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Wide-bandgap (WBG) mixed-halide perovskite solar cells (PVSCs) exhibit a wide range of applicability,
such as tandem photovoltaics (PVs), underwater PVs, space PVs, and building-integrated photovoltaics
(BIPVs). However, the state-of-the-art WBG mixed-halide PVSCs still suffer from phase segregation and
large open-circuit voltage (V) loss, which significantly limit the overall power conversion efficiency of
devices. A dominant source of these limitations is the presence of defects within the mixed-halide
perovskite lattice structure and at interfaces between the perovskite and carrier transport layers (CTLs).
In response, various device engineering strategies have been implemented to passivate the defects and
improve device performance. Therefore, in this comprehensive review, different types of defects
inherent in WBG mixed-halide perovskites were firstly described, followed by their detrimental effects on
perovskite materials and corresponding device performance. Furthermore, several device engineering
strategies to passivate the defects at perovskite buried interface, perovskite bulk, and perovskite surface
had been summarized, respectively. These defect passivation schemes provided a forward-oriented
perspective on forthcoming strategies for WBG mixed-halide PVSCs. These strategies not only offered
valuable guidance for realizing enhanced efficiency but also improved the phase stability of WBG mixed-
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The advancement of human civilization heavily relies on the
utilization of energy resources." However, the conventional
use of fossil fuels is not only finite, but environmentally

Wu Xiao is a final year student at
the School of New Energy at
Nanjing University of Science and
Technology (NJUST). Currently,
she is working on a final year
project under the supervision of
Prof. Yuanhang Cheng at NJUST.
Her current research focuses on
highly efficient perovskite photo-
voltaic device fabrication and
characterization.

Xiao Wu

800 | Mater. Chem. Front., 2024, 8, 800-813

Yuanhang Cheng is a professor at
the School of New Energy of
Nanjing University of Science
and Technology (NJUST). Before
joining NJUST, he worked as a
research associate at the City
University of Hong Kong (CityU)
from 2021 to 2022. He was a
( 3 research fellow at the Solar
f NN i Energy Research Institute of
Singapore  (SERIS),  National
g University of Singapore (NUS)

from 2018 to 2021. He

completed his PhD from CityU in
October 2017 under the guidance of Prof. Stephen Sai-Wing Tsang.
His research interests include perovskite solar cells, highly efficient
perovskite/Si tandem solar cells, new photovoltaic materials with
various organic-inorganic composites, and solar-powered
photoelectrochemical applications.

Yuanhang Cheng

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024


https://orcid.org/0000-0002-3062-9593
http://crossmark.crossref.org/dialog/?doi=10.1039/d3qm00970j&domain=pdf&date_stamp=2023-11-24
https://rsc.li/frontiers-materials
https://doi.org/10.1039/d3qm00970j
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM008003

Published on 10 november 2023. Downloaded on 09.12.2025 05.16.19.

Review

Space solar cells

Perovskite

View Article Online

Materials Chemistry Frontiers

Underwater PVs

BIPVs

Fig. 1 Various applications of WBG mixed-halide PVSCs, including (a) space PVs, (b) tandem PVs, (c) underwater PVs, and (d) BIPVs. Reproduced with
permission from ref. 33. Copyright 2021, Springer Nature. Reproduced with permission from ref. 34. Copyright 2020, Elsevier.

deleterious. Therefore, in pursuit of sustainable and ecologi-
cally harmonious living, resorting to renewable energy sources,
especially solar energy, has gained paramount significance.”?
This shift has led to the prominence of solar cells, pivotal
technologies capable of converting photons into electrons
through the photovoltaic (PV) effect, heralding an era of endur-
ing and ecologically conscious progress."”” Within the PV
community, beyond the Si-based solar cells and thin-film solar
cells that have been successfully commercialized, perovskite
solar cells (PVSCs) have been unequivocally regarded as the
most promising devices throughout the past decade. This
distinction is attributed to their outstanding optoelectronic
characteristics,®™*° simple low-temperature solution process-
ing,"*™** and low-cost fabrication methods."*™®

Perovskites represent a class of materials characterized by
the ABX; crystal structure. In metal halide perovskites, the
optoelectronic materials utilized in PVSCs, the A-site can be
occupied by CH;NH;" (MA"), HC(NH,)," (FA"), or Cs", while the
B-site is typically filled with Pb>" or Sn**, and X denotes halide
anions such as 1", Br™, and Cl~."” The perovskite materials,
CH;NH;Pbl; and CH3;NH;PbBr;, were firstly introduced as
solar absorbers in dye-sensitized solar cells (DSSCs) in 2009."®
However, the liquid-based electrolytes within DSSC systems
result in their rapid degradation. The turning point came in
2012 with the introduction of solid-state hole transport layer
(HTL), facilitating the rapid and unprecedented development of
PVSCs in the last decade.' To date, the certified power conversion
efficiency (PCE) of perovskite-based single junction solar cells has
reached 26.1%,° approaching that of Si-based solar cells. This could
be attributed to outstanding optoelectronic characteristics of the
organic-inorganic metal halide perovskites, including high absorp-
tion coefficients,” long carrier diffusion lengths,® long carrier
lifetime,>® low recombination rates,** and high defect tolerance.”®
Moreover, the bandgaps of perovskites can be tuned by simply
changing the composition,”® expanding their applications wider
than any other PV technologies. Especially for organic-inorganic
mixed-halide perovskites with a bandgap greater than 1.65 eV, which
are referred to as wide-bandgap (WBG) perovskites, exhibit even
more tremendous potential in various PV applications.>’

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

As shown in Fig. 1a, the WBG perovskites can be employed
as top cells in perovskite/silicon and perovskite/perovskite
tandem PVs, which can surpass the efficiency limit of single-
junction solar cell (33%), pushing the theoretical PCE towards a
value of 46%.>%%° As materials with bandgaps over 1.8 eV hold
the potential for absorbing blue-to-yellow light, the WBG PVSCs
can also be applied to underwater PVs,* as shown in Fig. 1b.
Fig. 1c shows that WBG PVSCs can serve as important candi-
date technologies for space solar cells,** which have apparent
tolerance to high-energy proton radiation. Moreover, the color-
ful appearance and flexibility of WBG PVSCs make them
promising candidates for building-integrated photovoltaics
(BIPVs) (Fig. 1d).>> The WBG perovskites not only exhibit
excellent response to outdoor and indoor lighting but offer
additional aesthetic advantages due to their semi-transparency
and various color choices.

It has been demonstrated that the bandgap of metal halide
perovskites primarily depends on the coupling between the
B-site cation and the X-site anion.*®> Reducing the lattice size of
perovskites will increase the wavefunction overlap and thus
result in a wider bandgap. Therefore, the WBG perovskites are
generally obtained by replacing the iodine (I) ions with bromine
(Br) ions.””*® However, the state-of-the-art WBG mixed-halide
PVSCs still suffer from issues of large open-circuit voltage (Vo)
loss and phase segregation.>’*” Such issues limit the performance
and applications of WBG perovskites, and the phase segregation
caused by the migration of I and Br ions exacerbates the instability
issue under illumination, making the degradation of WBG mixed-
halide PVSCs even more rapid.>*>° A comprehensive understand-
ing of the mechanisms behind these issues remains limited;
however, the unavoidable generation of various defects during
PVSCs fabrication processes is generally considered as one of the
primary factors.>”*° On the one hand, defects act as non-radiative
recombination centers, reducing the PCE of devices.*' On the
other hand, defects act as transport channels for migration of
ions, facilitating the phase segregation and causing the degrada-
tion of PVSCs.>*

Both phase segregation and defects can contribute to instabi-
lity in WBG perovskites.”> On the one hand, the migration of
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halide anions, facilitated by structural defects within the perovs-
kite lattice, exerts a significant influence on phase segregation.
Investigations have indicated that phase segregation predomi-
nantly manifests at grain boundaries, known for their heightened
defect density compared to the grain interior.** Therefore, it is
suggested that defects are involved in initiating the phase segre-
gation process.”> On the other hand, phase segregation will
induce more defects in the perovskite lattice structure due to
the migration of the ions. The emergence of these new defects
accelerates the deterioration of device performance, thereby con-
tributing to the instability of WBG mixed-halide perovskites.*®
Nevertheless, the precise governing factor between phase segrega-
tion and defects in the context of WBG perovskite instability
remains a topic of ongoing debate in the scientific community.

Despite that the whole picture of these issues is still uncov-
ered, addressing the relevant part of defects can contribute to
overall improvement of device performance. As a result, numer-
ous defect passivation methods have been reported for
achieving high-performance WBG mixed-halide PVSCs.?’ %
Therefore, in this review, we firstly described different types
of defects in WBG mixed-halide perovskites. Then, the impact
of defects on the performances of both perovskite materials
and devices has been discussed. Subsequently, passivation
criteria along with strategies to passivate different types of
defects are summarized, respectively. Finally, a forward-
looking perspective on future passivation strategies for mixed-
halide WBG PVSCs was provided, offering valuable guidance for
the development of high-efficiency and phase-stable WBG
mixed-halide PVSCs.

2 Defects in mixed-halide perovskites

The defects, namely the incomplete ion coordination within the
perovskite materials, can form electron trap states within the
bandgap, inducing the V,. loss and correspondingly lower
PCEs.>® Defects primarily occur at perovskite interfaces and
grain boundaries.?”’*® Taking MAPbI; as an example, the com-
mon defects include vacancy defects (Vypa, Ven, and Vy), inter-
stitial defects (MA;, Pb;, and I;), and antisite defects (MApp,, MA;,
Pbya, Pby, Iya, and Ipp).*

In WBG perovskite materials, such as MAPbBr; or MAP-
bl;_,Br,, both vacancies, interstitials, and antisite defects are
also included. (1) For the vacancies, these defects occur when a
lattice site within the crystal structure is unoccupied by an atom
or ion. In WBG perovskites, vacancies can involve either the
organic cation (e.g., Vpa) or the halide anion (e.g., V). These
vacancies lead to the presence of uncoordinated lead or halo-
gen ions within the crystal lattice.®” (2) For the interstitial
defects, the interstitials refer to atoms or ions that occupy
positions between the normal lattice sites. For WBG perovs-
kites, interstitials can involve excess lead (e.g., Pb;), excess
halogen (e.g., I; or Br;), or excess organic cations (e.g., MA;)
which disrupt the regular arrangement of atoms and introduce
additional defect states.®> (3) For the antisite defects,
they specifically arise when different types of atoms or ions
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exchange positions within the crystal lattice. In WBG perovs-
kites, this can occur between the organic cations, lead cations
and halide anions, such as MA;, MAg,, Ipp, Brp, and so on.®*~6°
Antisite defects can introduce energy levels within the bandgap,
leading to trap states that degrade device performance.®®

Owing to the ionic property of perovskite materials, as
shown in Fig. 2a, defects are generally positively or negatively
charged.®” The charged defects act as “traps” that can capture
charge carriers of opposite polarity and thus induce non-
radiative recombination, causing V. loss and low PCEs in PV
devices. Normally, the formation energies of vacancy defects
are lower than those of interstitial defects, and the antisite
defects have the highest formation energy.”®****7° On the
other hand, vacancy defects generally exhibit shallow energy
levels, while most of interstitial and antisite defects are con-
sidered as deep-level defects that trigger the notorious non-
radiative recombination in solar cells.”*””* For example, Z. Ni,
et al. have elucidated that the negative (I;”) or positive (I;")
halide interstitials are the two main deep-level defects in the
pure I-based perovskites.”*

In WBG mixed-halide perovskites, such as MAPb(I; _,Br,)s, it
has been reported that phase segregation is more likely to occur
when the bromide content falls in the range of 0.2 < x < 0.8
(Fig. 2a).”” Therefore, under such conditions, both phase
segregation and defects play important roles in influencing
the stability of perovskite materials and devices. However,
under the condition with the bromide content lower than
20% or higher than 80%, the phase segregation is suppressed,
and the defects may play a dominant role in determining the
performance of perovskite devices. It is important to exclude
the impact of phase segregation to identify the nature of the
trap defects, as the phase segregation will make the defects
types and densities more dynamic and more difficult to cap-
ture. Yang et al. have measured both the trap density of states
(tDOS) and their energetic distribution in CsyFAg,MA ;-
Pb(I,_,Br,); (x < 0.2) through thermal admittance spectro-
scopy (TAS).®* As shown in Fig. 2b, the two similar trap bands
centered at ~0.12 eV and ~ 0.35 eV in Csy,FA, ;MA, -Pbl; and
Cso.1FA¢ :MA, 7Pb(Iy g5Br¢ 15)3 indicated that the Br incorpora-
tion did not introduce new types of charge traps. However, as
shown in Fig. 2¢, with the Br percentage increasing from 0 to
20%, tDOS considerably increased in the deep trap region (0.3-
0.4 eV). Through measuring the tDOS of Cs,1FAy,MA, ,Pbl;
and Cs,;FAg,MA, ;Pb(Iog5Bro15); in an I-rich environment
(Fig. 2d) and Br-rich environment (Fig. 2e), they found that
the main deep charge traps are still I interstitials, similar in the
pure I-based perovskites. To further identify whether the main
defects are negative (I;”) or positive (I;") halide interstitials, they
also found that the deep traps will move towards the poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) side, as depicted
in Fig. 2f and g, indicating they are positively charges. However,
this study did not furnish details concerning other defects
present in the WBG perovskite, and the impact of phase
segregation (when x > 0.2) on the defects formation was also
not described. Although more works on the nature and proper-
ties of defects in WBG perovskites are required to elucidate

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 2 (a) Various positively or negatively charged defects present in MAPbls and phase separation in WBG perovskites. (b) tDOS spectra of

Cso1FAp2MA 7Pbls and Csg 1FAg 2MAg 7Pb(lg g5Bro 15)3 determined from temperature dependent capacitance-frequency measurement. (c) tDOS spectra
of Cso1FA02MAg7Pb(l1_4Bry)s (x = 0, 5%, 10%, 15% and 20%) solar cells. (d) tDOS spectra of WBG devices with and without trimethylphenylammonium

bromide (TPABr). (e) tDOS spectra of Csg1FAg2MAg7Pb(lg.gsBro1s)s solar

cells with and without excess Csl. (f) Trap density of Csg1FAg2MAg7-

Pb(lp.g5Bro.15)3s perovskite solar cells before and after applying the reverse bias measured by drive-level capacitance profiling (DLCP) measurement
(DLCP). (g) The magnified plots near the Cgo/perovskite interface in (f). Reproduced with permission from ref. 64. Copyright 2022, Springer Nature.

their impacts on device performance, it is known that the
defects are traps for charge carriers and they also serve as
active sites for water and oxygen erosion, accelerating the
degradation of perovskites.””

3 Passivators for defects

Passivation refers to the process of reducing defects and
improving the surface properties of the perovskite materials,
thereby enhancing its device performances and operational
stability. Since WBG mixed-halide perovskites often suffer from
severe V,. loss and instability issue due to their high defect
densities, eliminating these defects is often of great signifi-
cance to achieve better performance of the devices.

General criteria for passivation is determined by the charged
nature of these defects. For instance, in the case of positively
charged defects caused by under-coordinated Pb*" ions, such as
vacancies, Lewis bases containing atoms capable of providing
lone pairs of electrons (e.g., O, S, N, and P) can passivate them
through coordination bonding.”>”® Alternatively, anions like
iodide, bromide, and thiocyanate can passivate these defects

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

through ionic bonding.””””® The passivation of negatively charged
defects resulting from excess electrons associated with under-
coordinated I ions or I-Pb antisite defects can be achieved using
Lewis acids capable of accepting pairs (e.g. fullerene) or structures
containing abundant highly electronegative elements like F,
which enable partial structures suitable for accepting electron
pairs.®*"® Passivation can also occur through hydrogen bonding
between iodide ions and hydrogen atoms attached to highly
electronegative elements like O or N, or through ionic bonding
with ammonium cations or metal cations.****

It is worth noting that from the aspect of passivating the
defects, there is not much difference in defect passivation
strategies between WBG and narrow-bandgap PVSCs. This is
because WBG materials, such as MAPbBr; or MAPbI;_,Br,,
exhibit a similar composition of defect chemistry compared
to their narrow-bandgap counterparts like MAPbI;, which has
been described in the previous section. These compositions
include vacancies (e.g., Vyma Or Vy), interstitials (e.g., Pb; or L),
and antisite defects (e.g., MA; or Ipp,). These defects result in
uncoordinated lead or halogen ions (such as iodine or bromine
ions) in the perovskite lattice structure and thus inducing the
degradation of WBG PVSCs.

Mater. Chem. Front., 2024, 8, 800-813 | 803
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Fig. 3 (a) Depiction of the passivator molecules for different defects in
WBG perovskites (b) three categories of passivation methods for WBG
PVSCs.

As shown in Fig. 3a, to passivate the uncoordinated lead ions
in both wide bandgap or the narrow bandgap perovskites, some
Lewis bases, alkali metal halides, crown ethers, small mole-
cules, or polymers containing carboxylic acid or phosphoric
acid groups can be used. For passivating the uncoordinated
halide ions (bromide or iodide), Lewis acids, small molecules,
or polymers containing amino or sulfonic acid groups can be
employed. Additionally, during the fabrication process, differ-
ent materials and strategies can be applied to eliminate defects
at different positions in the PVSCs. As shown in Fig. 3b, the
passivation strategies can also be divided into 3 categories,
including the buried-interface defect passivation, the bulk
defect passivation, and the surface defect passivation, which
can be classified by the deposition of perovskites. The passiva-
tion method applied prior to perovskite deposition is denoted
as “buried interface passivation”, which aims to mitigate the
defects at the interface of perovskite and CTL. The term ‘“bulk
defects passivation” refers to the concurrent execution of the
passivation method and perovskite deposition, with the objec-
tive of reducing the bulk defects within the provskite films. The
post-implementation of the passivation method is specifically
designed to minimize the perovskite surface defects, termed
“surface defects passivation”.

To efficiently passivate the defects, it is important to select
suitable strategies and corresponding passivators. For the
WBG perovskites, another tough issue is the phase segregation
of perovskites under illumination. Therefore, strategies to
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passivate defects and suppress the phase segregation at the
same time for WBG perovskites were also introduced. In this
section, we summarized the passivation methods have been
proposed by researchers for WBG PVSCs so far and divided
them into three categories, including buried interface passiva-
tion, bulk defects passivation and surface passivation. For each
category we also introduced several different passivation stra-
tegies for different defect types.

4 Device passivation engineering for
WBG PVSCs

4.1 Buried interface passivation

4.1.1 Self-assembled monolayers (SAMs) to passivate the
buried interface defects. Buried interface passivation is a
technique used to improve the performance and stability of
WBG PVSCs via addressing defects and surface recombination
at the interface between perovskite layer and deposited CTL.
This approach involves introducing passivating layers or interfacial
materials between different functional layers to inhibit non-
radiative recombination and enhance charge extraction.®*>

Self-assembled monolayers (SAMs) have been investigated as
surface passivators in PVSCs to improve the device performance
and stability, SAMs are organic molecules that can sponta-
neously arrange themselves into an ordered monolayer on the
substrate, providing a tunable interface between the perovskite
layer and the other functional layers within the device.®*®” The
ordered array of organic molecules contains an anchoring
group that can bond to the substrate and a functional head-
group.’” The headgroups often have hydrophilic functional
groups to tune their surface properties. In addition, head-
groups such as ammonium groups (-NH;) and carboxyl
(-COOH) can passivate the defects at the upper perovskite,
which will effectively enhance the PV performance of the
device.®® As depicted in Fig. 4a, SAMs play the role of linkers,
bonding the substrate and perovskite films tightly to eliminate
interfacial voids. Moreover, SAMs are cheap, dopant-free, sim-
ple to process and intrinsically scalable compared to normal
carrier transport materials (CTMs).**™*

It is worth noting that while SAMs offer promising benefits,
selecting appropriate molecules carefully, understanding their
interactions with the perovskite materials, and optimizing
their deposition techniques are crucial for achieving desired
improvements in PVSCs. For example, Albrecht et al. have
proposed new types of SAMs as the hole transport layers
(HTL) for perovskite/CIGS tandem solar cells (TSCs).”> These
new SAMs can offer a crucial advantage of conformal coverage
on the rough CIGS film surface compared to spiro-OMeTAD
and PTAA. In the work, they employed three different SAMs,
namely (2-[3,6-bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-
yllethyl)phosphonic acid (V1036), MeO-2PACz and [2-(9H-
carbazol-9-yl)ethyl]phosphonic acid (2PACz). Fig. 4b illustrates
three SAM molecules for PVSCs, among which the 2PACz
exhibited the highest efficiency of 20.9% for the Cs o5(MAo.17-
FAy 83)0.05Pb(I0.83Bro 17)3 solar cells and an efficiency of 23.26%

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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(d) Schematic diagram of spin-coating stoichiometrically mixed precursor solution on the tin dioxide substrate. Reproduced with permission from ref. 49.

Copyright 2018, Wiley-VCH.

for perovskite/CIGS TSCs.”® In addition, the methyl-substituted
carbazole monolayer named Me-4PACz ([4-(3,6-dimethyl-9H-
carbazol-9-yl)butyl]phosphonicacid) was also used as HTL, which
can allow fast hole extraction and minimize non-radiative recom-
bination. Meanwhile, the Me-4PACz substrate can especially
improve the photostability of continuous illumination.”

4.1.2 Low-dimensional perovskites to passivate buried
interfaces. Low-dimensional perovskites refer to perovskite
materials that have reduced dimensions compared to traditional
three-dimensional (3D) perovskites, which show altered crystal
structures and unique electronic properties when applied on ITOs
before generating traditional 3D perovskites.”* This passivation
technique aims to enable better growth of 3D perovskites with
fewer defects, enhancing charge transport, reducing nonradiative
recombination, and improving the efficiency and stability of the
devices.”

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

In terms of application, different strategies and materials
are adopted for corresponding substrates such as PTAA or
SnO,. As shown in Fig. 4c, Wang et al. have developed an
ingenious and effective way to achieve high-efficiency WBG
PVSCs by adopting a 2D perovskite (ODAPbI,) interlayer on
the top of PTAA.>® The long-chain ODA cation could diffuse into
the upper WBG perovskite to modulate the crystal growth and
reduce the charge trap density of the perovskite during film
processing. Simultaneously, the formation of ODA-based quasi-
2D perovskite at the hole-selective interface facilitates the
effective hole extraction to HTL. These joint effects efficiently
inhibited non-radiative recombination loss, improving the PCE
of WBG PVSCs (E, ~ 1.66 €V) to 21.05% with an impressive Vo,
of 1.23 V.

For substrate SnO,, Zhou et al. proposed a way to reduce
defects as shown in Fig. 4d.* Firstly, the stoichiometrically
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Nature.

mixed precursor solution was spin-coated on a hydrophilic
SnO, surface to get a perovskite thin film with low crystallinity
and small grain size. Then the grain crystallization and surface
chemistry were modified by selectively adding Pb(SCN),, excess
FAX, or a combination of both. The results greatly reflected the
improved crystallinity, reduced impurity, and passivated grain
boundary.

4.2 Additive engineering to passivate the perovskite bulk

Additive engineering includes incorporating passivating addi-
tives to the perovskite precursor solution, and has been widely
used to passivate bulk defects within perovskites to improve
the stability and efficiency of PVSCs. Additives can act as
surfactants or stabilizers, improving the passivation quality
and reducing bulk defects.”?® The choice of additives depends
on their compatibility with the perovskite material and their
ability to reduce trap states.”” Various additives are constantly
being discovered for corresponding defects.

Potassium (K") ion doping has been identified as an effective
approach in additive engineering. Abdi-Jalebi et al. proposed
that the K* doping in mixed perovskites can reduce non-
radiative recombination loss via passivating the grain boundary
with potassium halide layers.>* Based on their viewpoint, the K*
doping would produce KI/KBr compounds which mainly dis-
tribute at the grain boundary, thus, immobilize the halide ions
and vacancies, this can be vividly shown in Fig. 5a. In order to
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compensate for any halide vacancies, they introduced excess
iodide to the perovskite precursor solutions by using potassium
iodide. The excess halides are immobilized in the form of
benign, potassium-rich, halide-sequestering species at the
grain boundaries, filling these vacancies to passivate the non-
radiative recombination, inhibiting halide migration and sup-
pressing additional non-radiative recombination loss caused by
interstitial halides.

In addition, long chain ammonium cations were commonly
used to passivate grain boundaries of perovskite films.
Huo et al. reported a way of adding organic bromide salts with
different chain lengths involving phenylammonium bromide
(PhABr), phenmethylammonium bromide (PMABr) and phe-
nethylammonium bromide (PEABr) to the perovskite precursor
to passivate the defects in WBG PVSC (1.74 eV), as shown in
Fig. 5b.°° They found that PMABr with moderate chain lengths
achieved a PCE of 17.32% with enhanced V., performing the
best compared to those of the standard device (15.72%) and the
devices with PhABr (15.98%) or PEABr additives (16.83%).

It is widely known to use organic small molecules and
polymers with Lewis acid or basic groups to passivate defects
at grain boundaries of perovskite. Xu et al. added guanidinium
bromide (GABr) to the FAPbBr; precursor to passivate the
charged defects of the perovskite.”' It was proposed that
negatively charged (A-site vacancy) and positively charged
(uncoordinated Pb**) defects can be simultaneously passivated

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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by the ionized -NH;" group and unsaturated N atoms. As can be
seen from Fig. 5¢, the amine (and/or imine) group, namely that
of a Lewis base, anchored with the under-coordinated Pb*" by
sharing lone-pair electrons. Conversely, the ammonium cation
could passivate negatively charged defects by ionic bonding like
A-site vacancy. Thereby, incorporation of GA" simultaneously
passivates both positively and negatively charged defects of the
perovskite by multi-reactive site anchoring, transforming the
perovskite from charge-rich to charge-neutral region. Liu et al.
introduced carbazole to inhibit phase segregation and heal
deep-level charged defects of WBG perovskites.*” Generally,
the ion migration is activated by strain and starts from grain
boundaries. As shown in Fig. 5d, through hydrogen bonding
interactions with halides, the carbazole molecules can effec-
tively stabilize the film surface, inhibiting ion migration from
the surface to the bulk, thus preventing phase segregation. As a
result, the carbazole-based WBG PVSC showed a PCE of 20.2%,
giving rise to 28.2% efficiency for 2-T perovskite/silicon TSCs.

Yang et al. considered positive iodide interstitials as the
deep-level defects in the WBG perovskite that greatly limit the
PCE of PVSCs.®* Therefore, they subtly used trimethylphenyl-
ammonium tribromide (TPABr;) as a defect passivator and
incorporated TPABr; into the WBG perovskite precursor, inhi-
biting the formation of iodide interstitials. As proposed in Fig. 5e,
Br~ occupies the halide sites or fills halide vacancies, leaving two
terminal Br atoms. Due to the space limit, the formation of iodide
interstitials can be significantly suppressed.
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4.3 Perovskite surface passivation

Surface passivation is another important engineering strategy
aiming at improving the stability of perovskite materials and
the device performance.®® It is a post treatment and adopted to
modify the surface of perovskite after its generation.

The perovskite surface is treated with certain organic mole-
cules that can effectively passivate defects.””'®® These mole-
cules improve the electronic properties of the perovskite
surface by reducing trap states and minimizing non-radiative
recombination processes. As the deep-level acceptor defects are
the major causes of V,, using ammonium salts as anti-solvent
to passivate via surface gradient passivation (SGP) was proven
to be an effective way to passivate defects on the perovskite
layer. Yan et al. investigated that using a set of molecules
sharing the phenylethylamine functional groups but with stra-
tegically varying positions of the F atom including PEAI (phe-
nylethyl ammonium iodide), and ortho-, meta-, and para-FPEAI
(o/m/p-FPEAI) through SGP can greatly passivate defects on
the Csg.o5(FAo.77MAy.23)0.05Pb(1o.77Bro.23); perovskite surface as
shown in Fig. 6a.>® Wherein, p-FPEAI shows the best passiva-
tion performance due to its longer distance between the
electron-drawing group (F) and the positively charged terminal
(-NH;") which can increase the activity of ammonium ions. The
PEA" can effectively passivate Ip, antisite defects and the F
atom gives PEA" an excellent ability to passivate I, antisite
defects.
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Fig. 6 (a) Schematic diagram of the interaction between ammonium cations and the acceptor-like defects lp, and |a. Reproduced with permission from
ref. 58. Copyright 2023, Wiley-VCH. (b) Schematic detailing the 2D treatment routes for the perovskite solar cell absorber layer by surface coating.
Reproduced with permission from ref. 52. Copyright 2020, Wiley-VCH. (c) Schematic of BA modifcation on the Csg15FAg.85Pb(lg73Bro27)3 thin
film. Reproduced with permission from ref. 48. Copyright 2017, Wiley-VCH. (d) Schematic illustration of the device structure with PEABr-
treatment. Reproduced with permission from ref. 55. Copyright 2022, Wiley-VCH. (e) Schematic illustration of the mechanism for performance
enhancement in device with crystalline fullerene derivatives. Reproduced with permission from ref. 57. Copyright 2018, ACS Appl. (f) Schematic of PEAI
and GRBP post treated perovskite films. Reproduced with permission from ref. 50. Copyright 2022, Wiley-VCH.
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It is widely used to construct interfacial 2D/3D heterostruc-
tures by alkylamines to passivate defects, block ion migration,
and suppress phase segregation of PVSCs. After coating differ-
ent aliphatic alkylammonium bulky cations on the surface of
the 3D perovskite, Duong et al. identified that a Ruddlesden-
Popper quasi-2D perovskite phase can be formed on the surface
of the 3D perovskite and effectively passivate surface defects.>>
As shown in Fig. 6b, they took the quadruple-cation mixed-
halide perovskite Rbg ¢5CSg.005MAg 1425FA¢.7125PbL,Br with a
bandgap of 1.72 eV as the 3D perovskite and firstly spin the
3D perovskite film on a substrate based on a standard proce-
dure, the substrate was subsequently annealed on a hot plate
at 100 °C for 30 min. Then the 2D perovskite precursor
(n-butylammonium bromide (n-BABr), iso-BABr, or t-BABr dis-
solved in 2-propanol with different concentrations) was spun
on the 3D perovskite film, followed by annealing at 100 °C for
5 min. It is confirmed that the device performance has been
greatly enhanced after that as the surface defects have been
well modified. Zhou et al. introduced benzylamine (BA) post
treatment for the 1.72 eV bandgap Cs,15FA¢.s5Pb(1o.73Br0.27)3
perovskite via forming a 2D BA,Pbl, phase as illustrated in
Fig. 6¢.*® They have proven that constructing a 2D phase after
perovskite formation can effectively passivate defective regions
and prevent decomposition or phase segregation. In addition,
the formation of 2D BA,Pbl, produced an energy cascade with
the underneath 3D perovskite, which facilitated hole extraction
and simultaneously blocked electron transportation. Conse-
quently, the stability and efficiency of the PVSCs were signifi-
cantly enhanced after BA modification.

Certain chemical treatments can be applied to the perovs-
kite surface to passivate defects and reduce surface energy
levels. For example, treatment with Lewis bases or halide salts
can lead to the formation of a self-passivating layer on the
perovskite surface, thereby improving the device performance
and optimizing the surface electric field. As mentioned pre-
viously, surface post treatment using ammonium halides can
effectively inhibit V,,. deficit in WBG PVSCs. He et al. indicated
a phenethylammonium bromide (PEABr) post-treatment strategy
to precisely tailor the phase purity of 2D perovskites on the WBG
perovskite at different annealing temperatures.> As represented in
Fig. 6d, after PEABr post-treatment, a pure 2D perovskite phase
formed at 60 °C on the top of a 1.77 eV WBG perovskite.
Consequently, this self-passivating layer significantly suppressed
the defects on the surface, giving the 1.77 eV WBG PVSC a V. of
1.284 V, which is the lowest V. deficit (0.486 V) among WBG
PVSCs whose bandgaps were higher than 1.75 eV.

Another method focuses on modifying the interface between
the perovskite layer and the CTL. This can be achieved by using
suitable interfacial materials that enhance charge extraction
and reduce surface recombination. Khadka et al. synthesized
long alkyl chain-substituted fullerene derivatives as the elec-
tron transport layer (ETL).57 Compared to amorphous PCs;BM,
the Cgo-fused N-methylpyrrolidine-meta-dodecyl  phenyl
(C6oMC;,) showed high crystallinity, which contribute to lower
perovskite/ETL interfacial defects.”” The schematic diagrams
explained the optimization mechanism. It is supposed that the
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surface molecules are randomly oriented in the amorphous
PCBM film shown in Fig. 6e(i), while the crystalline CMC
film forms well-ordered CMC molecules with a periodic bilayer
structure with interlaced dodecyl chains as shown in Fig. 6e(ii).
The CMC thin film with a bilayer crystalline structure generates
an advantageous perovskite/ETL interface layer, effectively sup-
pressing the traps at the interface. As represented in Fig. 6e(iii),
the device with amorphous PCBM builds up more detrimental
charges at the PCBM/perovskite interface, causing higher defect
densities in the perovskite film. Moreover, the defect distribu-
tion may also diffuse into the perovskite layer. In contrast, the
defects in the perovskite film of the device with the high
crystallinity CMC film were effectively passivated (Fig. 6e(iiii)).

In addition, Liu et al. proposed a grain regrowth and bifacial
passivation (GRBP) strategy to inhibit defects at both grain
boundaries and perovskite/CTL interfaces simultaneously as
shown in Fig. 6f.°° A mixture of methylammonium thiocyanate
(MASCN) and phenethylammonium iodide (PEAI) was used
to conduct a post treatment of perovskite films. The MASCN
induces the regrowth of perovskite grains and can simulta-
neously facilitate the penetration of PEAI into the buried interface.
Therefore, the bulk and interface non-radiative recombination
losses are decreased, and the open circuit voltage of the device is
substantially improved. Consequently, PCEs of 21.9% and 19.9%
for the 1.65 eV bandgap opaque and semitransparent PVSCs are
obtained.

Efficient defect passivation in WBG PVSCs is a vibrant
research area. Researchers are continually exploring new mate-
rials, surface modification techniques, and interfacial engineer-
ing strategies to reduce trap densities, enhance charge carrier
lifetimes, and improve the overall stability and efficiency of
these devices.

5 Conclusion and outlook

Over the past decade, PVSCs have experienced rapid and
unparalleled progress. As the bandgap can be easily tuned by
composition engineering, the WBG mixed-halide PVSCs have
been developed in various PV applications. Among them, the
perovskite/Si or perovskite/perovskite tandem solar cells which
use WBG PVSCs as the top cells to enhance total efficiency are
regarded as one of the most promising PV technologies in the
future. However, the WBG PVSCs suffer from large V,,. deficits
and instability issues and the underlying mechanisms are still
unknown. Nevertheless, it is undisputed that one of the pri-
mary contributors to these issues is the inevitable occurrence of
various defects during the perovskite preparation processes.
These defects not only act as centers for non-radiative charge
carrier recombination and vacancies for ion migration, but also
serve as active sites for degradation caused by water and oxygen
exposure. Generally, the defects can be classified as positively
charged and negatively charged, as the two can be passivated by
Lewis bases and Lewis acids, respectively. Furthermore, the
defects can be classified by the position of the device, namely
the buried-interface defects, the bulk defects, and the surface

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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defects. To date, massive passivation strategies for these three
defects have been introduced and relative devices also exhib-
ited high performances.

For future defect passivation strategies, we provide our
perspectives as shown in Fig. 7. For the WBG perovskite buried
interface passivation, we believe that using SAMs is one of the
most promising methods in the future. Compared to the
passivation interlayer engineering between the CTL and the
perovskite layer, the SAM molecules can be designed for highly
efficient hole or electron extraction, which is beneficial for
device performance. On the other hand, the SAM molecules
can be designed with certain headgroups, such as ammonium
groups (-NH,) and carboxyl (-COOH) groups which can interact
with undercoordinated Pb** and thus passivate the defects at
the buried interface of the perovskite film. Therefore, material
scientists should move forward to design and synthesize novel
SAM molecules for perovskites to improve the efficiency and
stability of WBG PVSCs in the future.

For the WBG perovskite bulk defects engineering, we recom-
mend using polymer passivators with certain functional
groups. As the WBG perovskites tend to exhibit phase segrega-
tion under light illumination due to the ion migration and
remixing of the halide ions, it is helpful to find materials that
not only passivate defects, but also suppress ion migration in
the perovskite bulk. Using polymer additives in perovskite
precursors shows potential to solve the above-mentioned issue
of WBG perovskites. The polymer can be designed with multi-
ple chemical anchoring sites for perovskite defect passivation.
On the other hand, polymer additives are generally distributed
at the grain boundaries of perovskites. Such network distribu-
tion will be a robust shield for ion migration from one grain to
another. Therefore, polymer additives have great potential to
passivate the defects and suppress phase segregation at the
same time. Investigations of the perovskite precursor chemistry

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

and interaction between perovskite and polymer additives are
required to achieve high-efficiency and stable WBG PVSCs.

For defects passivation at the WBG perovskite top surfaces,
there are three main methods including surface treatment
engineering, CTL engineering, and perovskite structure engi-
neering. For the perovskite surface treatment, novel materials
are needed to have a strong passivation effect and at the same
time it should be ultrathin to have a negligible effect on the
charge transport. For CTL engineering, we believe new polymer-
based CTLs with certain functional groups are needed to
passivate the surface defects. For perovskite structure engineer-
ing, forming a thin low-dimensional perovskite layer on the top
is a promising strategy to reduce the defects at the surface and
improve the stability of the perovskites.

Finally, we believe that upscaling defect passivation engi-
neering is a key step to push the commercialization of PVSCs.
The current defect passivators and the passivation methods are
not suitable for large-sale device fabrication. New low-cost
functional materials as defect passivators are urgently required.
Then how to prepare the passivation layer at the buried
interface and perovskite top surface on a large-scale is a
tricky problem, which requires more contributions from the
PV community.

In conclusion, efficient defect passivation in WBG mixed-
halide PVSCs remains an active area of research. Many novel
materials, surface modification techniques, and interface engi-
neering strategies have been introduced to reduce trap density,
improve carrier lifetime, and enhance overall stability and
efficiency of the corresponding PV devices. However, there is
still a necessity to uncover the nature of the defects in WBG
PVSCs. Disclosing the photophysical and chemical properties
of the complicated defects is also important to develop novel
materials and methods that can passivate the defects. More-
over, strategies to passivate the defects in perovskite bulk and
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the

interface between the perovskite and the CTLs are still

needed to enhance the performance of devices and inhibit
phase segregation of the mixed halide perovskites. In addition,
developing low-cost passivator materials and exploring defect
passivation engineering for upscaling processing is of great
importance for future commercialization of WBG mixed-
halide PVSCs.
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