.35 V.

Abate and co-workers recently incorporated 2D nanosheets of
oxo-functionalized graphene/dodecylamine (oxo-G/DA) into
perovskite films to improve the efficiency and stability of PSCs.[71]

They showed that the lone-pair electrons of the functional group
of oxo-G/DA structure, i.e., oxygen atoms, can form a coordina-
tion bond with free Pb2þ ions during the crystallization process
(Figure 2e). The open-circuit photovoltage decay measurement
confirmed the longer charge lifetime of passivated oxo-G/DA
compared to the control film, which indicates that the oxo-G/DA
nanosheets suppress electron–hole recombination, leading to a
hysteresis-free PCE of 21.1% and improved long-term stability.

The antisolvent deposition method is a well-knownmethod for
achieving high-quality and compact perovskite films.[11,75,76]

In this method, the antisolvent plays a crucial role in forming
the intermediate phases that significantly affect the final perov-
skite film quality. Many works report on adding small molecules
with a Lewis base functional group to the antisolvent as an in-film
treatment method for the passivation of undercoordinated
M2þ ions.[77–80] Here, the small molecules penetrate into the
intermediate phase of the perovskite, passivating the surface
and the GBs during the crystallization. In this regard, Ho-
Baillie and co-workers[81] added small amounts of acetic acid
(Ac) to chlorobenzene (CB), also an antisolvent, to fabricate
highly crystalline perovskite films with excellent optoelectronic
properties (Figure 2f ). Their characterizations showed that the
electron-rich carbonyl group (C═O) in the Acmolecular structure
acts as a Lewis base and donates its pair electron to the under-
coordinated Pb2þ ions, thereby passivating the defects and
leading to a high PCE of 23.0% with negligible hysteresis.

As another example, recently, the Jen group[79] introduced
6TIC-4F molecules with the electron-donating core terthieno[3,2-
b]thiophene (6T) and two electron-withdrawing units 2-(5,6-
difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene) malononitrile
(IC-2F), which can be dissolved in CB to passivate these kinds
of defects at the surface/GBs of all-inorganic perovskite films.
Their theoretical and experimental studies revealed that the
numerous nitrogen atoms (nitrile (C─N) groups) in the 6TIC-4F
molecular structure provide lone-pair electrons to direct coordi-
nation with the Pb2þ ions through the formation of Lewis
adducts. This leads to an improved Voc from 1.10 to 1.16 V
and PCE from 13.9% to 16.1%, respectively (Figure 2g).
Similarly, Meng and co-workers[80] used tribenzylphosphine
oxide (TBPO) and triphenylphosphine oxide (TPPO) small mol-
ecules for the in-film treatment of perovskite films. The coordi-
nation bond was formed between TBPO and TPPO with Pb2þ

ions (P¼O!Pb) on the surface of perovskite films, suppressing

the nonradiative recombination. As a result, a PCE of 22.1% with
a VOC of 1140mV and environment stability (sustaining 92% of
initial efficiency after 250 h maximum-power-point tracking)
were achieved for TBPO-passivated PSCs (Figure 2h).

Indeed, posttreatment of perovskite films with Lewis base small
molecules was introduced, for the first time, by the Snaith group
in 2014.[82] They used thiophene and pyridine with sulfur and
nitrogen functional groups, respectively, for passivating the under-
coordinated Pb2þ ions on the surface of perovskite film, which led
to significantly reduced nonradiative recombination. To date, vari-
ous small molecules with different functional groups such as
─N,[83,84] ─S,[85,86] ─C¼O,[87] ─C≡N,[87] ─O,[85] ─S─N,[88] and
P¼O[65,89] have been used for the passivation of these defects.
For instance, Hillhouse et al.[90] calculated that the surface passiv-
ation of perovskite films using n-trioctylphosphine oxide (TOPO)
molecules with the P¼O functional group could improve the PCE
to 27.9% compared to nonpassivated PSCs with PCE at 24.3%,
which was attributed to VOC and FF improvements. In another
report, Huang and co-workers[91] treated the film surface with
SO4

2� ions to passivate the undercoordinated Pb2þ ions, forming
an inorganic wide-bandgap overlayer of lead sulfate on top of the
main perovskite film. Their optoelectronic studies confirmed the
improvement of the charge lifetime of the passivated perovskite
film (Figure 2k). The passivated PSC showed a higher VOC than
the nonpassivated sample, which was attributed to lower trap den-
sities. In contrast, the water resistance was increased for lead-sul-
fate-passivated perovskite (Figure 2k). In another report from this
research group, it was observed that[92] the trap density near the
surface of a perovskite single crystal is approximately tenfold
higher than in the bulk, which confirms the importance of surface
passivation in perovskite materials.

However, in most solution-proceed posttreatment of perov-
skite films with small molecules, the thickness of the passivation
layer is not controllable. Very recently, the Sargent group[31]

passivated perovskite films with a monolayer of 1-butanethiol
molecules to fabricate highly efficient monolithic perovskite-
based tandem solar cells. Due to the self-limiting passivant
(SLP) nature of this molecule, it can be self-assembled as a
monolayer on the surface of the perovskite film. The strong coor-
dination between sulfur atoms from 1-butanethiol molecules and
Pb2þ ions leads to a higher charge carrier lifetime and a
suppressed photo phase segregation compared to nonpassivated
film (Figure 2l). The monolithic SLP-passivated perovskite–
silicon tandem solar cell showed a certified PCE of 25.7%.

In summary, small molecules with Lewis base function
groups can coordinate with undercoordinated Pb2þ ions in the
bulk and surface of perovskite films, passivating the halide
vacancy defects. We also summarize the most significant small
molecules as passivating agents for passivation of the halide
vacancies with different methods (Table 1).

3.2. Polymers

The long-chain polymers with Lewis base functional groups can
also coordinate with undercoordinated metal ions, passivating
the halide vacancies in the bulk and surface of perovskite films.
Compared to small molecules, the main advantage of the poly-
mers as a passivation agent is their stronger cross-link
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interactions with perovskite grains, improving the stability and
suppressing the ion migration in PSCs. Many polymers with
different functional groups, such as amine (─NH2), carboxyl
(─C(═O)OH)), carbonyl (─C═O), and cyanide (─C≡N), have
been used for bulk and surface passivation of perovskite
films.[93–110] Given the electron-donating properties of different
functional groups, different coordination bond strengths with
undercoordinated metal ions can be formed.

Regarding the perovskite bulk treatment, the Yang group
explored the chemical interactions of various polymers such
as branched polyethyleneimine (b-PEI), poly(4-vinylpyridine)
(PVP), and polyacrylic acid (PAA) with perovskite films.[111]

The lone electron pairs on the N or O atoms of these polymers
form coordination bonds, with different bonding strengths with
the undercoordinated Pb2þ ions. However, the relatively viscous

perovskite–polymer mixed precursor solution confines their
application for bulk treatment of perovskite films. To address this
challenge, they proposed a mesoporous PbI2-scaffold-facilitated
method for enabling the interdiffusion polymers in perovskite
film (Figure 3a). The PVP-passivated PSC showed the lowest
VOC deficit of 0.47 V among all the polymers used in this work,
suggesting a significant suppression of nonradiative charge
recombination (Figure 3a). Additionally, the improved moisture
stability was attributed to preventing water access into the
perovskite and reducing ion migration due to the cross-linked
perovskite grains by the PVP polymer.

As an additional bulk treatment method, monomers have
been mixed into the perovskite precursor. Consequently, the
monomers start polymerization in the perovskite film after or
during the perovskite crystallization. For instance, Li et al. added

Table 1. Summarization of halide vacancy passivation utilizing small molecules: passivation methods, passivating agents, device structures, perovskites,
and photovoltaic parameters.

Small
molecules

Method Passivating agent Device structure VOC

[V]
FF JSC

[mA cm�2)
PCE
[%]

Ref.

Bulk treatment DMSO FTO/c-TiO2/m-TiO2/MAPb(I1�xBrx)3/Spiro-OMeTAD/Au 1.06 0.75 19.9 15.9 [75]

DMSO FTO/c-TiO2/m-TiO2/MAPbI3/Spiro-OMeTAD/Au 1.08 0.76 23.8 19.7 [72]

Urea FTO/SnO2/MAPbI3/Spiro-OMeTAD/Au 1.10 0.75 21.7 17.8 [288]

Propylene carbonate (PC) ITO/PTAA/MAPbI3 single crystal/C60/bathocuproine
(BCP)/Cu

1.14 0.81 23.6 21.9 [289]

Hexafluoro-2-propanol (HFP) ITO/PEDOT:PSS/FASnI3/C60/BCP/Ag 0.53 0.73 17.3 6.8 [290]

Bilateral alkylamine (BAA) ITO/PTAA/MAPbI3 /C60/BCP/Cu 1.18 0.81 22.5 21.7 [70]

Nitrogen-doped reduced graphene oxide FTO/c-TiO2/m-TiO2/double-cation perovskite/Spiro-
OMeTAD/Au

1.15 0.74 21.8 18.7 [291]

Oxo-functionalized graphene FTO/SnO2/triple-cation perovskite/Spiro-OMeTAD/Au 1.13 0.81 23.1 21.1 [71]

Trioctylphosphine oxide ITO/SnO2/CsPbI3/PDCBT/MoOX/Au 1.17 0.73 16.4 14.0 [69]

ITIC-Th FTO/c-TiO2/double-cation perovskite/Spiro-OMeTAD/Au 1.13 0.75 22.4 19.2 [68]

Surface in-film
treatment

Acetic acid FTO/c-TiO2/m-TiO2/triple-cation perovskite/Spiro-
OMeTAD/Au

1.19 0.79 23.2 22 [277]

Donor–π–acceptor (D–π–A) molecules FTO /NiOx/MAPbI3/PCBM/BCP/Ag 1.14 0.78 22.6 20.4 [77]

Conjugated molecules with rhodanine
moieties

ITO/HTL/double-cation perovskite/PCBM/ZnO/Ag 1.13 0.80 22.4 20.3 [78]

π-conjugated 6TIC-4F ITO/NiOx/CsPbIxBr3�x/ZnO/C60/Ag 1.16 0.78 17.7 16.1 [79]

Tribenzylphosphine oxide (TBPO) FTO/c-TiO2/PCBA/ triple-cation perovskite /Spiro-
OMeTAD/Au

1.14 0.80 23.9 21.7 [80]

Surface post treatment Thiophene or pyridine FTO/c-TiO2/ MAPbI3xClx/Spiro-OMeTAD/Au 1.02 0.72 24.1 16.5 [82]

Pyridine FTO/c-TiO2/MAPbI3(Cl)/Spiro-OMeTAD/Au 1.00 79.3 18.3 14.5 [83]

Benzylamine FTO/c-TiO2/FAPbI3/Spiro-OMeTAD/Au 1.12 0.73 23.6 19.2 [84]

TPP–SMeTAD ITO/TPP–SMeTAD/MAPbI3/PCBM/ZnO NPs/Al 1.07 0.77 20.1 16.6 [85]

π-Conjugated IDIC ITO/PTAA/MAPbI3/IDIC/C60/BCP/Cu 1.03 0.67 19.3 13.5 [87]

rGO–4FPH ITO/c-TiO2/MAPbI3�xCl3/Spiro-OMeTAD/Au 1.03 0.78 20.1 18.7 [292]

Lead sulfate ITO/PTAA/triple-cation perovskite /C60/BCP/Cu 1.16 0.80 22.6 21.1 [91]

PCBB–S–N ITO/PTAA/ MAPbI3/PCBM/Al 1.12 0.79 23.8 21.0 [88]

2-Mercaptopyridine ITO/SnO2/MAPbI3/Spiro-OMeTAD/Au 1.16 0.77 22.61 20.2 [293]

Pentaerythritoltetrakis(3
mercaptopropionate)

ITO/SnO2/triple-cation perovskite/Spiro-OMeTAD/Au 1.16 0.78 23.5 21.4 [86]

1-Butanethiol Tandem perovskite-silicon 1.70 0.77 19.8 26.0 [31]

Tris(pentafluoropheny) phosphine ITO/SnO2/triple-cation perovskite/Spiro-OMeTAD/Au 1. 16 0.76 23.9 21.0 [89]
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a 2-cyanoacrylate (E2CA) monomer to the perovskite precursor to
polymerize it after perovskite film formation. They showed that
the ─CN and ─C═O functional groups in the E2CA molecular
structure coordinate to undercoordinated Pb2þ ions during the
perovskite crystallization.[112] Interestingly, by exposing the pas-
sivated perovskite films to the ambient atmosphere, the E2CA
monomers in the perovskite GBs spontaneously polymerized
to a hydrophobic polymer, enhancing the moisture-resisting
properties of PSCs. Moreover, the Yang group[96] added a
dimethyl itaconate (DI) monomer with C═O and C═C functional
groups into the PbI2 solution. The C═O groups coordinate with
Pb2þ ions, and the C═C groups start the polymerization process
during the PbI2 annealing (Figure 3b). Finally, the bulkier poly-
mers are anchored on the GBs after perovskite film formation.
As a result, the undercoordinated Pb2þ ions are effectively pas-
sivated, and a PCE of 23.0% is achieved.

In 2016, the Graetzel group introduced an in-film treatment
method for the passivation of perovskite film.[113] They added pol-
y(methyl methacrylate) (PMMA) polymer to the antisolvent as a
template of the intermediate phase to control nucleation and crys-
tal growth. They demonstrated that the C═O functional group of
PMMA forms an adduct with Pb2þ ions. The C═O!PbI2 adduct
was shown to be beneficial for increasing the perovskite grain size,

reducing the GBs, improving the Voc and FF, and achieving a cer-
tified PCE of 21%. Various polymers with different Lewis base
functional groups have been successfully introduced since using
this method to passivate the halide vacancies defects as well as
improving device stability.[99–102,114–116] Beyond insulating poly-
mers, many semiconducting polymers have been used for the
in-film treatment of perovskite films to improve the electronic con-
tact at the perovskite/HTL or ETL interfaces.[99–102,116] Recently,
the Sargent group[103] used the same approach to compare the pas-
sivation effect of an insulating polymer (PVDF-HFP, i.e., BCPL1)
with different semiconductor polymers (poly[bis(4-phenyl)(2,4,
6-trimethylphenyl) amine] (PTAA) and poly(4-butylphenyldiphe-
nylamine) (PTPD), i.e., BCPL2 and BCPL3) (Figure 3c). The
optoelectronic characterizations showed that BCPL1 substantially
increases the charge carrier lifetime, although it was reduced for
BCPL2 and BCPL3 compared to the control film. They suggested
that the insulating BCPL1 polymer only passivates defects on the
surface of the perovskite film by coordination of the fluorine ter-
minal groups with Pb2þ ions, improving the VOC of fabricated
PSCs. However, they observed a short carrier lifetime for
BCPL2 and BCPL3 polymers, proposing efficient charge transfer
due to their proper band alignment, leading to a simultaneousVOC

and FF improvement.

Figure 3. a) Schematic of incorporating the polymer into the perovskite films, J–V characteristics of different polymers, and stability test. Reproduced with
permission.[94] Copyright 2017, The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to
original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). b) Illustration of the
mechanism of polymerization of polymerization-assisted grain growth (PAGG) in perovskite film. Reproduced with permission.[96] Copyright 2020, John
Wiley and Sons. c) The passivated PSC structure, the energy-level alignments of different polymers with perovskite, and the chemical structure of pas-
sivation agents. Reproduced with permission.[278] Copyright 2019, JohnWiley and Sons. d) The chemical structures of PHPS and amorphous silicon oxide,
the band-bending effect of induced passivation, Voc distribution as a function of PHPS concentration, and champion J–V curves. Reproduced with per-
mission.[110] Copyright 2020, the Royal Society of Chemistry.
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As already mentioned, posttreatment of perovskite films is
also an efficient passivation approach. In this regard, many
groups tried to deposit an ultrathin polymer layer on the surface
of perovskite films. For example, PVP,[117,118] PMMA,[107,119,120]

PEO,[115] and P3HT[121] with the nitrogen (─N), ester (─C(═O)
OCH3)), oxygen (─O), and sulfur (─S) functional groups, respec-
tively, have been reported for the successful passivation of under-
coordinated Pb2þ ions. Again, apart from the defect passivation
role, an efficient polymer passivator should play a role in charge
extraction at the perovskite/HTL or ETL interfaces. Very recently,
the Nazeeruddin group[110] introduced a successful passivation
strategy using perhydropoly(silazane) (PHPS) as a saturated inor-
ganic polymer. In this strategy, two critical points were
highlighted. First, the PHPS with the ─O2�

─Si4þ functional
group can form chemical bonds with Pb2þ ions, i.e., coordination
of Pb2þ←O2�

─Si4þ, and passivate the defects on the surface of
perovskite film (Figure 3d). Second, this chemical reaction
causes band bending between the surface and bulk of the perov-
skite film, enhancing the hole extraction from the absorber bulk
to the HTL. Using this strategy, the VOC increased from 1.07 up
to 1.13 V, leading to a PCE of 22.13% for passivated PSCs with
0.2 vol% PHPS. As a side benefit of this inorganic passivation,
the light and moisture stability of fabricated PSCs were improved
(Figure 3d).

In summary, polymers with Lewis base function groups can
coordinate with undercoordinated Pb2þ in perovskite structure
and passivate the halide vacancy defects. The main advantage
of polymers as passivating agents is making stronger cross-link
interactions with perovskite grains and improving the stability of
PSCs consequently. However, monomers can be added to the
perovskite precursor as the passivating agent instead of polymers
to overcome the high viscosity of the perovskite precursor in the
bulk treatment method. Although insulating polymers have
successfully improved the Voc of PSCs, it is necessary to develop
new polymers with semiconducting properties to improve the
Voc, FF, and Jsc simultaneously.

3.3. Halide Replacements

According to the perovskite coordination chemistry, PbI6
4� is the

ideal iodoplumbate with fully coordinated Pb2þ ions without
halide vacancies.[122] However, under perovskite processing or
operational conditions, for example, due to some of the volatile
components in the perovskite structure, the formation of under-
coordinated Pb2þ ions in perovskite films is practically unavoid-
able. Apart from the small molecules or polymers with Lewis base
characteristic, the halide vacancies can be directly replaced by
additional treatment with halides or other anions with similar
ionic radius to halides. In this part, we explore the possibilities
for anion replacements for the passivation of the halide vacancies.

3.3.1. Iodide

Iodide is the most common halide in perovskite materials that
can leave the crystal structure along with the volatile organic cat-
ion components such as MAþ or FAþ, in MAI or FAI forms.
Considering the bulk treatment method, hydriodic acid (HI)
has been added to the perovskite precursor solution to replace

the iodide vacancies and convert the undercoordinated Pb2þ ions
into a favorable PbI6

4� complex.[123,124] However, controlling the
precise stoichiometry in this approach is very important.[125] In
this regard, Abdi-Jalebi et al.[67] added a small amount of potas-
sium iodide (KI) to the perovskite precursor to introduce excess
iodide-compensating halide vacancies (Figure 4a). Both the non-
radiative losses and photoinduced ion migration were mitigated
by decorating perovskite film surfaces and grain boundaries with
passivating potassium halide layers.

Very recently, Wang et al.[126] used the in-film treatment
method by adding some iodine to the antisolvent to simulta-
neously passivate the halide vacancies and improve the
perovskite crystallization. They showed that the added I� ions
in the antisolvent penetrate the MAI–PbI2–DMSO colloids
during solvent extraction. The I� ion molecules shared their four
lone electron pairs with multiple Pb2þ ions simultaneously, lead-
ing to halide vacancy passivation (Figure 4b).

Posttreatment of perovskite films has been frequently used for
iodide replacement, passivating the halide vacancies consequently.
In this regard, the You group[127] treated the surface of a perovskite
film with a solution of phenethylammonium iodide (PEAI)
molecules without postannealing. It should be noted that before
this report, PEAI had been used frequently for creating 2D perov-
skite, which will be discussed subsequently.[128–133] However, the
surface characterization showed that the PEAI crystal itself was
recrystallized on the surface of the perovskite film, and the
2D perovskite phase was not observed at this low-temperature
treatment regime. They demonstrated that the Pb:I ratio in the
PEAI-passivated perovskite film increased dramatically, indicating
the PEAI forms abundant iodide on the perovskite surface to
passivate halide vacancies (Figure 4c). As a result, the optimized
PEAI-passivated PSC (20mM PEAI concentration) showed an effi-
ciency of 23.56% with a high Voc of 1.16 V, which is 94.4% of the
Shockley–Queisser limit Voc (1.25 V) for a perovskite with a
bandgap of 1.53 eV (Figure 4c).

3.3.2. Chloride

The relatively easily breakable Pb─I chemical bonding in the
perovskite structure is one of the main reasons for halide vacan-
cies. Recent reports have shown that chloride (Cl�) as an additive
to the perovskite structure can assist in halide vacancy passiv-
ation and improve the perovskite crystal growth as well.[134,135]

Methylammonium chloride (MACl), as one of the most
common chloride sources, has been frequently used for bulk
treatment of perovskite films, thus improving the film quality
and defect passivation.[136–138] Kim et al.[139] demonstrated that
adding 40mol% MACl to the perovskite precursor can dramati-
cally increase the perovskite grain size, as well as increasing the
charge carrier lifetime, which is attributed to the strong suppres-
sion of nonradiative recombination due to efficient passivation of
halide vacancies and perovskite grain enlargement (Figure 4d).
Therefore, the MACl-passivated PSC showed a high PCE of
24.02%. Recently, the Huang group[61] observed that the
MACl excess not only significantly improves the perovskite mor-
phology, but also reduces the density of shallow traps at the
perovskite GBs. They also highlighted that using an extra additive
salt along with MACl, i.e., MAH2PO2, is necessary for achieving
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Figure 4. a) Schematic of halide vacancy management in the presence of KI. Reproduced with permission.[67] Copyright 2018, Springer Nature. b) In-film
perovskite film passivation mechanism by adding iodine (I2) to antisolvent. Reproduced with permission.[126] Copyright 2019, Elsevier. c) The possible
perovskite passivation mechanism by the PEAI molecules and corresponding J–V characteristics. Reproduced with permission.[279] Copyright 2019,
Springer Nature. d) The morphology and carrier lifetimes of perovskite films before and after MACl treatment. Reproduced with permission.[139]

Copyright 2019, Elsevier. e) Schematic of the experimental approach of perovskite film treatment with MACl vapor. Reproduced with permission.[140]

Copyright 2017, the Royal Society of Chemistry. f ) The photoinduced phase segregation of perovskite films with and without PbCl2 treatment, the
schematic of the two-terminal monolithic tandem solar cell, and J–V curves of the champion single-junction and tandem solar cells. Reproduced with
permission.[151] Copyright 2020, The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to
original U.S. Government Works.
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better passivation. As a result, the passivated perovskite/silicon
monolithic tandem solar cell showed a PCE of 25.4% with a high
VOC of 1.80 V with a perovskite bandgap of 1.64 eV.

Apart from the bulk treatment, MACl has been used for
in-film and posttreatment of perovskite films. Khadka et al.[140]

introduced an in-film solvent-free MACl treatment of a perov-
skite film by exposing the perovskite intermediate phase to
MACl vapor during the annealing step, improving the perovskite
crystallinity and the charge carrier lifetime (Figure 4e). In addi-
tion, the Han group[141] observed a similar improvement by
in-film surface treatment of an FAPbI3 perovskite film with
MACL solution.

The posttreatment of perovskite films with MACl has been
widely investigated to improve the perovskite surface
properties.[138,142,143] Recently, Hwang et al.[144] used this
method for reducing the surface defects in band-tail states of
a perovskite film to improve the photovoltaic parameters of
PSCs. However, the low degree of chloride incorporation in
the perovskite structure still remains a major challenge to using
MACl extensively.[145] Nevertheless, even using FACl instead of
MACl with a higher boiling point, the chloride ions leave the
perovskite surface during the annealing step, and further surface
treatment with another chlorine source 1-adamantylamine
hydrochloride (ADAHCl) is necessary.[146] Cesium chloride
(CsCl) as an inorganic chloride source also has been used for
the passivation of perovskite films. Although it improves the crys-
tallinity of perovskite films, most of the chlorine ions leave the
film during the annealing step, which is in contrast to the halide
vacancy passivation purpose.[62,147]

Lead chloride (PbCl2) has been introduced as a more stable
source than other organic chlorine sources for more efficient pas-
sivation of halide vacancies.[135,148,149] The Sargent group[122] the-
oretically demonstrated that the partial replacement of I with Cl
decreases the Pb─X bond and decreases the Pb─X─Pb distortion
angles, suppressing the iodide vacancies by reducing lattice
strain. Moreover, they experimentally confirmed that PbCl2 as
a Cl source in perovskite film could mitigate the superoxide
generation and decrease the defect densities subsequently.
Furthermore, the Yan group[150] used the bulk treatment of
low-bandgap perovskite film via incorporation of PbCl2 into a
perovskite precursor, leading to the enlargement of perovskite
grains and decrement of nonradiative recombination. Very
recently, the McGehee group[151] introduced a triple-halide
wide-bandgap perovskite by adding a small portion of PbCl2
to double-halide alloys (iodide–bromide) to reduce the photoin-
duced phase segregation[152] (Figure 4f ) and minimize the VOC

deficits subsequently, achieving highly efficient two-terminal
perovskite–silicon tandem solar cells. A triple-halide perovskite
film showed a high photocarrier lifetime and charge-carrier
mobility due to reduction of the halide vacancy defects by incor-
poration of Cl� ions in the I and Br alloy. As a result, the Voc

deficit was considerably reduced to ~0.45 V for a triple-halide
perovskite with a bandgap of 1.67 eV, leading to PCEs of over
20% for a single-junction PSC (Figure 4f ). In addition, a high
PCE of 27.13% for a monolithic triple-halide perovskite–silicon
tandem solar cell was achieved.

Given that PbCl2 is only dissolvable in highly polar solvents
such as DMF and DMSO, it is challenging to use it for in-film

or posttreatment methods because of the solubility of perovskites
in these kinds of solvents.

3.3.3. Other Anions

Bromide (Br�) has been introduced as a critical halogen to
fabricate wide-bandgap perovskite films. Similar to PEAI’s func-
tionality for passivating iodide vacancies,[127] recently, the Snaith
group[153] suggested that posttreatment surface treatment of
perovskite films with benzylammonium bromide (BenABr)
solution can cure the halide vacancies on the surface of the perov-
skite, evidenced by a more significant fraction of bromide in the
elemental composition (Figure 5a). As a result, the optoelectronic
properties of BenABr-passivated perovskite film (Figure 5a), as
well as, device thermal stability, were improved compared to
the nonpassivated sample. However, the bromide-rich perovskite
films face phase segregation and light instability. Therefore, bro-
mide has been used less than other halogens for the passivation
of halide vacancies in perovskite films.

It has been demonstrated that fluoride (F�) can also play a
crucial role in the optoelectronic properties of semiconductors
because of its high electronegativity and more robust electron-
withdrawing nature than that of other halogens. First,
Kanatzidis et al.[154] induced fluorine as a dopant in the
CsSnI2.95F0.05 perovskite structure to improve its hole conductiv-
ity properties, leading to significant PCE improvement of
all-solid-state DSCs. Afterward, the Zhou group[155] added F�

ions to the perovskite precursor as a bulk treatment method
for perovskite film passivation. As shown in Figure 5b, the
fluoride ion, as the minor ion in the halogen group, can form
stronger chemical bonding with the Pb2þ cations and hydrogen
atoms, leading to passivation of halide vacancies and immobili-
zation of cations in the perovskite film simultaneously. As a
result, the nonradiative recombination is effectively suppressed
in the fluorine-passivated perovskite film compared to other
halides, leading to VOC and FF improvement (Figure 5b). In addi-
tion, the fluorine-passivated PSC exhibited significant long-term
stability compared to the nonpassivated PSC (Figure 5b).
However, Yi et al.[156] demonstrated that in perovskite film bulk
treatment with CsF solution, only the Cs cations were doped in
perovskite homogeneously, whereas the F� ions were aggregated
on the surface of the film without any incorporation in the crystal
structure. In contrast, theoretically, due to the small ionic radius
of F� ions, the tolerance factor of a mixed-halide perovskite
(MAPbI(3�x)Fx) is not in the required range of 0.7–1 for achieving
a stable perovskite structure. Therefore, the passivation of the
halide vacancies of perovskite films with fluorine ions is still
under debate.[157]

Apart from pure fluoride ions, various anions with similar
properties to this halogen have been used for the passivation
of halide vacancies. For instance, theoretically, tetrafluoroborate
(BF4

�), with an equal ionic radius (0.218 nm) to that of I�

(0.22 nm), can incorporate into the perovskite structure without
disturbing the crystallographic stability on providing a relevant
tolerance factor.[157,158] Recently, the Jen group[158] added a small
amount of BF4

� into a perovskite precursor to partially replace
the halide vacancies and form FA0.83MA0.17Pb(IBr)3�x(BF4)x
perovskite films, improving the VOC and FF. Apart from the
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BF4
� ions, pseudohalide materials with a similar ionic radius to

iodide have been reported for the passivation of perovskite films.
For example, Jiang et al.[159] replaced iodide vacancies with
thiocyanate (SCN�) ions. Compared to the I� ions, the lone-pair
electrons from the S and N atoms in the SCN� structure can
interact with Pb2þ ions more strongly, proposing the SCN� ions
as a suitable candidate for halide replacement in perovskite films.

Furthermore, very recently, the Graetzel group[160] used SCN�

ions for stabilizing a black-phase FAPbI3 perovskite film by
exposing the perovskite intermediate phase to MASCN or
FASCN vapors (in-film treatment method). They emphasized
that strong coordination between SCN� ions and Pb2þ ions sup-
presses the yellow δ-phase, and once the pure α-FAPbI3 is
formed, its back-conversion to the δ-phase is prevented by a high
energy barrier (Figure 5c). Inspired by the successful halide
vacancy passivation utilizing pseudohalides, the Park group[161]

used FAPF6 solution for posttreatment surface treatment of a
FA0.88Cs0.12PbI3 perovskite film (Figure 5d), which leads to a
partial replacement of iodide ions with PF6

� ions. As shown
in Figure 5d, the calculated Goldschmidt tolerance factor
(GTF) for different PF6

� replacement ratios are located in the
range of 0.7–1, which is required for stable perovskite materials.
Therefore, the replaced PF6

� ions reduced the defect density and
enhanced the carrier lifetime, improving the FF, VOC, and PCE
from 17.8% to 19.3% as a consequence.

In summary, we can conclude that halide replacement is a vital
strategy to passivate halide vacancies directly. Various halides
such as iodine, chloride, and bromide, or other anions with a
similar ionic radius to halide ions, have been used for this
purpose. However, the most challenging part of this strategy
is controlling the precise stoichiometry due to the sensitivity
of the perovskite bandgap to the halide ratio. Although iodine
itself has been frequently used for halide vacancy passivation,
due to the easily breakable Pb─I chemical bond in the perovskite
structure, Cl� ions with stronger bonding with Pb2þ ions have
been introduced as a passivating agent. The Cl� ions can not only
passivate the halide vacancies, but also improve the perovskite
film’s crystallinity, which is beneficial to achieve high-
performance PSCs. However, the low degree of chloride incor-
poration in the perovskite structure remains a major challenge
because most of the chloride ions leave the film during the
annealing step. Br� ions have been used less than other halogens
due to the increasing of the risk of phase segregation and light
instability. Although fluoride is theoretically the minor ion in the
halogen group, it can form a stronger chemical bond with Pb2þ

cations. It has been demonstrated that F ions cannot be incorpo-
rated in the perovskite crystal structure and aggregate on the sur-
face of the perovskite film. In addition to halides, pseudohalide
materials such as SCN� and PF6

� with a similar ionic radius to
iodide have shown excellent potential for the passivation of halide
vacancies. However, incorporating pseudohalides into the perov-
skite crystal structure is still under debate.

3.4. Metal Replacements

In the previous part, we demonstrated that anion replacement
could passivate the halide vacancies. However, incorporating
anions with smaller sizes can significantly reduce the perovskite

Figure 5. a) The relative atomic composition (extracted from XPS data)
and TRPL spectra for the pristine and treated perovskite films with
BenABr solution. Reproduced with permission.[153] Copyright 2020,
American Chemical Society. b) The schematic of strengthening different
chemical bonds and their corresponding TRPL spectra, the champion J–V
curves, and the stability test of pristine NaF-treated PSCs. Reproduced
with permission.[155] Copyright 2019, Springer Nature. c) The schematic
of perovskite film treatment with the MASCN of FASCN vapor treatment
for achieving pure black-phase FAPbI3 perovskite. Reproduced with
permission.[160] Copyright 2020, The Authors, some rights reserved; exclu-
sive licensee American Association for the Advancement of Science. No
claim to original U.S. Government Works. d) Schematic of ion exchange
reaction on the surface of the perovskite film and the calculated GTF
according to the ion radii. Reproduced with permission.[161] Copyright
2018, John Wiley and Sons.
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lattice strain. On the other hand, uncontrollable halide replace-
ment can change the perovskite bandgap and thus affect device
performance. Parallel to halide replacement, the central metal
replacement has also been considered as an efficient approach
for reducing halide vacancies. We categorize metal replacement
utilizing isovalent (with a similar oxidation state to central metal
ions) and heterovalent (with a different oxidation state to central
metal ions) metals. It should be noted that most of the reports in
this regard used the perovskite bulk treatment method.

Regarding isovalent replacement, various metal, such as alka-
line earth metals Sr,[162] Ca,[163,164] Mg,[165,166] and Ba[167,168] and
transition metals such as Cd,[122,169] Ni,[170,171] Co,[172] Cu,[173]

and lanthanide[174] ions have been incorporated in perovskite
films for suppressing the defect states and reducing the nonra-
diative recombination. As an example of isovalent central metal
replacement, the Sargent group[122] showed that the lattice strain
in the perovskite structure could accelerate other vacancies in the
perovskite structure, which can be suppressed by partial
replacement of the I� or Pb2þ with other halides or metals with
smaller ionic radii. They demonstrated that the lattice strain
could significantly decrease by partially replacing I� with the
smaller monovalent halogen anions, i.e., Cl�. To further reduce
the lattice strain and defect states, they used Cd2þ as an isovalent
metal dopant to Pb2þ but with a smaller ionic radius (95 vs
119 pm) (see Figure 6a).

Regarding the heterovalent replacement, Snaith and co-
workers[175] showed that adding a small amount of Al3þ ions to
the perovskite precursor can reduce the microstrain in the
polycrystalline structure, reducing the crystal imperfections/
structural defects. Considering the smaller ionic radius of
Al3þ ions than Pb2þ ions (53.5 vs 119 pm), substitutional doping
within the crystal was not observed. The minimum microstrain
of 5.2� 10�3 was achieved for 0.15mol% of the Al3þ dopant,
which is 30% lower than the control perovskite film (Figure 6b).
As shown in Figure 6b, the photoluminescence quantum effi-
ciency (PLQE) was increased by raising the excitation power
for both doped and control samples, attributed to the filling of
the trap states. However, the Al3þ-doped samples showed the
highest PLQE amount at all light intensities, attributed to fewer
fast nonradiative decay channels in the Al3þ-doped samples.

Interestingly, Tang et al.[174] observed a similar lattice contrac-
tion by adding various lanthanide ions such as Sm3þ (0.958 Å),
Tb3þ (0.923 Å), Ho3þ (0.901 Å), Er3þ (0.890 Å), and Yb3þ

(0.868 Å) because of their smaller radius in comparison to
1.190 Å for Pb2þ ions, reducing the defect stats. As discussed,
the similarity of ionic radius to that of the primary central metals
(i.e., Pb2þ or Sn2þ) is critical here. However, it remains unclear if
metal dopants can incorporate substantially in the perovskite
lattice. Recently, Abate and co-workers[176] explored the metal
doping mechanism in a perovskite structure with Sr2þ and
Mg2þ ions to compare doping elements with similar chemical
properties but different ionic radii (Figure 6c). Their DFT calcu-
lation predicted that Sr2þ with an almost equal radius to Pb2þ

(118 vs 119 pm) forms very similar average bonds with iodine
and incorporates in the perovskite lattice, whereas Mg2þ with
a smaller radius (72 pm) forms a shorter Mg─I bond and cannot
induce into the perovskite lattice. The experimental investiga-
tions showed that at a high-doping-level regime (3–10mol%),
a typical concentration used for metal replacements in the

literature, the metal dopants segregate in a secondary phase at
the surface of the perovskite, whereas at the superlow-doping-
level regime (0.1–1mol%) the dopants are incorporated into

Figure 6. a) Schematic of the reduced strain in the (002) plane by
incorporating different candidates and photoluminescence spectra of
passivated and nonpassivated perovskite films. Reproduced with
permission.[122] Copyright 2018, Springer Nature. b) The calculated micro-
strain for different Al3þ doping concentrations and the PLQE of the control
and 0.15mol% Al3þ doped perovskite films as a function of excitation
power. Reproduced with permission.[175] Copyright 2016, the Royal
Society of Chemistry. c) Schematic of the relationship between the
concentration dopants and incorporation in the perovskite lattice, and
top-view nXRF maps of 0.2% and 2% Sr-doped MAPbI3 films.
Reproduced with permission.[176] Copyright 2020, American Chemical
Society. d) The mechanism of passivation of the perovskite film with
CdI2 surface treatment. Reproduced with permission.[280] Copyright
2020, American Chemical Society.
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the perovskite lattice. Top view of nano-X-ray fluorescence
(nXRF) elemental concentration maps of the high-concentration
Sr doping regime (2mol%) showed phase segregation as a bright
feature (Figure 6c). However, this was not detected in the low-
doping regime (0.2mol%).

Apart from the bulk treatment, very recently, Huang and
co-workers[169] used the posttreatment method for surface treat-
ment of a perovskite film with CdI2 solution, as a result reducing
the iodide vacancies and stabilizing iodide ions via the formation
of stronger Cd─I ionic bonds compared to Pb─I bonds because
of the higher electronegativity difference between Cd and I atoms
(Figure 6d). The CdI2-passivated PSC showed a high PCE of
21.9% with a low Voc deficit of 0.31 V as well as improved the
device operational stability (retaining 92% efficiency after
constant illumination at 1 sun intensity for 1000 h).

In summary, central metal replacement with isovalent or het-
erovalent metals can also be considered an efficient approach to
passivate halide vacancies by decreasing the lattice strain and
suppressing nonradiative recombination. In this approach, the
similarity of the ionic radius to that of the central metals
(i.e., Pb2þ or Sn2þ) is critical for achieving an efficient metal
replacement. However, the incorporation of the metal dopants
in the perovskite lattice remains under investigation. In addition
to the ionic radii, controlling the concentration of metal dopants
precisely is very important to achieve efficient central metal
replacement. Similar to other passivation strategies, bulk and
surface treatment of perovskite films can be used for central
metal replacement.

3.5. Recovery of Reduced or Oxidized Central Metal Ions

As discussed, the resulting undercoordinated metal ions (Pb2þ or
Sn2þ) from halide vacancies in perovskite films must be passiv-
ated. However, Pb2þ ions or Sn2þ ions can potentially reduce or
oxidize to Pb0 atoms or Sn4þ ions, respectively, leading to new
nonradiative recombination centers. Therefore, suppressing and
recovering the reduced or oxidized M2þ ions mitigates the
nonradiative recombination more efficiently.

Several efforts have been reported to eliminate the Pb0 using
the bulk treatment method.[63,177,178] For example, recently,
Yan and co-workers[179] demonstrated that adding a redox shuttle
of a europium ion pair (Eu3þ↔Eu2þ) to a perovskite precursor
can selectively recover the Pb0 as well as I0 elements in a cyclical
transition. This shuttle can transfer electrons from the Pb0 to I0

elements, wherein the Eu3þ oxidizes Pb0 to Pb2þ, and the formed
Eu2þ simultaneously reduces I0 to I�. Moreover, the passivated
perovskite film with Eu3þ showed a higher I/Pb ratio than other
additives such as Y3þ and Fe3þ, confirming more efficient ion
recovery, lower recombination centers, and higher PCE
consequently (Figure 7a). Similarly, Yang and co-workers[180]

introduced gadolinium fluoride (GdF3) to a perovskite precursor
as a redox shuttle for recovering the Pb0 defects as well as the
growth-assist agent.

On the other hand, oxidation of Snþ2 to Sn4þ is one of the
most common challenges in Sn-based perovskite films, which
causes tin vacancies and escalates the halide vacancies in the
perovskite structure. This is why many groups tried to suppress
this unfavorable oxidation in the Sn-based perovskite films.

Regarding the bulk treatment, first, Mathews et al. demonstrated
that adding a small amount of SnF2 to the perovskite precursor
can rather suppress the Sn2þ/Sn4þ oxidation.[181] Afterward, the
Seok group[182] improved the SnF2 performance by adding
pyrazine as a mediator to the perovskite precursor. Recently,
Jokar et al.[183] investigated the effect of butylammonium iodide
(BAI) and ethylenediammonium diiodide (EDAI2) molecule
additives on the quality of FASnI3 perovskite films. They dem-
onstrated that the BAI improves the perovskite crystallinity
and the EDAI2 additive decreases the Sn2þ/Sn4þ oxidation,
improving the carrier lifetime and PCE of the passivated PSC
(Figure 7b). Wu and co-workers[178] recently suppressed the
Sn2þ oxidation by adding fluoroaniline isomers to the FASnI3
precursor, achieving a considerable PCE of 10.17%. Afterward,
Yan and co-workers[184] introduced hydroxybenzene sulfonic
acids as an efficient antioxidant for suppressing the Sn2þ oxida-
tion (Figure 7c).

In addition to suppressing Sn4þ ions, converting the unfavor-
able Sn4þ to favorable Sn2þ in the perovskite precursor has been
introduced as another efficient approach to reducing nonradia-
tive recombination. For example, Tan and co-workers[185] added
a small amount of metallic tin powder to a Pb–Sn narrow-
bandgap perovskite precursor to reduce the Sn4þ to Sn2þ ions
via a comproportionation reaction (Sn þ Sn4þ ! 2Sn2þ).
Interestingly, the tin powder in the perovskite precursor becomes
a part of the perovskite lattice once oxidized by Sn4þ to form Sn2þ

(red color of the perovskite solution converts to yellow), whereas
most of the reported reducing agents are insoluble in the precur-
sor solution (Figure 7d). The tin-powder-passivated perovskite
film showed a higher carrier lifetime; thus, the corresponding
single-junction and monolithic all-perovskite cells showed a
PCE of 21.1% and 24.8%, respectively. Afterward, the same
research group reported a PCE record of 25.6% for monolithic
all-perovskite tandem solar cells by adding formamidine sulfinic
acid (FSA) as an antioxidant along with tin powder to a perovskite
precursor.[186] As shown in Figure 7e, the FSA as a zwitterion
molecule can passivate both halide vacancies (forming a dative
bond with undercoordinated Pb2þ/Sn2þ using O� atoms) and
cation vacancies (filing the FA/MA vacancy using NH2þ

fractions). As a result, the surface-anchored FSA neutralizes
the oxygen molecules and reduces Sn4þ back to Sn2þ ions.
Moreover, the Wakamiya group[187] converted the Sn4þ impuri-
ties to Sn0 nanoparticles (NPs) by adding 1,4-bis(trimethylsilyl)-
2,3,5,6-tetramethyl-1,4 dihydropyrazine (TM-DHP) to the
perovskite precursor, helping to fabricate a Sn4þ-free perovskite
film (Figure 7f ). A strong photoluminescence and prolonged
decay lifetimes were achieved for the Sn4þ-free perovskite film
with optimum concentration of TM-DHP additive (1mol%),
leading to a high average PCE of 8.9%, compared to 6.6% for
the control devices.

In summary, suppressing and recovering the reduced or
oxidized M2þ ions is another important strategy to mitigate
the nonradiative recombination in perovskite films. Adding
redox ion pairs to the perovskite precursor can selectively recover
the Pb0 and I0 elements to Pb2þ and I�, which can be incorpo-
rated in the perovskite lattice again. Suppressing the unfavorable
oxidation of Sn2þ ions to Sn4þ, or recovery of Snþ4 ions in
tin-based perovskites, also has been explored extensively to
reduce the nonradiative recombination.
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4. Cation Vacancy Passivation

Similar to halide vacancies, cation vacancies can cause defects in
the perovskite films and be sources of nonradiative recombina-
tion through creating undercoordinated I� and PbI3

� antisites.
In contrast to Lewis bases, the organic and inorganic cations with

a free orbital, i.e., Lewis acids, can accept free electrons from the
dangling undercoordinated halides, eliminating cation vacan-
cies. Nevertheless, besides Lewis acids, organic and inorganic
cations can be directly replaced into the cation vacancies.
Here, we explore the bulk and surface treatments of perovskite
films with different materials for cation vacancy passivation.

Figure 7. a) The mechanism of Pb0 and I0 defect passivation: performance data for PSCs with different additives, and the champion J–V curve of PSCs
with Eu3þ ions. Reproduced with permission.[179] Copyright 2019, The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science. No claim to original U.S. Government Works. b) The TRPL of pristine and passivated perovskite films with various additives and
their corresponding champion J–V curves. Reproduced with permission.[183] Copyright 2018, The Royal Society of Chemistry. c) The molecular structures
of different hydroxybenzene sulfonic acids and the perovskite film passivation mechanism. Reproduced with permission.[184] Copyright 2019, John Wiley
and Sons. d) Images of the precursor and the mechanism of the Sn vacancy suppression by adding Sn powder to the perovskite precursor. Reproduced
with permission.[185] Copyright 2019, Springer Nature. e) The mechanism of antioxidation and defect passivation of perovskite films by FSA antioxidant.
Reproduced with permission.[186] Copyright 2020, Springer Nature. f ) The mechanism of scavenging the residual Sn4þ impurities in a perovskite pre-
cursor utilizing TM-DHP molecules. Reproduced with permission.[187] Copyright 2020, Springer Nature.
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4.1. Fullerene-Based Molecules

The fullerene molecule shows an exceptionally high electron
affinity because of the ability of rehybridization and its molecular
shape, which can receive up to 12 electrons from the other mol-
ecules under suitable conditions.[188] Therefore, many fullerene-
based molecules have been introduced as a unique Lewis acid for
passivating undercoordinated iodide anions and PbI3

� antisites

in the bulk or surface of perovskite films, forming the Lewis
acid–base adduct of fullerene–halide.

Regarding the bulk treatment method, the Sargent group[189]

pioneered the passivation of the PbI3
� antisites by adding the

phenyl-C61-butyric acid methyl ester (PCBM) to a perovskite pre-
cursor. As shown in Figure 8a, they demonstrated that the ful-
lerene group in the PCBM structure acts as a Lewis acid and
accepts the free electrons from the PbI3

� antisites. Therefore,

Figure 8. a) UV–vis spectra of the perovskite precursor solution and the schematic of the interaction between PCBM and perovskite ions. Reproduced
with permission.[189] Copyright 2015, Springer Nature. b) The operational mechanism of C-PCBOD in the perovskite film. Reproduced with
permission.[190] Copyright 2019, John Wiley and Sons. c) Schematic of the PSC structure with an induced PCBM layer and the PL spectra of passivated
(blueshift) and nonpassivated (red-shift) perovskite films. Reproduced with permission.[192] Copyright 2014, Springer Nature. d) Schematic of different
treatment methods for passivating of perovskite films and their corresponding SEM images. Reproduced with permission.[195] Copyright 2017, American
Chemical Society. e) The schematic of interactions between Lewis acid and base functional groups with the perovskite defects. Reproduced with
permission.[116] Copyright 2018, John Wiley and Sons. f ) Schematic view of IPFB structure and its surface passivation mechanism. Reproduced with
permission.[198] Copyright 2014, American Chemical Society. g) Schematic representation of TFDIB structure and its interactions with the perovskite
structure. Reproduced with permission.[200] Copyright 2020, American Chemical Society.
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after perovskite crystallization, the cation vacancies at the GBs
are passivated effectively, suppressing nonradiative recombina-
tion and decreasing the J–V hysteresis. After this report, many
groups tried to use different fullerene-based-molecule additives.
For instance, recently, Abate and co-workers[190] added the
[6,6]-phenyl-C61-butyric oxetane dendron ester (C-PCBOD) as
a fullerene derivative to a perovskite precursor for not only pas-
sivating the perovskite GBs but also improving the mechanical
stability of perovskite films. They demonstrated that by exposing
the perovskite intermediate phase to UV light, a cross-linked
C-PCBOD network around the perovskite grains forms
(Figure 8b). This gives the Lewis acid properties of fullerene-
based molecules; the C-PCBOD reacts with undercoordinated
halides and passivates the cation vacancies. As a result, the trap
densities were reduced by 0.25–0.35 eV compared to nonpassi-
vated PSCs, leading to a significantly increased VOC and FF.
Very recently, Yao et al.[191] incorporated fullerene molecules into
all-inorganic perovskite films to improve their photovoltaic
parameters. They demonstrated that the PCBMmolecules might
react with dangling bonds at the GBs or on the perovskite
surface, passivating the defect states in these regions. Kelvin
probe force microscopy (KPFM) measurements revealed that dis-
tributed PCBM at GBs is beneficial for suppressed ion migration,
resulting in reduced J–V hysteresis for the all-inorganic PSCs.

Regarding the posttreatment method, first, Huang and
co-workers[192] treated the surface of a perovskite film with
PCBM solution (Figure 8c). They showed that inducing of the
PCBM interlayer in perovskite GBs reduces the trap densities
on the surface and GBs of the perovskite film by two orders
of magnitude, leading to hysteresis-free and twice as efficient
PSCs. Moreover, the PL emission peak of the passivated perov-
skite film showed a blueshift, confirming the nonradiative
recombination suppression (Figure 8c). Later, the same research
group explored the effect of different types of fullerene molecules
on the VOC of a wide-bandgap (WBG) perovskite.[193] They
showed that using the indene–C60 bisadduct (ICBA) instead
of PCBM as an interlayer between the MAPbI3 perovskite film
and ETL increases the VOC by 60mV, resulting in a stabilized
PCE of 18.5%. Moreover, very recently, Ahmad et al.[194] intro-
duced the [6,6]-phenyl-C61 butyric acid n-hexyl ester (PCBC6)
as a highly efficient alternative to the commonly used n-type
materials, i.e., PCBM and C60, delivering a high PCE of
18.4% for a flexible PSC with an active area of 1 cm2. The char-
acterization of the interface of different fullerene derivatives and
perovskite films revealed lower nonradiative recombination of
PCBC6 due to more effective perovskite surface passivation by
the fullerene moiety, leading to a higher VOC than for the C60
and PCBM-based devices.

The Jen group[195] introduced fluoroalkyl-substituted fullerene
(DF-C60) molecules into a perovskite film by bulk and in-film
surface treatment methods referring to bulk heterojunction
(BHJ) and graded heterojunction (GHJ) structures, respectively
(Figure 8d). Although the GHJ and BHJ showed the same mor-
phology, the GHJ PSC showed almost double the PCE (15.61%)
of the BHJ PSC (7.3%). The graded distribution of DF-C60
molecules was reported as an efficient structure for passivating
the defect sites and increasing the surface/bulk recombination
resistance, improving the optoelectronic properties as a conse-
quence. In addition, Grätzel and co-workers[196] used a similar

method to incorporate purified α-bis-PCBM into the perovskite
film, enhancing the crystallinity and passivating the interface
trap states of the GBs. As a result, the charge carrier separation
and the charge transport at the perovskite/HTL interface
were improved. Moreover, as shown in Figure 8e, Liu and
co-workers[116] incorporated PCBM as the Lewis acid and
DR3TBDTT as the Lewis base by an in-film treatment, passivat-
ing the PbI3

� antisites (cation vacancies) and undercoordinated
Pb2þ ions (halide vacancies) simultaneously. As a result, the PCE
of the passivated PSC was increased up to 19.3%, as well as there
being a slight degradation of only�13% after 40 days of exposure
in 50% relative humidity at room temperature. Moreover, Choi
et al.[197] compared the in-film and posttreatment methods for
deposition of PCBM on perovskite films. They demonstrated that
prepared solar cells via the in-film-deposited PCBM exhibited a
higher PCE of 18% than 11% from posttreated PCBM, due to
improved electron transfer, and reduced the charge transfer
resistance at the interface between the perovskite and PCBM
through an increase of the perovskite crystal size and construc-
tion of a vertical perovskite–PCBM structure.

4.1.1. Other Molecules

Apart from fullerene-based materials, many small molecules
with Lewis acid functionality have been used to passivate the
undercoordinated anions resulting from cation vacancies. For
example, iodopentafluorobenzene (IPFB), one of the first Lewis
acids, was introduced by Abate et al.[198] for surface posttreat-
ment of a perovskite film. As shown in Figure 8f, the highly
electronegative fluorine atoms in the IPFB structure can with-
draw electron density out of the iodine bond to the aromatic ring,
leaving a partial positive charge on this halogen (Lewis acid) that
can interact strongly with free halogen anions sites (Lewis base)
on the surface of the perovskite film. Another similar example of
this kind of Lewis-acid-based molecules has been recent reported
by Neher and co-workers.[199] They used self-assembled
perfluorinated carbon chains (I-PFCn) with different n (number
of carbon) as an interlayer between perovskite and C60 layers by
submerging the perovskite film in an I-PFCn solution. Similar to
the IPFB molecule,[198] the linear I-terminated I-PFC structure
can bind undercoordinated halides, thereby increasing the Voc

up to 1.18 V (bandgap of 1.61 eV), the PCE to >21%, and
providing thermal device stability (maintaining �95% PCE over
3000 h stored in humid air conditions).

Interestingly, the Gratzel group induced a perfluorinated
supramolecule, 1,2,4,5-tetrafluoro-3,6-diiodobenzene (TFDIB),
into a perovskite film using the in-film treatment method.[200]

As shown in Figure 8g, the four highly electronegative fluorine
atoms strongly polarize the two iodine atoms in the TFDIB struc-
ture. Therefore, the highly polarized halogen atom in the TFDIB
structure forms a halogen bond with another halogen atom as a
nucleophilic halogen bond acceptor, consequently leading to the
passivation of undercoordinated halogen atoms. Furthermore,
this strategy (in-film treatment) amplifies the effect of TFDIB
molecules by cross-linking the perovskite grains within the
perovskite film, leading to more stable PSCs.

In summary, fullerene-based molecules with high electron
affinity have shown a great potential for passivating the
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undercoordinated iodide anions and the PbI3
� antisites in the

bulk or surface of the perovskite films. These molecules could
be directly added to the perovskite precursor or treat the surface
of perovskite films, i.e., bulk and surface treatments. In addition
to fullerene-based molecules, small molecules with Lewis acid
functionality also can be used to react with the undercoordinated
anions, passivating the cation vacancies.

4.2. Cation Replacement

Apart from Lewis acid passivation, cation vacancies could be
replaced by incorporating cation additives with similar sizes
and properties. Notably, the cations additives must be small
enough to fit within the voids of the octahedral PbI6

4� units; oth-
erwise, the perovskite lattice would be disordered from 3D3Dto
2D structure. Organic cations with hydrogen bonding capability
and inorganic cations with suitable radii have been used for this
purpose, which will be reviewed in this part. In every case, we
consider applied perovskite treatment methods as well.

4.2.1. Organic Cations

Typically, organic molecules with ammonium (─NH3
þ) func-

tional group can replace the cation vacancies in the undercoordi-
nated halides voids with a negative charge through hydrogen
bonding. Regarding the GTF, organic cations with a radius up
to 2.6 Å are candidates for replacing the MAþ vacancies without
changing the perovskite lattice dimension. Therefore, only a
few organic cations have suitable sizes to insert into the perovskite
structure and form a stable 3D lattice. However, as mentioned, the
bulky ammonium organic cations not only can passivate the cation
vacancies but also with the advantage of changing the perovskite
crystal phase from 3D to 2D for fabricating more stable PSCs.

Small Organic Molecules: Small organic cations can be added to
the perovskite precursor to passivate the cation vacancies, i.e., the
bulk treatment method. One of the most frequently used organic
cations for this purpose is carbamimidoylazanium (CH6N3

þ),
known as guanidinium (GUA or GA), by forming hydrogen
bonding with undercoordinated halides within the bulk through
or at grain boundaries of the perovskite.[201–204] Considering the
bigger GA radius (278 pm) compared to the commonly used MA
(217 pm) in the perovskite structure, GTF suggests a full MA
replacement with GA cations cannot form a stable 3D perovskite
lattice. However, Emsley and co-workers[205] by means of
solid-state NMR demonstrated that adding a small amount
of GA to perovskite precursor can directly be incorporated
into the MAPbI3 and FAPbI3 lattices and forming pure
GAxMA1�xPbI3 or GAxFA1�xPbI3 phases (Figure 9a), albeit
the PL signal does not shift accordingly. Indeed, the Yang group
demonstrated the passivation effect of GA by partial incorpo-
ration to the MAPbI3 perovskite.

[206] The passivated PSC showed
the VOC improvement of 50mV, from 1.02 to 1.07 V. As shown
in Figure 9b, the PL intensity and carrier lifetime of the GA-
passivated perovskite film was increased significantly compared
to the pure MAPbI3, confirming the reduced defect density. They
suggested that the symmetry of the amine groups in GA enables
this molecule to form more hydrogen bonding between the par-
tial negative PbI6

4� units compared to the MAþ ions, resulting in

more efficient defect passivation. The Seok group[207] introduced
a methylenediammonium dichloride (MDACl2) molecule as a
new cation to stabilize and passivate the α-FAPbI3 perovskite.
AlthoughMDAþ (262 pm) and FAþ (256 pm) have a similar ionic
radius and molecular configuration, MDA can form a more sig-
nificant hydrogen bonding with undercoordinated halides, lead-
ing to more efficient passivation and stabilization of the α-
FAPbI3 phase. As a result, the MDA-passivated perovskite
showed higher carrier lifetime and higher PCE than the nonpas-
sivated sample due to reduced nonradiative recombination.
Nevertheless, the larger size of MDAþ than FAþ can
distort Pb─I─Pb bonds by tilting the PbI6

4� octahedral units,
which increases the lattice strain. To solve this problem, very
recently, the same research group[208] demonstrated that adding

Figure 9. a) Schematic illustration of incorporating a GUA molecule into
the MAPbI3 and FAPbI3 lattices. Reproduced with permission.[281]

Copyright 2018, American Chemical Society. b) The PL and TRPL spectra
of pure MA and GA-passivated perovskite films. Reproduced with
permission.[282] Copyright 2016, American Chemical Society. c) Trap den-
sity and statistics of PV parameters for deferent MDA-Cs molar ratios and
thermal stability test for the target PSC (3:3 molar ratio of MDA-Cs alloy).
Reproduced with permission.[208] Copyright 2020, The Authors, some
rights reserved; exclusive licensee American Association for the
Advancement of Science. No claim to original U.S. Government Works.
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cations with a smaller radius than FAþ, i.e., Csþ, along with the
MDAþ in an equimolar ratio (3:3) to the FAPbI3 perovskite pre-
cursor can form a solid-state alloy in the FAPbI3 lattice, resulting
in a significantly reduced lattice strain and defect concentration
(Figure 9c). The (MDA-Cs)-passivated PSC showed a certified
PCE of 24.4% and superior thermal stability at 85 �C and
15–25% relative humidity for 1300 h (Figure 9c).

Bulky Organic Molecules: 3D/2D Structures: Beyond the small
molecules, bulky organic molecules containing ammonium
(NH3

þ) with nonconjugated or conjugated aliphatic tails have
been used to passivate cation vacancies and stabilize the 3D
perovskite by forming a 2D phase. Depending on the used treat-
ment method, the 2D phase could be in the bulk or the surface of
the 3D phase (see Figure 10a).[209] So far, many ammonium-
based bulky organic cations have been used for this purpose
(Figure 10b).

Regarding the bulk treatment method, bulky organic mole-
cules can add to the perovskite precursor. First, Mohite and
co-workers[210] formed 2D (BA)2(MA)3Pb4I13 perovskite films
by a hot-casting deposition method. In this perovskite structure,
the BAþ cations act as a spacer between the inorganic PbX6

4�

layers. By increasing the number of inorganic layers, the
perovskite phase can change from pure 2D to quasi-2D (3D/2D
mixed perovskite) or pure 3D. Although pure 2D PSCs have
shown superior stability properties, they still suffer from low
PCEs. In contrast, 3D perovskites showed high performance
but often struggled with low long-term stability. Therefore, the
fabrication of 3D/2D perovskite films was suggested to achieve
highly efficient and stable PSCs.[183,211,212] For instance, the
Snaith group[213] formed a 3D/2D perovskite structure by intro-
ducing n-BA to the perovskite precursor. As shown in Figure 10c,
the 2D platelets were located at the GBs of highly orientated 3D
grains, leading to a clean electronic interface and suppressing the
charge trapping at the GBs subsequently (see the TRPL spectra in
Figure 10c). Typically, the aliphatic tails of BAþ cations in the 2D
structure have weak van der Waals interaction. Therefore,
improving this interaction to stabilize the 2D phase and enhanc-
ing the charge transfer in this structure remains a fundamental
question. Recently, Huang and co-workers[214] introduced a new
bulky organic molecule, 2-(methylthio)ethylamine hydrochloride
(MTEACl), instead of BAþ, which forms a strong sulfur–sulfur
interaction at the tail parts of this molecule (Figure 10d).
As a result, the charge transport and stabilization of the 2D
(MTEA)2(MA)4Pb5I16 (n¼ 5) perovskite framework were
improved compared to 2D (BA)2(MA)4Pb5I16, leading to the
PCE improving from 15.94% to 18.06%. This report may provide
a direction for fabricating more efficient 3D/2D PSCs by engi-
neering with bulky organic molecules.

Phenylethlammonium (PEAþ) is another frequently used
ammonium-based bulky cation that has been added to a
perovskite precursor as a bulk treatment method to passivate
cation vacancies in perovskite films similarly to the BAþ cation.
Ho-Baillie and co-workers[215] demonstrated that adding PEAI
into a perovskite precursor forms a 3D/2D structure at the
GBs, improving the carrier lifetimes and VOC. Very recently,
the Huang group[216] used PEACl instead of PEAI to improve
the optoelectronic properties and crystallinity of the perovskite
film simultaneously. As schematically shown in Figure 10e,
the PEAþ cations prefer to either occupy the cation vacancies

at grain surfaces by ionic bonding or interact with undercoordi-
nated I� ions by hydrogen bonding. In contrast, the Cl� ions in
the PEACl structure enhance the perovskite crystallization. As a
result, a blade-coated PEACl-passivated PSC showed a PCE of
22.0% with a small voltage deficit of 0.33 V and significant
operational stability (96% of the initial efficiency retained under
1 sun illumination for 500 h).

However, the shape and length of the alkyl chain of bulky
organic cations can affect the perovskite crystallization. In a com-
parative study, the Seok group[217] evaluated octylammonium
(OAþ), BAþ, and PEAþ cations with different alkyl chains as
additives in perovskites. They observed that BAþ and PEAþ form
a 2D structure in a 3D perovskite film. Surprisingly, in contrast to
BAþ and PEAþ, the 2D structure was not detected in the OAþ

case; it was speculated that OAþ only acts as an encapsulating
agent of GBs

Apart from monoammonium bulky organic molecules,
multiammonium molecules also have been considered for effi-
cient passivation of the cation vacancies. Very recently, Padture
and co-workers[218] demonstrated that the incorporation of
4-(aminomethyl)-piperidinium (4AMP) cations as a diammo-
nium bulky organic cation into a FASnI3 film improves optoelec-
tronic properties and stability of PSCs. As schematically shown
in Figure 10f, the optimal concentration of 4AMP forms a nano-
scale low-dimensional (LD) perovskite phase around the 3D
perovskite GBs, leading to suppressed defects and nonradiative
recombination. As a result, a 4AMP-15-passivated PSC showed a
maximum performance of 10.9% and 500 h operational stability.

Regarding the surface posttreatment, after successful perov-
skite film crystallization, a solution of BAþ, PEAþ, or other bulky
cations is deposited on the perovskite films. The cations with
larger ionic radii than cation vacancies, i.e., MA or FA, can be
spatially coordinated with undercoordinated halides to passivate
this kind of defect and form a 2D structure. As a recent example,
Seok and co-workers[219] demonstrated that charge carrier life-
times of treated perovskite films with BA, OA, and DAmolecules
were increased, referring to reduced nonradiative recombination
by forming a 2D structure at the perovskite/HTL interface.

Liu and co-workers[220] studied the passivation effect of PEAþ

cations in a FAPbI3 perovskite film. They also compared the
passivation properties of PEAþ to fluorinated PEAþ (F-PEAþ),
BAþ, fluorinated BAþ (F-BAþ) cations, and a mixture of
PEAþ:FAþ cations (Figure 10g). They demonstrated that the
underlying 3D phase templates the growth of the 2D capping
layer during the film treatment. This facilities faster charge trans-
fer at the interface of the 2D/3D perovskite with lower charge
recombination losses. On the other hand, due to the hydrophobic
properties of fluorinated molecules, the passivated PSCs with all
fluorinated cations showed higher environmental stability com-
pared to other cations but at the cost of lower PCEs.

As already mentioned, the long-chain cations improve the
stability of PSCs, but with the loss of PCE due to reduced charge
transport at the 3D/2D interface. To tackle this challenge,
recently, the Sargent group[221] introduced 4-vinylbenzylammo-
nium (VBAþ) as a cation with an additional terminal vinyl group
in the para position of the aromatic phenyl ring compared to the
PEAþ cation. Similar to other cations, the ammonium group of
VBAþ passivates the cation vacancies. In contrast, the vinyl
group starts the photochemical cross-linking by exposing the
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Figure 10. a) Schematic illustration of 3D/2Dmixed and 3D/2D bilayer perovskite structures. Reproduced with permission.[209] Copyright 2018, American
Chemical Society. b) Most common bulky organic cations. Reproduced with permission.[283] Copyright 2019, Springer Nature. c) Schematic of the pro-
posed self-assembled 2D/3D perovskite film, its electronic band offsets, and the TRPL spectra. Reproduced with permission.[213] Copyright 2017, Springer
Nature. d) Schematics of charge transport in passivated 2D perovskite films with MTEA and BA. Reproduced with permission.[284] Copyright 2020,
Springer Nature. e) Schematic of the mechanism of defect passivation and improving the moisture stability in a perovskite film through PEACl molecules.
Reproduced with permission.[216] Copyright 2020, John Wiley and Sons. f ) Schematic illustration of the functionality of 4AMPmolecules on grain surfaces
(external) and grain boundaries (internal) in a perovskite film. Reproduced with permission.[218] Copyright 2020, American Chemical Society.
g) Engineering of the 3D/2D hierarchical structure by post-surface-treatment method. Reproduced with permission.[285] Copyright 2019, American
Chemical Society. h) Mechanism of 3D/2D heterostructure formation using the VBABr ligands. Reproduced with permission.[286] Copyright 2019,
American Chemical Society. i) Posttreatment perovskite surface treatment with ZnPc and its passivation mechanism. Reproduced with permission.[222]

Copyright 2018, American Chemical Society. j) The solubility of FAI and C6Br in CF and IPA solvents. Reproduced with permission.[223] Copyright 2019,
The Royal Society of Chemistry. k) Schematic of forming 3D/2D structure by in-film treatment method. Reproduced with permission.[224] Copyright 2017,
John Wiley and Sons.
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perovskite film to UV light (�250 nm) (Figure 10h). The UV
cross-linked 3D/2D heterostructure showed lower nonradiative
recombination than the pure 3D structure, improving the VOC

and PCE.
Apart from BAþ and PEAþ as the most frequently used

cations, many new ammonium-based bulky organic molecules
have been used for posttreatment of the perovskite surface
(see Table 2).

Similar to the bulk treatment method, multiammonium
molecules have also been used to pass perovskite films’
passivation by the posttreatment method. For example, Tang
and co-workers[222] introduced tetra-ammonium zinc phthalocy-
anine (ZnPc), which can coordinate the undercoordinated PbI6

4�

units on the perovskite surface by forming four hydrogen bonds
at the four ammonium end groups of every ZnPc molecule
(Figure 10i). Their optoelectronic characterization showed that
ZnPc creates a 2D (ZnPc)0.5MAn�1PbnI3nþ1 structure within
the perovskite GBs, improving the charge transport properties
and thus the PCE.

One of the significant challenges of the posttreatment method
is that most bulky molecules are just dissolvable in protic polar
solvents, mainly isopropyl alcohol (IPA), which can destroy the
perovskite during the surface treatment. To address this chal-
lenge, recently, Bawendi and co-workers[223] introduced a new
bulky organic molecule, n-hexylammonium bromide (C6Br),
which is dissolvable in chloroform (CF) solvent. They demon-
strated that IPA could dissolve FAI, whereas the solubility of
FAI in CF is less than 1mgmL�1 (Figure 10j). As a result,
the passivated perovskite film with a CF-based C6Br solution
showed very low nonradiative recombination sites, resulting in
a VOC deficit of �340mV at a bandgap of �1.56 eV and a
PCE of 23.4%.

Nevertheless, various bulky organic molecules have been
incorporated into perovskite films during the perovskite crystal-
lization (in-film treatment). As schematically shown in
Figure 10k, the Yang group[224] developed a new route of in-film
growth of a 3D/2D graded perovskite film by adding PEAþ into
the antisolvent. As a result, the 3D/2D PSC showed a higher Voc

and FF compared to the pure 3D PSC. Very recently, the Sargent
group[225] compared the in-film (PEAþ to the antisolvent) and the
posttreatment (posttreatment with PEAþ solution) surface
treatment on low-bandgap perovskite films, applicable for all-
perovskite tandem solar cells.[225] The nonradiative recombina-
tion was suppressed more efficiently in the in-film passivation
method compared to the posttreatment method due to suppres-
sion of the defects not only at the surface but also on the bulk
perovskite film, leading to a stabilized PCE of 23.5% for the
all-perovskite tandem solar cell. Table 2 summarizes the most
significant bulky molecules for passivation of the cation vacan-
cies with different perovskite film treatment methods.

In summary, organic cation additives with hydrogen bonding
capability are able to passivate the cation vacancies in perovskite
films, suppressing the nonradiative recombination. However,
these organic cation sizes are critical to fit within the voids of
the octahedral PbI6

4� units and keep the 3D perovskite structure.
Moreover, the electron affinity of the organic cations affects their
passivation function. The bulky organic cations could also passiv-
ate the cation vacancies and stabilize the 3D perovskite by form-
ing a 2D phase. The bulk and surface treatment of perovskite

films with these kinds of cations could create 3D/2D mixed
and bilayer perovskite structures, respectively. The optimization
of bulky organic cation concentrations is vital to fabricate an effi-
cient 3D/2D structure, improving the efficiency and stability
simultaneously. Moreover, the shape and length of the alkyl
chain of the bulky organic cations as well as the number of their
functional groups, i.e., ammonium group, can affect the 3D/2D
structure properties.

4.2.2. Inorganic Cations

In addition to organic cations, inorganic cations have been
frequently used for the passivation of cation vacancies through
electrostatic interactions with negatively charged defects,
i.e., undercoordinated halides or antisite PbI3

�. The inorganic
cations have been frequently used for bulk treatment of perov-
skite films; however, due to their high-polarity solution, it is
impossible to use them for surface treatment because they
can dissolve the perovskite films. Therefore, in this part, we focus
on the passivation of cation vacancies by the bulk treatment
method. However, for incorporating the inorganic cations into
the perovskite structure, the crystal stability should be consid-
ered. The perovskite crystal structures are highly dependent
on the size and interaction of inorganic cations with the octahe-
dral PbI6

2� units. The GTF is a reliable index for predicting
crystal stability based on the ionic radii of the inorganic cations.
A range of 0.8<GTF< 1 is suitable for achieving a photoactive
α-phase perovskite (black phase) applicable to PSCs. However,
in the ranges of GTF< 0.8 and GTF> 1, nonperovskite
δ-phase orthorhombic (yellow phase) and hexagonal structures
will be formed, respectively. Figure 11a shows the correlation
between the GTF and perovskite structures. First, the Zhu
group[226] tried to stabilize the α-phase by solid-state alloying
of FAPbI3 (high GTF) and CsPbI3 (low GTF), improving the
phase stability.

As mentioned, the cation vacancies mostly form by evapora-
tion of highly volatile organic cations. FAþ, which is thermally
more stable than MAþ, has been used frequently as a suitable
candidate for cation replacement. Unfortunately, because FAþ

is larger than MAþ, it crosses the viable tolerance factor range.
Thus, pure FAPbI3 shows a yellow phase at room temperature.
Therefore, one strategy is to add a small amount of MAþ with a
smaller size as the stabilizer in FAPbI3 to achieve a black phase.
However, this may entail the risk of cation vacancies due to vola-
tile MAþ. The cesium cation (Csþ) with an ionic radius of 1.81 Å,
considerably smaller than the MAþ (2.70 Å) and FAþ (2.79 Å)
radii, can be a suitable candidate for stabilizing the crystal phase
of FAPbI3 (Figure 11b). In this regard, Saliba and co-workers[227]

demonstrated that using Csþ along with MAþ and FAþ helps to
form a high-quality perovskite film with high thermal stability,
achieving highly reproducible stabilized PCEs exceeding 21%.
Figure 11c shows the XRD data of the triple-cation
Csx(MA0.17FA0.83)(100�x)Pb(I0.83Br0.17)3 perovskite with different
concentration of Csþ in the precursor; x¼ 0%, 5%, 10%, 15%.
The small side peaks at 11.61� and 12.71� in the x¼ 0 samples
were assigned as the nonperovskite δ-phase of FAPbI3 and the
cubic PbI2, respectively, indicating an incomplete conversion
toward the black phase. However, this undesirable perovskite
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Table 2. Summarization of cation vacancy passivation using bulky molecules: passivation methods, passivating agents, device structures, perovskites,
and photovoltaic parameters.

Small
molecules

Method Passivating agent Device structure VOC

[V]
FF JSC

[mA cm�2]
PCE
[%]

Ref.

Bulk treatment BAI FTO/SnO2/PC61BM/triple-cation perovskite/
Spiro-OMeTAD/Au

1.14 0.80 22.7 20.6 [294]

BAI ITO/PTAA/MAPbI3/C60/BCP/Cu 1.11 0.78 22.4 19.5 [295]

EDAI2 and BAI ITO/PEDOT:PSS/FASnI3/C60 /BCP/Ag 0.58 0.72 21.3 8.9 [183]

PEAI FTO/c-TiO2/mp-TiO2/double-cation perovskite/
Spiro-OMeTAD/Au

0.96 0.74 19.9 14.3 [215]

PEACl ITO/PEDOT:PSS/triple-cation perovskite /C60/
BCP/Cu

1.18 0.79 23.6 22.0 [216]

4-(aminomethyl)-piperidinium (4AMP) FTO/Cu–NiOx/FASnI3/PCBM/BCP/Ag 0.69 0.74 21.1 10.8 [218]

1,1,1-Trifluoro-ethyl ammonium iodide FTO/c-TiO2/m-TiO2/MAPbI3/Spiro-OMeTAD/Au 1.06 0.79 21.2 18.0 [296]

2-Thiophenemethylammonium (ThMA) FTO/SnO2/double-cation perovskite/SpiroOMeTAD/Au 1.16 0.81 22.8 21.4 [297]

Octylammonium iodide (OAI) FTO/b-TiO2/mp-TiO2/MAPbI3/PTAA/Au 1.11 0.81 22.6 20.6 [217]

Ethane-1,2-diammonium FTO/c-TiO2/MAPbI3/Spiro-OMeTAD/Au 1.09 0.74 19.1 15.3 [298]

Surface in-film
treatment

PEAI FTO/NiO/MAPbI3/PCBM (PN4N)/Ag 1.17 0.78 21.8 19.8 [224]

PEAI FTO/PEDOT:PSS/Cs0.1 MA0.2FA0.7Pb0.5Sn0.5 I3/PCBM/
PEIE/Ag

0.81 0.79 30.3 19.4 [225]

Surface post
treatment

BAI ITO/PTTA/MAPbI3/C60/BCP/Cu 1.09 0.77 22.5 18.8 [295]

OAI FTO/c-TiO2/ns-TiO2/double-cation perovskite/
Spiro-OMeTAD /Au

1.12 0.82 24.0 22.0 [219]

PEAI FTO/c-TiO2 /MAPbI3/Spiro-OMeTAD/Au 1.08 0.73 18.6 14.9 [299]

PEAI FTO/NiOx/double-cation perovskite/PCBM/PEIE/Ag 1.07 0.73 21.3 17.0 [133]

PEAI FTO/c-TiO2/m-TiO2/triple-cation perovskite/
Spiro-OMeTAD/Au

1.11 0.73 22.8 18.5 [128]

PEAI FTO/c-TiO2/m-TiO2/ triple-cation perovskite/
Spiro-OMeTAD/Au

1.14 0.76 22.7 20.0 [130]

PEAI FTO/c-TiO2/triple-cation perovskite /carbon back contact 1.04 0.68 21.1 14.9 [300]

FPEA/FAI (1:1) FTO/c-TiO2/FAPbI3/Spiro-OMeTAD/Au 1.14 0.76 24.2 21.1 [285]

PEAI ITO/PTTA/double-cation perovskite/C60/BCP/Ag 1.25 0.79 19.4 19.0 [301]

Octyldiammonium iodide (ODAI2) FTO/c-TiO2/m-TiO2/double-cation perovskite/
Spiro-OMeTAD/Au

1.10 0.81 24.2 21.6 [302]

4-Vinylbenzylammonium (VBA) bromide ITO/TiO2 NPs/double-cation perovskite/Spiro-OMeTAD/Au 1.15 0.78 22.5 20.2 [286]

n-Hexyl trimethyl ammonium bromide FTO/c-TiO2/m-TiO2/double-cation perovskite/P3HT/Au 1.14 0.80 24.9 22.8 [303]

Azetidinium iodide FTO/c-TiO2/m-TiO2/triple-cation perovskite /
Spiro-OMeTAD/Au

1.14 0.79 24.7 22.3 [304]

BAI (vapor) FTO/SnO2/ MAPbI3/Spiro-OMeTAD/Au 1.16 0.80 20.8 19.4 [305]

Tetra-ammonium zinc phthalocyanine iodide
(ZnPcI)

FTO/c-TiO2/m-TiO2/MAPbI3/Spiro-OMeTAD/Au 1.11 0.77 23.5 20.2 [222]

NH3I(CH2)8NH3I ITO/PTTA/MAPbI3/PCBM/BCP/Ag 1.11 0.79 19.3 17.0 [306]

(CF3)3CO(CH2)3NH3I FTO/b-TiO2/meso-TiO2/double-cation perovskite/
Spiro-OMeTAD/Au

1.11 0.79 22.8 20.1 [307]

Thiazole ammonium iodide FTO/b-TiO2/double-cation perovskite/spiro-OMeTAD/Au 1.08 0.77 22.8 18.9 [308]

n-Hexylammonium bromide (C6Br) FTO/b-TiO2/meso-TiO2/double-cation perovskite/
Spiro-OMeTAD/Au

1.16 0.80 23.9 22.3 [309]

Pentafluorophenylethylammonium (FEA)
iodide

FTO/b-TiO2/meso-TiO2/triple-cation perovskite/
Spiro-OMeTAD/Au

1.09 0.78 25.7 22.1 [310]

2-(4-fluorophenyl)ethyl ammonium iodide
(FPEAI)

FTO/b-TiO2/meso-TiO2/triple-Cations perovskite/
Spiro-OMeTAD/Au

1.12 0.80 22.8 20.5 [311]

Benzyl ammonium iodide (BnAI) FTO/c-TiO2/m-TiO2/SnO2/triple-cation perovskite/
Spiro-OMeTAD/Au

1.07 0.78 24.4 20.7 [312]
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phase disappeared when adding the optimum amount of Csþ

(x¼ 5%). Afterward, the same researchers[228] reported that add-
ing a small amount of Rbþ, only slightly smaller than Csþ (152 vs
167 pm), into a triple-cation mixed perovskite (CsMAFA) leads to
a stabilized PCE of up to 21.6% and a low VOC deficit of 0.39 V
compared to 0.4 V for commercial silicon cells (Figure 11d). As

shown in the XRD data, the residual PbI2 (12.7�) and yellow-
phase peaks (11.7�) were suppressed for the Rb5CsMAFA as
the optimum composition. Moreover, Rb5CsMAFA showed a
higher external PL quantum yield of 3.6% than the CsMAFA
sample (2.4%), attributed to low nonradiative recombination
losses and passivation of the defect states in this structure.
However, apart from Csþ or the combination of Csþ and Rbþ

cations, other smaller alkaline inorganic cations such as Liþ,
Naþ, and Kþ are outside the desired GTF range and can therefore
not sustain a stable perovskite black phase (Figure 11e).

In summary, inorganic cations can be used for the passivation
of cation vacancies by forming electrostatic interactions with
undercoordinated halides or antisite PbI3

�. However, incorporat-
ing the inorganic cations into the perovskite structure depends
on their ionic radii and GTF to provide a stable perovskite phase.
Mixed cations have been introduced as an efficient strategy to
passivate the cation vacancies and stabilize the photoactive
perovskite phase.

5. Passivation of Cation and Anion Vacancies
Simultaneously (Zwitterions)

So far, all possibilities for passivation of halide vacancies
(Section 3) and cation vacancies (Section 4) in perovskite films
have been discussed separately. However, due to coexistence
of both types of defects in perovskite films, the passivation of
one type of these defects keeps the challenge of non-passivated
another type of defect. Zwitterions with various functional
groups in their molecular structures can passivate the negative
and positive charged ionic defects, i.e., halide and cation vacan-
cies. Here, we categorize the application of zwitterions for pas-
sivation of perovskite films through bulk and surface
(posttreatment and in-film) treatment methods.

Many research groups used zwitterions for bulk passivation of
perovskite films.[229–235] Indeed, the butylphosphonic acid
4-ammonium chloride (4-ABPACl) molecule is one of the first
zwitterions with ─PO(OH)2NH3

þ terminal groups that have
been incorporated into perovskite by the Grätzel group.[229]

They proposed that the NH3
þ groups in the 4-ABPACl structure

occupy the cation vacancies by forming an ionic bond. The
PO(OH)2 group passivates the undercoordinated iodide ions
in the PbI6

4� units by creating a hydrogen bond. This results
in simultaneous passivation of the halide and cation vacancies
(Figure 12a). Afterward, Zhao and co-workers[236] introduced
5-aminovaleric acid (AVA) as a bifunctional molecule for the
passivation of perovskite films. They demonstrated that the
NH3

þ groups passivate the cation vacancies and the COO�

groups passivate the halide vacancies by forming ionic bonding
with PbI6

4� units and dative bonding with undercoordinated
Pb2þ ions, respectively. Nevertheless, the bulky carbon chain
between cross-linked functional groups in the AVA structure
changes the 3D phase of perovskite to a 2D phase, leading to
improved device stability (Figure 12b).

Subsequently, the Huang group[237] added a new sulfonic-
based zwitterion to the perovskite precursor to not only passivate
the perovskite layer, but also improve the perovskite crystalliza-
tion. As schematically shown in Figure 12c, they proposed that
3-(decyldimethylammonio)-propane-sulfonate inner salt (DPSI)

Figure 11. a) Correlations between perovskite crystal stability and G-TF.
Reproduced with permission.[226] Copyright 2015, American Chemical
Society. b) Various organic and inorganic cations with different shapes
and sizes.[287] Copyright 2018, The Authors, some rights reserved; exclu-
sive licensee American Association for the Advancement of Science. No
claim to original U.S. Government Works. c) XRD spectra of CsxM com-
pounds upon the addition of different amounts of Csþ. Reproduced with
permission.[227] Copyright 2016, the Royal Society of Chemistry.
d) Champion J–V curve of RbCsMAFA solar cell and the XRD data of
the MAFA and RbCsMAFA films. e) GTF of perovskite structures with dif-
ferent inorganic cations. Reproduced with permission.[7] Copyright 2016,
The American Association for the Advancement of Science.
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Figure 12. a) Schematic illustration of chemical interaction between the functional groups of the 4-ABPACl molecule and the perovskite. Reproduced with
permission.[229] Copyright 2015, Springer Nature. b) The AVA structure and its interaction with the perovskite. Reproduced with permission.[236] Copyright
2017, JohnWiley and Sons. c) Schematic illustration of the crystallization and passivation of perovskite in the presence of DPSI molecules, tDOS, and TPV
measurements. Reproduced with permission.[237] Copyright 2018, John Wiley and Sons. d) Chemical structures of various passivating agents and the J–V
characteristics of champion devices. Reproduced with permission.[40] Copyright 2017, Springer Nature. e) Device structure, molecular structures of
different passivating agents, and the average VOC of their corresponding devices. Reproduced with permission.[240] Copyright 2019, American
Chemical Society.

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

Sol. RRL 2021, 5, 2100295 2100295 (23 of 35) © 2021 The Authors. Solar RRL published by Wiley-VCH GmbH

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


molecules could form strong chemical bonding with Pb2þ cati-
ons in the precursor, leading to constraining of the perovskite
crystal growth during the crystallization process and improving
of the film morphology consequently. In contrast, the trap den-
sity of states (tDOS) of the DPSI-passivated perovskite film was
six times smaller than that of the nonpassivated film (Figure 12c).
Moreover, the transient photovoltage (TPV) lifetime increased
from 330 ns for the nonpassivated PSCs to 536 ns for DPSI-
passivated PSCs, confirming the improvement of the VOC from
1.07 to 1.13 V.

Regarding the perovskite surface posttreatment, Huang and
co-workers[238] demonstrated that various quaternary ammo-
nium halides (QAHs) could efficiently passivate the cation
and anion vacancies simultaneously (see the structures of the
molecules in Figure 12d). As shown in Figure 12d, the PCE
of QAH-passivated PSCs was increased 10–35%, primarily
due to an improved VOC, compared to the control devices.
Their theoretical and optoelectronic studies showed that the zwit-
terion structure of QAH molecules with positive and negative
electrical charges leads to more efficient defect passivation,
resulting in a reduced charge trap density and extended carrier
recombination lifetime. Similar to the bulk treatment method,
AVA molecules as efficient zwitterions have been used as a sur-
face treatment by the Park group as well.[239] They showed that
the formed ultrathin 2D perovskite passivation layer at the inter-
face of a 3D perovskite and the HTL could increase the Voc and
FF in the corresponding PSC, which is attributed to enhanced
carrier lifetimes and charge extraction by reducing the trap states.
Recently, the Huang group[240] systematically engineered various
organic molecules with different functional groups and studied
their passivating capabilities. As shown in Figure 12e, the pas-
sivation layer formed at the perovskite/ETL interface through
the surface posttreatment. The phenylalanine (PAA) molecule,
with both carboxyl and ammonium groups, passivated both cat-
ion and halide vacancy defects simultaneously, leading to a high
average VOC of 1.15 V for a perovskite film with a bandgap of
1.57 eV (Figure 11e).

Therefore, all these examples confirm that simultaneously
passivating the cation and halide vacancies is an efficient
approach for achieving high-quality perovskite films with mini-
mum defect states. Moreover, zwitterions with various functional
groups in their molecular structures are a promising candidate to
passivate both kinds of cation and anion vacancies in perovskite
films simultaneously.

6. Passivation via Insulating Materials

The defects in silicon solar cells can be passivated by depositing
an ultrathin layer of electrical insulating materials such as
silicon nitride (SiNx), silicon oxide (SiOx), or aluminum oxide
(Al2O3) on the surface of silicon films.[35,241] Considering
this, many research groups have tried to use similar passivation
strategies for perovskite films. However, this method does not
belong to any of the halide or cation vacancy passivation
categories.

Mostly, insulating materials have been used primarily for sur-
face posttreatment. However, their incorporation into perovskite
film confines charge transfer due to their insulating nature. In

this regard, Koushik et al.[242] used the atomic layer deposition
(ALD) technique for depositing an ultrathin Al2O3 layer
(�2 nm) on top of a perovskite film as a passivation layer as well
as a barrier against moisture ingress (Figure 13a). As shown in
Figure 13a, such passivated PSCs showed higher PCE and lower
J–V hysteresis than the control device, mainly due to VOC and FF
improvement from 1.03 to 1.08 V and 69% to 0.77%, respectively.
This is attributed to passivating of the trap states and suppressing
of the recombination at the perovskite/HTL interface. Moreover,
unencapsulated Al2O3-passivated PSCs showed significant long-
termmoisture stability. Insulating polymers are another group of
materials that have been reported for surface passivation. First,
the Huang group[243] investigated the passivating effect of three
solution-processed insulating polymers, including polystyrene
(PS), Teflon, and a polyvinylidene–trifluoroethylene copolymer
(PVDF–TrFE), on the charge transfer behavior at the perov-
skite/ETL (C60) interface. As schematically shown in
Figure 13b, considering the energy diagram of different layers
in the device structure, the insulating polymers act as a tunneling
junction at this interface by transporting photogenerated
electrons from the perovskite to the C60 layer and blocking
the photogenerated holes back into the perovskite layer, resulting
in spatial separation of the charge carriers and reduced charge
recombination at the interface. Furthermore, due to the super-
hydrophobic properties of this kind of polymer, the resistance
of the corresponding PSCs to water-caused damage without fur-
ther encapsulation was dramatically increased (Figure 13b). After
this report, many solution-processed insulating polymers such as
PMMA,[107,244] poly(ethylene oxide) (PEO),[115] polystyrene,[245]

and PVP[246] have been used for surface passivation of perovskite
films. However, the uncontrollable thickness and conformal
coating of these polymers onto the polycrystalline perovskite
films remain the main challenge in this regard. In response
to this challenge, very recently, Byranvand et al.[14] developed
a chemical vapor deposition (CVD) polymerization as a new
solvent-free technique for conformally depositing an ultrathin
poly(p-xylylene) (PPX) layer as an insulating polymer onto a
perovskite film. As schematically shown in Figure 13c, the
radicalized monomer was polymerized on top of the cooled
perovskite substrates in the polymerization chamber. The
PPX-passivated perovskite film with optimum thickness of
1 nm showed a longer charge carrier lifetime compared to the
nonpassivated film, confirming that trap states were suppressed
significantly (Figure 13c). As a result, the PPX-passivated PSC
showed a higher VOC of 1.11 V and FF of 79.2% compared to
the control device with a VOC of 1.08 V and FF of 78.5%,
respectively, confirming the passivated defects in the perovskite
film.

In summary, the interface of perovskite films can be passiv-
ated via insulating materials, suppressing the charge recombina-
tion and improving the stability of PSCs. These materials
primarily can be used as a nanometric thin layer for surface post-
treatment of perovskite films. In most cases, these insulating
materials act as a tunnelling junction at perovskite interfaces
with the ETL or HTL. Uncontrollable thickness and the noncon-
formal solution-processed coating are the main challenges of
this strategy, which can be solved using solid-state deposition
techniques such as ALD and CVD.
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7. Passivation via Lead Iodide (PbI2)

Lead iodide (PbI2) is the most common insulating material that
has been used in small amounts as a self-passivation agent for
reducing nonradiative recombination in perovskite films.[247–257]

However, uncontrollable inducing of PbI2 into a perovskite film
can confine the charge transfer and stability of PSCs due to its

insulating nature and its catalytic role in the perovskite degrada-
tion reaction, respectively.[258] Similar to insulating materials
(Section 6), PbI2 passivation belongs to neither the halide nor
cation vacancy passivation category.

PbI2 can induce in the surface or the bulk of perovskite films
by different approaches. For example, heating the perovskite
films can quickly decompose some parts of the perovskite and

Figure 13. a) High-angle annular dark field TEM image of the perovskite/ALD Al2O3 interface and J–V curves of the champion devices with and without
the ALD Al2O3 interfacial layer. Reproduced with permission.[242] Copyright 2017, The Royal Society of Chemistry. b) The device structure, the mechanism
of surface charge recombination blocking by the insulating layer, and pictures of the dipped PSCs with and without an insulating layer in water for 1–2min.
Reproduced with permission.[243] Copyright 2016, John Wiley and Sons. c) Schematic illustration of the CVD polymerization process, TRPL data of the
uncoated and 1 nm PPX-coated perovskite film, and schematics of the charge carrier dynamics at the surface of different perovskite films. Reproduced
with permission.[14] Copyright 2020, The Royal Society of Chemistry.
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form some excess PbI2 in the bulk, surface, or GB regions.[248,259]

In this regard, Yang and co-workers[250] demonstrated that rean-
nealing the perovskite film releases some of the volatile organic
components and forms excess PbI2 at the perovskite GBs
(Figure 14a). Their optoelectronic characterization demonstrated
that this self-induced PbI2 excess passivates the perovskite film
effectively, resulting in device performance improvement from
0.66% to 12%. This is due to reduced carrier recombination
not only in the perovskite film itself, but also at the perov-
skite/ETL or HTL interfaces due to a favorable energy band align-
ment (Figure 14a). However, because of the different evaporation
rates of the organic components during the reannealing of the
perovskite film, controlling the exact amount of excess PbI2 in
this method is challenging.[249,251] In response to this challenge,
the Hagfeldt group[260] and Seok group[252] demonstrated that by
controlling the molar ratio of PbI2 in the perovskite film pre-
cisely, nonradiative recombination and ion migration could be
suppressed.

In addition, Yan and co-workers[261] added lead thiocyanate
(Pb(SCN)2) to the perovskite precursors. This resulted in
increased grain size, crystallinity, and an excess of PbI2 at the
perovskite GBs (Figure 14b). They demonstrated that the reac-
tion of SCN� with CH3NH3

þ forms a CH3NH3–SCN adduct

in the perovskite precursor and effects HSCN and CH3NH2

gases subsequently, which leads to the mentioned positive
effects. As a result, the best PCE with negligible hysteresis
was achieved for fabricated PSCs with 5% Pb(SCN)2 due to
decreased nonradiative recombination.

However, apart from controlling the PbI2 molar ratio, the ran-
dom distribution of excess PbI2 in the perovskite film still leaves
significant room for controlling the location of PbI2 in it. Ideally,
the best place for distributing the excess PbI2 could be the perov-
skite GBs. Luo and co-workers[256] demonstrated that using an
ionic organic ligand, composed of a hydrophilic “head” and a
long-chain hydrophobic “tail,” the morphology and distribution
of PbI2 in the perovskite film can be modulated. They demon-
strated that adding a specific amount of cetyltrimethylammo-
nium bromide (CTAB) ligand to the perovskite precursor
forms vertically distributed 2D PbI2 nanosheets between the
GBs, leading to reduced nonradiative recombination and trap
densities (Figure 14c). Recently, Kim and co-workers[262] have
proved that using phenethylammonium thiocyanate (PEASCN)
as an additive in the perovskite precursor enlarges the perovskite
gains and creates only excess PbI2 at the surface of the perovskite
film, while using PEAI as a coadditive with PEASCN forms
2D-phase PbI2 vertically at the perovskite GBs (Figure 14d).

Figure 14. a) Schematic illustration of self-induced PbI2 in perovskite grains as a passivation agent and their corresponding bandgap diagrams.
Reproduced with permission.[250] Copyright 2014, American Chemical Society. b) SEM images of the perovskite film without and with 5%
Pb(SCN)2 additive. Reproduced with permission.[254] Copyright 2016, John Wiley and Sons. c) Schematic diagram of the morphology and distribution
of modulated PbI2 in the perovskite film, SEM images, and the PL and TRPL of the perovskite film without and with the CTAB additive. Reproduced with
permission.[256] Copyright 2020, John Wiley and Sons. d) Perovskite morphology with PEAI and PEASCN additives, cross-sectional SEM of 2T perovskite/
Si tandem device, and the champion J–V curve of a 2T tandem solar cell. Reproduced with permission.[247] Copyright 2020, The American Association for
the Advancement of Science.
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The highest JSC and VOC were achieved for passivated PSCs with
the pure PEASCN and the pure PEAI additives, attributed to
larger perovskite grains and passivation of GBs by vertical 2D
excess PbI2, respectively. Finally, the passivated monolithic
two-terminal perovskite/Si solar cell showed a high PCE of
26.7%, which was achieved using the mixed additives of PEAS
and PEAS (Figure 14d).

In summary, PbI2 can passivate the bulk or surface of perov-
skite films by different approaches. The formed PbI2 can
reduce the carrier recombination by providing a favorable
energy band alignment at the perovskite/ETL or HTL interfa-
ces. However, controlling the amount and location of PbI2 in
the perovskite films is very important because of its insulating
properties.

8. Impact of Defect Passivation on Perovskite
Stability

To the best of our knowledge, 1 year stability has been achieved
for PSCs under realistic operating conditions,[43] whereas com-
mercial silicon photovoltaic modules have proven to be stable for
more than 20 years.[44]

To solve the stability problem, the instability sources in PSCs
should be considered. Extrinsic and intrinsic instabilities have
been highlighted as the main reasons for the short lifetime of
PSCs.[263] Moreover, moisture, oxygen, light, and elevated tem-
perature have been introduced as the acceleration agents for
PSC degradation.[264,265] Extrinsic instability is an undeniable
challenge for all kinds of photovoltaics, which can be improved
by external device modification, i.e., encapsulation.[266,267]

However, some parts of the overall instability of PSCs are directly
related to the intrinsic stability of perovskite films.[52] Defect
states in different parts of perovskite films, i.e., the surface, grain
boundaries, and bulk, have been introduced as the main reason
for the intrinsic instability of PSCs.[268]

The moisture sensitivity of perovskite films has been well
demonstrated.[264,269] Moreover, it has also been found that
the defects in perovskite films, especially at the GBs, with a
high density of trap states, are the most vulnerable sites for
moisture-induced degradation.[270] For example, Ahn et al.[269]

demonstrated that defect states at the surface and GBs prompt
irreversible degradation of perovskite materials under moisture.

Degradation of PSCs in the presence of oxygen has also been
well demonstrated.[271,272] However, the oxygen-induced degra-
dation rate increases under illumination because the resulting
superoxide molecules (O2

�) from the reaction between oxygen
and photoexcited electrons induce degradation by forming
PbI2, I2, H2O, and CH3NH2.

[265,271] Therefore, the resulting
trapped states from defect states can accelerate the oxygen-
induced degradation of PSCs through the formation of O2

�.
It has been demonstrated that PSCs’ degradation can accelerate
under light illumination in an inert atmosphere.[273,274] Lin et al.
found that light-induced degradation is related to excess charge
carriers in perovskite interfaces. They observed that HTL- or ETL-
covered MAPbI3 films degrade faster than films covered by an
insulating layer.[274] Moreover, organic–inorganic hybrid perov-
skites have shown poor instability at elevated temperatures,
which is considered another type of intrinsic instability of
PSCs.[274] The volatile organic components in perovskite materi-
als can easily be evaporated at an elevated temperature and create
noncoordinated ions, such as halide ions, i.e., cation vacancies,
and central metal ions (M2þ), i.e., halide vacancies, increasing
the defect densities and charge recombination.[275] On the other
side, existing defects in the perovskite film increase the thermal
instability of PSCs.[276]

Therefore, reducing the trap states by defect passivation of
perovskite films enhances the stability of PSCs under moisture,
oxygen, and light and elevated temperature. As shown in
Figure 15a, both cation (A-site) and halide (X-site) vacancies
can be passivated by various molecules with Lewis base or acid
functional groups, healing of perovskite defects, and forming a

Figure 15. a) Schematic illustration of types of passivating agents used for perovskite film passivation. b) Illustration of perovskite passivated and
formation of a well-protected film against organic ligand degradation agents, i.e., moisture, oxygen, light, and temperature. Reproduced with
permission.[57] Copyright 2021, John Wiley and Sons.
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protective layer at the surface, GBs, or bulk perovskite films, as
discussed in Section 3, 4, and 5. Moreover, as discussed in
Section 6 and 7, defects in different parts of perovskite films
can be passivated using insulating materials such as polymers,
metal oxides, and lead iodide, resulting in improved PSC stability.

In summary, an effective passivation strategy can provide a
proactive condition for perovskite films to improve their stability
against degradation acceleration agents, i.e., moisture, oxygen,
light, and temperature (Figure 15b).

9. Conclusion

PSCs have shown great promise to be a part of the future pho-
tovoltaic market because of their low-temperature and low-cost
processing, as well as the potential for roll-to-roll manufacturing
on flexible substrates. Although they showed significant efficien-
cies of over 25% for the lab-scale solar cells in less than a decade
of their invention, which is impressive compared to other
well-developed photovoltaics, their efficiency is still below the
theoretical Shockley–Queisser limit of about 33% for single-
junction solar cells.

Further improvement in efficiency depends on a deeper under-
standing of the optoelectronic properties of perovskite films.
Considering the learned lessons from silicon and OPVs, surface
passivation plays a vital role in improving overall performance.
However, in PSCs, both bulk and surface passivation should
be considered due to the polycrystalline and ionic nature of perov-
skite films. Therefore, an in-depth understanding of the origin of
various defects and their passivationmechanismsmatters greatly.

Generally, misplacement or migration of the cations or halide
components during the crystallization and application of external
stresses such as an electric field, illumination, or temperature are
the primary sources of defects in the perovskite films. Following
this, we categorize the defects into two big groups of halide (e.g.,
Cl�, Br�, I�) and cation (e.g., MAþ, FAþ) vacancies. On the one
side, the halide vacancies form undercoordinated positively
charged central metals (e.g., Pb2þ and Sn2þ), inducing the
Pb0 and Sn4þ well-known recombination centers in perovskite
films. On the other side, the cation vacancies lead to negatively
charged defects such as undercoordinated halide (e.g., I�) and
Pb–I antisites (PbI3

�). In addition, we emphasize the passivation
of perovskite GBs and interfaces because they are the primary
places of ion migration, leading to common challenges in
PSCs such as current density–voltage ( J–V ) hysteresis, phase
segregation, and degradation (undermining long-term stability).

The methodology is another crucial aspect of passivation,
which classifies different perovskite film treatment approaches
with passivating agents. In all parts of this Review, the bulk
and surface treatments are investigated as the main approaches
for the passivation of different defects. In the bulk treatment, the
passivating agents are directly added to the perovskite precursor.
This method is seemingly simple. However, it cannot directly
passivate the defects on the surface of perovskite films.

On the other hand, surface passivation approaches are classi-
fied into in-film and posttreatment methods. In these methods,
the passivating agents can be added to antisolvents. For example,
it can be introduced in an intermediate step, i.e., in-film treat-
ment, or as a direct deposit on perovskite films after

crystallization, i.e., posttreatment. We emphasize that to achieve
a defect-free perovskite film, both bulk and surface passivation
methods are highly important.

Apart from the methodology, various additives based on their
functional groups are divided into Lewis bases and acids for the
passivation of cation and halide vacancies. However, because both
kinds of defects coexist in the perovskite film simultaneously, we
consider the zwitterions, with both base and acid functional
groups in their molecular structures, for passivating the negative
and positive charged ionic defects, i.e., halide and cation vacancies,
simultaneously. In addition, we also consider other passivation
methods with insulating materials or lead iodide, which do not
belong to any of the halide or cation vacancy passivation categories.

Apart from defect passivation, we describe engineering strat-
egies for the perovskite composition to strengthen interactions
between cations and halides, stabilize the perovskite structure,
and prevent defect formation.

Despite the dramatic development in a wide range of materials
and methods for passivation of perovskite films, we believe the
characterization of defects remains challenging. For example,
developing precise theoretical models and faster spectroscopic
methods to quantify the defects before and after passivation will
be very helpful in this regard.

The long-term stability and toxicity of PSCs are two significant
obstacles for the entering of this technology into the conventional
photovoltaics market. In this Review, the effects of different types
of passivation on suppressing of the perovskite degradation are
presented. We believe that intelligent defect passivation by
designing new and more efficient passivating agents and meth-
ods can significantly improve perovskite stability. On the other
hand, developing lead-free perovskite materials, e.g., tin, is a vital
direction to decrease the toxicity of PSCs. However, it will create
the new challenge of tin oxidation from Sn2þ to unfavorable Sn4þ

ions. Therefore, the passivation of tin-based perovskite films
should be considered as well. Finally, transferring the lab-scale
technology to large-scale processing in terms of perovskite crys-
tallization and passivation will be open challenges for the future
of perovskite photovoltaics.
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V. Bulović, J. Kong, Adv. Energy Mater. 2019, 9, 1803587.

[147] D. Prochowicz, R. Runjhun, M. M. Tavakoli, P. Yadav, M. Saski,
A. Q. Alanazi, D. J. Kubicki, Z. Kaszkur, S. M. Zakeeruddin,
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V. Bulović, T. Buonassisi, S. S. Shin, M. G. Bawendi, Energy Environ.
Sci. 2019, 12, 2192.

[224] Y. Bai, S. Xiao, C. Hu, T. Zhang, X. Meng, H. Lin, Y. Yang, S. Yang,
Adv. Energy Mater. 2017, 7, 1701038.

[225] M. Wei, K. Xiao, G. Walters, R. Lin, Y. Zhao, M. I. Saidaminov,
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