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Perovskite solar cells have attracted tremendous attention due to their rapid increase in efficiency and
convenience of preparation. Among them, wide bandgap (WB) perovskites show advantages for tandem solar
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cell development and have become the most promising candidate for commercialization. However, stability
issues crucially restrict the further development of WB perovskites. Due to their ionic nature, WB perovskites
suffer severe photo-induced segregation and degradation under illumination. Therefore, in view of the above

problems, we summarize the reasons for the instability of WB perovskites and discuss strategies for stability
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1 Introduction

In the past decade, perovskite solar cells (PSCs), as a promising
photovoltaic (PV) technology, have attracted tremendous atten-
tion due to their excellent power conversion efficiency (PCE)
which has reached 25.7%" close to the theoretical limit of
single-junction devices.” With a tunable band structure and a
simple preparation process,* wide-bandgap (WB) perovskite
materials (>1.65 eV) have been considered promising front cell
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improvement. Finally, we provide prospects for the future development of WB perovskites.

candidates for tandem solar cell’ development to exceed the
theoretical limit.*”

Perovskites have an ABX; structure, where A represents an
organic (or inorganic) cation (such as Cs", FA*, and MA"), Bis a
divalent metal cation (typically Sn*>" and Pb*") and X is a halide
anion.® The bandgap of perovskite materials can be tuned
easily by controlling the cation ratio at the A site’ and/or the
halide ratio at the X site."’ For MAPD (I, Br; _,); perovskites (0 <
y < 1), their bandgap can be tuned from 1.58 eV to 2.38 eV as
the ratio of iodide goes down.'"'> However, problems such as
local aggregation of halide ions and structural instability
caused by ion migration may arise during film fabrication
and device operation, which makes it difficult to maintain a
high-quality and -stability photovoltaic device.® With the increase
of bromide, perovskite films with segregated bromide-rich and
iodide-rich phases were obtained instead of a homogeneous film.?
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Fig. 1 Schematic illustration of the stability issues and strategies of WB
perovskites.

In addition, phase segregation leads to the generation of a
photoinduced trap, resulting in the loss of the open circuit voltage
in the corresponding photovoltaic devices."

In this review, we discuss the origin of phase segregation in
WB perovskites, summarize the strategies for fabricating high
quality films and inhibiting phase segregation, and propose the
future development of WB perovskites (Fig. 1).

2 Properties of WB perovskites

The band gap of perovskites can be gradually tuned by repla-
cing ions at the A, B, and/or X sites'*"* (Fig. 2(a)). However, the
change in ion ratios could also lead to variations in the Gold-
schmidt factor, which results in differences in the thermo-
dynamical structure preference."®
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2.1 Structural properties of WB perovskites

Recently, mixed halide perovskites have been tremendously inves-
tigated for WB perovskite applications.” By tuning the y value
(from 0 to 1) in APb(I;_,Br,);, the band gap of FAPb(I,_,Br,); can
be adjusted from 1.48 to 2.28 eV,'® and 1.58 to 2.38 eV for
MAPb(I,_,Br,);,"" and 1.80 to 2.35 eV for CsPb(I,_,Br,);."" The
band gap differences were initiated by a physical change in
the Pb—X bond distance dictated by the ionic radius of halide
anions.” Increasing the ratio of Br will lead to a decrease in the
average bond distance of Pb-X,'° resulting in lattice contraction
and the increase of the corresponding band gap. Thus, in addition
to band gap adjustment, the change in the anion ratio also affects
the structural and electronic properties of perovskites.

The adjustment of the ion ratio in WB perovskites leads to
structural distortion. For MAPbX;, the pure triiodide composition
has a distorted three-dimensional structure of the tetragonal
I4/mem space group, which differs from the cubic perovskite
structure phase of the Pm3m space group in pure tribromide
perovskite at room temperature (Fig. 2(b)).>' The structure of
perovskite begins to change as the ratio of bromide increases,
in which the tetragonal phase is maintained until the ratio of Br
reaches 0.13, and then it transits to a cubic phase when the
ratio of Br reaches 0.2. The lattice spacing further decreases for
the gradual substitution of larger I atoms with smaller Br
atoms.>” The Goldschmidt tolerance factor (¢) is an empirical
index for predicting the thermodynamically favorable structure
of the perovskite material.**** The Goldschmidt tolerance
factor (¢) can be calculated using the following expression:

RA + RX
V2(Rg + Rx)

where R,, Ry, and Ry are the radius of the A site cation, B site
cation, and X site anion, respectively. An orthorhombic, cubic,
and hexagonal structure will form when ¢ < 0.8, 0.8 < t < 1,
and t > 1, respectively.”® By tuning the effective tolerance
factor, Noh et al. demonstrated that the stable structure can be
obtained by adjusting the ratio of I to Br.”*> Similarly, by adjust-
ing the proportion of Cs" and FA" to achieve the regulation of
tolerance factors, Li et al. improved the stability of the photo-
active a-phase of FA,_,Cs,Pbl;.'® The structure of the perovskite
without Cs showed a large tolerance factor of 0.99, suggesting
that it is stabilized in the hexagonal structure. In contrast, for the
pure Cs perovskite, its small tolerance factor indicated that the
orthorhombic phase was the most stable. With the increase of
the Cs ratio, the formation-energy difference of the hexagonal
and orthorhombic structure to cubic phase changes. When the
ratio of Cs increased to 30%, the energy gap between §-phases
and o-phase reached a minimum value of 0.09 eV (Fig. 2(c)),
indicating the enhanced stability of the a-phase. Although the
FA/Cs perovskite slightly deviates from the WB perovskite, it
provides a reference for the use of the factor.

Hence, adjusting the ratio of anions and cations can not only
manipulate the band gap but also lead to structural distortion.
The Goldschmidt tolerance factor (¢) is a useful parameter to
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Fig. 2 (a) Schematic illustration of an ABXz perovskite and typical elements occupying the different positions in the structure.® (b) Distorted tetragonal
perovskite structure of MAPDbI3 at room temperature and the cubic perovskite structure of MAPbBrs at room temperature. Red: polyhederon (PbXs)™;
green: (MA*).2%(c) Energy difference between the a-phase and different 8-phases of FA;_,Cs,Pbls alloys with different Cs ratios.?®

predict structural changes and to guide the fabrication of stable
perovskites.'®*°

2.2 Film inhomogeneity in WB perovskites

In addition to the structural change, the film inhomogeneity
of wide-bandgap perovskites is also a crucial issue for film
production during composition modification, having a great
impact on film stability.?”

Adjusting the ratio of anions or cations is considered a simple
method to modulate the band gap.>”> However, the composi-
tional inhomogeneity has become a problem for the device
performance.?® Sadhanala et al. demonstrated that when the
ratio of bromine (Br) increased to 20%, the presence of sub-
bandgap states could be observed in the fresh MAPb(I;_,Br,);
(0 <y < 1) films, which was interpreted as the initial formation
of two phases (Fig. 3(a)).®> The existence of a mixed phase will
affect the carrier transfer with a decreased carrier lifetime. In
MAPb(I, _,Br,); films, as shown in Fig. 3(a), the photolumines-
cence (PL) peak position shifted from 2.23 to 1.57 eV during the
change of the iodide ratio from 0 to 100%. However, when the

1898 | Mater. Chem. Front., 2023, 7,1896-1911

iodide content increases to 0.4, shoulder peaks could be observed
on the spectra, indicating the formation of a new photoactive
phase and the coexistence of various phases. Besides, perovskites
with this composition are prone to photoinduced phase segrega-
tion under light irradiation (Fig. 3(b)).?

Similarly, the problem of initial inhomogeneity and phase
segregation also exists in WB perovskites with mixed cations.>
In mixed cation perovskites, compared to inorganic cations,
organic molecules usually alter the dielectric environment and
shield electrons and holes due to their permanent molecular
dipoles.*® Besides, the addition of Cs* can assist the crystal-
lization of the black phase of mixed Cs,FA(;_,)Pbl; perovskites
and fine-tune the Goldschmidt tolerance factor to enhance the
structural stability.’*> However, phase segregation occurs in
WB perovskite films when the Cs content is too high, due to the
large size mismatch between Cs (1.81 A) and FA (2.79 A)/MA
(2.70 A),*® putting the system in a high energy state and
increasing the entropy preference for phase segregation. The
introduction of inorganic cations can also result in the existence
of incomplete hydrogen bonds (formed between organic cations,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 3 (a) Photothermal deflection spectroscopy (PDS) measurements for 1:1 molar methylammonium lead—halide thin films with different iodide—
bromide ratios.® (b) Plot of normalized PL intensity versus time for same films.* (c) XRD diffractograms of MAPb(lo ¢Bro 4)3 films annealed at different
temperatures for 90 mins.*® (d) Time-resolution photoluminescence (TRPL) decay of MAPb(l¢Bro.4)s films annealed at different temperatures for

90 minutes.*®

like MA" and FA", and halides), leaving active sites that can react
or coordinate with water and other polar molecules. Uncoordi-
nated reactive sites in non-uniform perovskite films** can cause
nonradiative recombination of the carriers, reducing their life-
time and leading to the efficiency loss of the perovskite device.’
Furthermore, in the Cs,(MA 17FAg s3)1—xPb (Io.s3Br0.17); system,
deviation from the optimal Cs content ratio can result in a loss of
up to 50 mV in V,,, mainly due to the existence of recombination
centers caused by the CsPbl; phases or 6H polytype of the
perovskite in the film.>®> Moving away from the optimal WB
perovskite ratio can also lead to an increase in impurities and a
decrease in Js. and FF.'®

The film growth is not only determined by the composition,
but also is influenced by fabrication conditions and solvents
in the precursor solution.>®*” Jaysankar et al. investigated the
crystallization dynamics in a WB MAPbI, ¢Br, 4 perovskite film.*®
They found that when the annealing temperature was below
100 °C or the annealing time was less than 30 mins, the precursor
solution was unable to convert into a perovskite film completely,
resulting in the existence of non-photoactive areas. However,
extending the annealing temperature to 120 °C and the annealing
time to 150 mins caused the film to degrade®® (Fig. 3(c)). These
regions could serve as sites for the non-radiative recombination of
charge carriers, leading to a decrease in the charge carrier lifetime
and the overall performance of the device. Moreover, inadequate
annealing temperature and duration resulted in the reduced
carrier lifetime and inferior film quality (Fig. 3(d)). For example,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

the open circuit voltage at an annealing temperature of 110 °C was
0.3 V higher than that at 90 °C under the same annealing
duration, due to the production of large grains with a uniform size
distribution, which improves the current collection capability.>® In
addition, the interaction between the composition and solvent
species in the WB perovskite precursor solution also results in
the generation of by-products.”*** In MAPb(I; _,Br,); (0 < y < 1),
the rapid reaction between Pbl, and MAI leads to the rapid
formation of perovskites, shortening the time for the film to reach
homogenization and preventing the formation of a highly uniform
and dense surface.”’ The inhomogeneity of the film is a major
problem that leads to efficiency decay and instability in WB
perovskites and the corresponding devices. However, in addition
to the issues that arise during the preparation process, the degra-
dation of films under operation conditions is also a challenge for
their future applications.**

3 Stability of WB perovskites under
operation conditions

The stability of WB perovskites under operation conditions is
the biggest challenge for their commercialization.**** Although
many groups are devoted to improving the PCE of WB perovs-
kites, stability is still the biggest obstacle (Table 1). The
instability of wide-bandgap perovskites can be mainly divided
into two categories: light-induced short-term phase segregation

Mater. Chem. Front., 2023, 7,1896-1911 | 1899


https://doi.org/10.1039/d2qm01341j

Published on 21 Februari 2023. Downloaded on 16/03/2026 2:44:20 PTG.

View Article Online

Materials Chemistry Frontiers Review
Table 1 Device performance and stability of wide bandgap perovskites

Materials Ey (eV) Voe (V) PCE (%) Test conditions Stability Year
Cs.1FA¢ ,MA, ,Pb(I; _,Br,) 1.65 1.25 21.90 1 sun illumination; in air 550 h, 93% 2022°
CsPbI,Br 1.91 1.27 16.25 RH < 20%; in air 60 d, 92% 2022%°
C80.,FAg.sPb(I ;Bro 5)3 1.74 1.21 17.94 RT; in N, 90 d, 87% 2021%7
Cso.3DMA, ,MA, sPbI; 1.68 1.21 20.18 RT; maximum power point (MPP) 1000 h, 99% 20228
CsFAMAPDIBr 1.63 1.13 20.35 RT; RH = 20%; in air 672 h, 86% 20213
FA.5CS0.,Pb(Iy 5Bro 3)3 1.70 1.19 18.30 AM 1.5G, 100 mW cm % in N, 400 h, 98% 2020°*
FA¢.65MA¢ 20CS0.15Pb(Ip.sBT0.2)3 1.67 1.20 20.64 In the dark; RH = 50-60%j in air 25 d, 90% 2022%°
Cso.15FA0.85Pb(Ip 3Bro 7)3 2.00 1.21 11.50 2017°°
FAp.6sMAy 50CS0.15Pb(I sBro 2) 1.68 1.17 19.80 Stable power output (SPO) measurement 4000 h, 96% 2019°7
FAy.65MAg 20CS0.15Pb(I5.5Bro.») 1.75 1.18 16.80 MPP 14 d, 90% 2021°%
Cs0.2FA gPbI, 4Bro ¢ 1.67 1.17 19.80 30 + 5 °C; RH = 30 + 5%; in the dark 1000 h, 81% 2022°°
CS0.17FA¢ g3PbI;_,Br, 1.70 1.08 16.40 In air 3500 h,80% 2021°°
CS0.05(FA0.77MAg 23)0.0sPb(Io.77BT023)  1.68 1.24 21.64 30 °C; MPP 70 h, 100% 2023°%*
Cso.2FA sPbLBr 1.75 1.21 20.20 20-25 °C in the dark RH = 20-30% 1000 h, 100% 202252

and long-term photothermal decomposition. However, light-
induced phase segregation is the most common phenomenon
of WB perovskites under illumination. The I-rich and Br-rich
regions formed under operation conditions act as trap sites,
reducing the charge mobility, shortening the carrier lifetime,
and ultimately affecting the device performance.*® In addition,
WB perovskite materials are also prone to degradation under
other external stimuli such as oxygen, humidity and heat.***’

3.1 Photoinduced phase segregation

WB perovskites with an easily tunable bandgap are suitable for
both single-junction solar cells and tandem solar cells.*® However,
compared with the band gap change caused by the tuning of the
cation to anion ratio, V. promotion is quite limited.** Previous
studies also demonstrated a decrease in V, during the increase of
the band gap.'®*° Hoke et al.>® investigated the reason for V.
decrease, which originated from photoinduced phase segregation.
In MAPb(I,_,Bry); (0 < y < 1) perovskites, an additional peak at
1.68 eV was observed in the photoluminescence (PL) spectra,
indicating the existence of phase segregation (Fig. 4(a)). Moreover,
after illumination, the XRD patterns of (MA)Pb(Br, ¢l 4)s at 29.4°
split into two peaks of 29.6° and 28.6°, which belonged to
(MA)PDb(Br, ;1y3); and (MA)Pb(Br, 1y s)s, respectively. Besides the
polycrystalline film, phase segregation was also found in single
crystals, implying that photoinduced phase segregation is an
intrinsic property of WB perovskites.”® Interestingly, photoin-
duced phase segregation is reversible and can be healed after
several minutes in the dark. It can be observed in both mixed-
anion and mixed-cation WB perovskites.’>

As an ionic crystal, the photoinduced phase segregation of
WB perovskites is the collective result of ion migration.® It is
essential to understand the mechanism of phase segregation,
the driving force of phase segregation, and the migration path
and mechanism of segregation recovery. Ginsberg and co-
workers proposed the polaron model of phase segregation to
explain the original driving force of phase segregation.®® Under
illumination, free charges were formed as weakly bound electron—-
hole pairs which could rapidly dissociate, leading to the distortion
of surrounding lattices through electron-phonon coupling. Then,
excess free electrons interact with the distortion field to form
dipoles leading to iodine-rich domains, and the size is limited by

1900 | Mater. Chem. Front., 2023, 7,1896-1911

the deformation region of the polaron and cluster number by the
total number of photogenerated charges (Fig. 4(c)). This model
explained the initial dynamics of photoinduced phase segrega-
tion. Draguta et al. comprehensively explained the role of polarons
in the whole process of photoinduced phase segregation.®®
According to the kinetic model shown in Fig. 4(b), the interaction
between light and perovskites takes place in three paths: the first
path is the light-excited perovskite material luminescence process,
the second path shows the process of light-excited halogen anion
rearrangement, and the last path indicates the interaction of
photo-generated carriers with iodine-rich regions after diffusion.
The last path is the process by which iodine clusters are created
and gradually grow.

In addition to polycrystal films, photoinduced phase separa-
tion also exists in single nanocrystal (NC) WB perovskites.*®¢”
The surface and grain boundary act as traps for photoinduced
carriers, resulting in the presence of local electric fields in
bulk perovskite films,°® which also play an important role in
the photoinduced phase segregation of WB perovskite single
crystals. When photogenerated electron-hole pairs are present,
the surface of a single crystal can capture one of them, leading
to the formation of a local electric field on the surface, which
becomes the initial site for phase segregation.®® The electric
fields generated by these carriers trapped on the crystal surface can
further distort the lattice and generate local strain. Eventually, the
iodide bonds break under the strain on the crystal lattice, leading
to iodide migration. Interestingly, the reversal of phase segregation
in the dark disappears in isolated single NCs, revealing that the
existence of nearby NCs is essential for reversal to occur.”®

Although studies have been conducted to investigate the
formation mechanism of photoinduced phase segregation,
little attention has been paid to the reversal process. In fact,
the reversal of phase segregation is possible not only in the
dark state, but also under light conditions.”” Mao et al
achieved the regulation of phase segregation and reversal by
adjusting the light intensity (Fig. 4(d)). In their proposed
theoretical model, three forces determine the phase segregation
and reversal process. Firstly, the generation of a strain field caused
by the interaction between photogenerated carriers and halide
ions acts as the driving force for the migration of iodide ions. Due
to the bandgap funneling effect, the iodide ion clusters attract

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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during halide phase segregation.®® (c) Photo-induced polaron trapping and associated energy scales associated with the phase.®* (d) Photoinduced

halide-ion segregation (PHS) and mixing (PHM) within a MAPb(Brg glg 2)3.”°

carriers, resulting in cluster growth. Finally, under the action of
high-intensity light, a large number of dipoles overlap, the driving
force of the initial phase segregation disappears, and the concen-
tration gradient starts to drive the phase segregation to recovery.
Seog et al.”* studied the phase segregation in halide-deficient and
halide-rich perovskite films to illustrate the role of halides and
their vacancies in the phase segregation and recovery process.
When the halide is excessive, the speed of phase segregation is
accelerated, but the final degree of phase segregation is relatively
low. This is mainly due to the sufficient supply of halide ions
leading to a reduction in the effective movement distance of the
halide ions, but the interaction between Br and Pb hinders the
further formation of phase segregation.

3.2 WB perovskite device performance under operation
conditions

Much work has been done on the mechanism study of
phase segregation, and its influence on WB perovskite device
performance under operation conditions is also investigated.
The presence of iodine-rich or bromine-rich regions due to
photoinduced phase segregation dramatically affects the
absorption and emission properties of WB perovskites.®>”>”?
Although the time of phase segregation is very short, the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

experimental results showed that the process was time dependent,
and exhibits significant changes in absorption and emission
behavior* Fig. 3(a) shows the variation of photoinduced phase
segregation with time, and an emission peak appeared at ~ 550 nm
(~2.25 eV) and slowly redshifts to ~710 nm (~1.75 eV) over the
first 60 s under a pulsed laser with a low excitation intensity
(10 W ecm ™), which greatly affected the light absorption of WB
perovskites.”®

As a result, photoinduced phase segregation leads to perfor-
mance decay in the corresponding devices.”* Samu et al. studied
the impact of phase segregation on device performance. They
demonstrated that the V. of the device decreased from 1.04 V
to 0.91 V due to photoinduced phase segregation.”> Besides,
Li et al. observed a strong hysteresis with a hysteresis index of
47% in halogen hybrid perovskites, which was attributed to the
work function change caused by ion accumulation between
the perovskite layer and the transport layer.”® Hu et al. further
confirmed the effect of ion migration caused by photoinduced
phase segregation at the interface.”” The photovoltage changes
with illumination, which originated from the redistribution of
carriers at the interface caused by phase segregation, leading to
energy band bending at the interface and the increase of the
electron Fermi level, and finally an additional electrostatic

Mater. Chem. Front., 2023, 7,1896-1911 | 1901
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potential is generated. Recently, the impacts of phase segrega-
tion on device performance have been widely studied; however,
there is still no consensus and the results are even controversial
in some studies.'"”®

Further prolonging the operation period, when the device
was aged under continuous long-term illumination, irreversible
photodegradation would take place. During this photodegrada-
tion process, an increase of the Pbl, content was observed,
which leads to device performance decay.®! In the irreversible
process, the perovskite decomposed into Pbl,, and at the same
time, with the device configuration containing the TiO, elec-
tron transporting layer, deep trapping at oxygen vacancies on
TiO, would strongly enhance the recombination, thus decreas-
ing the performance of PSCs.*” In addition, Norbert et al.
proved that in the presence of light or ultraviolet light for a
long time, CH;NH;" (MA") can be further decomposed into
CH;3NH, and H, (Fig. 5(a)).”® Several studies have demonstrated
that photodegradation behavior is spectrum dependent, and
ultraviolet (UV) radiation is the most damaging form of light.**
Vlad et al. studied the relationship between the wavelength of
light and film decomposition, they analyzed the j-V character-
istics of PSCs at three different wavelengths of light, namely
blue (470 nm), red (630 nm), and near infrared (NIR, 860 nm).
They found that exposure to blue and red light sources leads to
the formation of Pbl,, and the former case caused heavier
damage.®" And the light with an energy-rich dose is responsible

(a)

\ ¢ A
' (N “ .
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for the formation of trap states, which accelerates the decom-
position of the perovskite.®

3.3 Other factors affecting the stability of WB perovskites

During commercial and industry utilization, perovskite materials
also suffered damage from other stimuli, such as moisture,
oxygen, and thermalization, which could lead to irreversible
material degradation.®**>% yang et al. studied the degradation
mechanism of perovskites at high temperatures.®” As the effect of
light illumination, the photothermal phenomenon increases the
temperature inside the perovskite films, resulting in a decrease in
the light absorption rate and carrier transport capacity. Internal
heat build-up leads to a decline in the EQE value (Fig. 5(b)) and
performance decay in the corresponding device. The PCE, V., and
Jse dropped by 44.2%, 22.3%, and 17%, respectively. In this
process, WB perovskites will decompose layer by layer from the
defect enrichment region, accompanied by lattice transition from
the tetragonal phase to the Pbl, trigonal phase (Fig. 5(c)).*°
Humidity and oxygen also greatly affect the stability of wide-gap
perovskites,®® especially in the presence of MA®. Due to the
instability of MA" itself, it would easily combine with water to
form the monohydrate CH;NH;PbI;-H,O and the dihydrate
(CH3NH;3),Pbls-2H,0, which accelerated the invasion of water
and oxygen, leading to the fast degradation.®

From this point of view, the interaction between light and
WB perovskites is complicated, and both photoinduced phase
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Fig. 5 (a) Schematic depiction of the dissociation mechanism of CHsNH3z™ due to the capture of a photogenerated electron.”® (b) EQE spectra of the
devices employing perovskite layers annealed for different durations.®° (c) Schematic illustration of the proposed layer-by-layer degradation of the triple

cation perovskite under 85 °C annealing.®°
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segregation and photodegradation existed. In addition, the
presence of other stimuli like water, oxygen, heat, strain, etc.,
can also accelerate film degradation through phase segrega-
tion, phase transition, and decomposition.®®

4 Strategies for stability development
in WB perovskites

4.1 Compositional engineering

The Goldschmidt tolerance factor of perovskites changes during the
manipulation of perovskite composition. Therefore, adjusting the
perovskite composition is also crucial for stability enhancement.
McMeekin et al. found it difficult to obtain continuous
changes in the band gap of FAPb(I,_,Br,); by simply manip-
ulating the ratio of anions (Fig. 6(a)). During film preparation,
structural instability caused the film to decompose dramatically,
resulting in the presence of yellow phases in the as-prepared
perovskite film.>* In contrast, with the addition of Cs cations, the
phase stability of the WB perovskites could be improved with
expected bandgaps, improved crystal quality, and enhanced
device performance. Compared to MAPDb(I, ¢Br0.4);, the PL peak
position of FAqg3Cso17Pb(Ip6Bro.4)3 Was basically unchanged
under irradiation after 60 min (Fig. 6(b)). The addition of Cs
reduced the lattice constant, and a monotonic shift of the (100)
reflection from 14.2° to 14.9° was observed, which revealed the
lattice constant change from 6.306 to 5.955 A. This indicated that
the A-site cation can stabilize the perovskite with a photoactive
a-phase by adjusting the lattice parameters. Several studies have
proved that cationic compositional engineering has great advan-
tages in regulating the structural stability, and the addition of a
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small amount of MA can also stabilize black-phase FA based
perovskites with enhanced light absorption.** Saliba et al. found
that the incorporation of Cs* would indeed improve the stability
of Cs,(MA17FA¢ g3)1_»Pb(Io.g3Bro.17)3. However, the amount of
Cs' needs to be well-controlled for performance improvement.
On this basis, alkali cations have attracted more and more
attention. Fig. 6(c) shows the possible lattice sites that alkali
cations can enter and occupy.”® Recently, Rb* has been intro-
duced as the A site cation to form quadruple-cation perovskites,
which have achieved improved device performance.”* The
addition of Rb" increases the grain size of the perovskite film,
which inhibited the invasion of oxygen along the grain boundaries,
and film decomposition was significantly retarded. In addition to
Rb', K" has also attracted attention. Limited by the smaller ion
radius, they can hardly access the lattice sites but act as additives.*®
Given the excellent effect of inorganic cations in enhancing the
stability of WB perovskites, the role of organic cations such as PEA",
BA", GA" etc. has been widely investigated.”® Compared with Cs®,
GA" has a larger ion size, which leads to lattice distortion. However,
the FA-GA-Cs alloys can form a Fermi level close to the balance
limit maximum, which resulted in enhanced phase stability in
perovskite films.®” In addition, the stable structure in the large-size
cation system has significant compositional constraints, and the
resultant phase is dependent on the mean tolerance factor and
halide ratio, so it is difficult for pure large cations to form stable
photoactive phases. Palmstrom et al. extended this suitability to a
larger number of large-sized cations, such as acetamidinium,
dimethylammonium (DMA), and methylenediammonium (MDA).
The resultant device, which contained 10% DMA and 20% bro-
mine, achieved a stable V. of 1.20 V, and an impressive long-term
stability of 1000 h without obvious PCE decay (Fig. 6(d) and (e)).
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Fig. 6 (a) Comparison of performance changes caused by Cs incorporation.

52 (b) Normalized PL measurement measured after 0, 5, 15, 30, and 60 min

of light exposure on the MAPb(lo ¢Bro.4)s and FAq g3Cso 17Pb(lo.6Bro.4)s thin films.>? (c) lllustration of the possible locations of alkali cations in FAPbls: at the
A site and the interstitial site.°* (d) Current-voltage of the champion DMA-containing device.® (e) Long-term stability of perovskite devices with varying
DMA and Br percentages.®® (f) Long-term continuous MPP tracking under accelerated conditions.®®
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This strategy provides more options to tune the bandgap and avoid
the addition of large amounts of bromine.”®

Adjusting the anion at the X position has also been demon-
strated to enhance the device stability without sacrificing
performance. Xu et al. demonstrated the excellent performance
of triple anion wide-bandgap perovskites (I/Br/Cl) in suppressing
phase segregation and enhancing stability.”® The introduced Cl
entered the lattice successfully, further widening the band gap.
And under the synergistic effect of Cs and Br, Cl was closer to the
ideal size of the X site, benefiting the growth of uniform
perovskite films with improved thermodynamic stability. After
being tested in ambient air for 250 hours under MPP conditions,
the device can still maintain 90% of the initial PCE (Fig. 6(f)).
Junsang et al. investigated how Cl contributes to suppressing
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phase particle
——
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phase segregation. Due to the introduction of Cl, the migration
of I/Br becomes more difficult, reducing the rate segregation
constant between them by nearly four times. This is mainly due
to the fact that Cl forms a more stable framework, increases the
intensity threshold for segregation, increases the migration
barrier of halide ions, and increases the ion migration activation
energy of I/Br by about 4 k] mol *,1%%%*

Changing the B site ions can also be used to adjust the
structure of wide-bandgap perovskites and improve their stabi-
lity. Various elements such as Ge, Eu, etc. have been used as
B site additives, and have been shown to have a good effect on
improving the phase stability.”®*°> However, the adjustment of
B site ions is still challenging, and it was an obstacle due to ion
oxidation and poor device performance.'® Tuning the B site
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Fig. 7 (a) In situ microscopy observation of the ink layer drying dynamics.!®® (b) Schematic diagram of the ALS method.!°® (c) Stability assessment of
wide-bandgap FA 65Cso35Pb(lo73Bro 27)s perovskite solar cells with £4 = 1.75 eV, performed on encapsulated devices under a nitrogen atmosphere.58
(d) Low magnification SEM images of the WBG perovskite layers on FTO-coated glass substrates, composed with different Br contents.°
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ion is rarely used in current wide-bandgap perovskite
development.

4.2 Controlled crystallization

Ion migration is an intrinsic feature in WB perovskites, which
can be observed even in single crystals. The presence of defects
can promote ion migration and accelerate the degradation of
these perovskites.'®* Therefore, reducing the defect concen-
tration in wide-bandgap perovskites will effectively improve the
film and device stability, minimize non-radiative recombination,
and enhance the device performance.'’ Improving the crystal-
linity of perovskite films to reduce the defect concentration has
been widely investigated, especially for the production of large
area films through blade-coating and spray-coating methods.
Due to the problem of droplet contraction and difficulties of
solution infiltration during the crystallization process, it is
challenging to prepare large area high-quality perovskite films.
Deng et al. added l-a-phosphatidylcholine (LP) surfactants to the
solution, regulated the fluid flow dynamic process of the droplet
and reduced the contraction effect of the island structure
(Fig. 7(a)). As a result, a high-quality perovskite film was fabri-
cated and achieved PCE values of 15.3% and 14.6% with active
areas of 33 cm” and 57.2 cm?, respectively.' Qian et al. obtained
high-quality, low trap density perovskite films with an enlarged
grain size by spray coating (Fig. 7(b))."* Benefiting from the
aerosol-liquid-solid (ALS) assisted crystallization process, the
perovskite embryo formed in the first stage grew continuously
along the vertical direction and finally reached a steady state,
resulting in the production of a uniform film. Lidén et al.>® also
noted the importance of obtaining homogeneous perovskite
films and reported a method to prepare homogeneous WB
perovskites. By using the alternative four-source vacuum deposi-
tion process, the relative ratio of Br/Cs can be uncoupled and
controlled, resulting in a uniform distribution of Br and Cs.
Based on this approach, they realized perovskites without phase
segregation in the range of 1.7-1.8 eV and exhibited excellent
stability. Under 300 mW cm ™ laser illumination, the PL inten-
sity attenuation of this film is almost negligible after 1 hour, and
through MPP tracking, 90% of the initial efficiency can still be
maintained after 14 days (Fig. 7(c)).

In the wide band gap preparation process, the roughness of
the perovskite film increases with the increase of the bromine
content (Fig. 7(d)).*® This is mainly attributed to the wrinkles
formed on the surface due to compact stress during film
formation.'”” Although the generation of wrinkles has been
proved by Kevin et al.'®® to have little impact on the perfor-
mance of the device, it may add obstacles to the subsequent
processing steps of WB perovskites, such as the application of
the charge transport layer and the passivation layer. They also
proposed that the wrinkle morphology can be controlled by
changing the anti-solvent and precursor solvent. The research
of Ugur et al.®® proved that the increase of the Br content will
not only lead to the appearance of wrinkles, but also lead to the
appearance of deep cracks and large-density non-radiative
recombination centers, so they chose 1.7 eV perovskites for
optimization. And finally, after 3500 hours of aging, 80% of the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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initial efficiency can still be maintained. The rapid crystallization
caused by the increase of the bromine content will also lead to
the formation of heterogeneous films. Jiang et al.'®® introduced a
gas quenching method to induce top-down columnar growth of
Br instead of its original disordered growth state. This method
resulted in the lowest density of defects which effectively sup-
pressed the segregation between I and Br, ultimately improving
device stability. The obtained Csy3FA;¢DMA,1Pb(Iy;Bro3)3
device can maintain 99% of the initial PCE for 2560 hours near
the MPP.

As discussed before, annealing conditions, solution envir-
onments, material selection, and other factors also affect the
quality of WB perovskites during film formation."***"* In detail
controlling the crystallization of perovskite films towards high
film quality and low defect density is important to further
develop the device efficiency and long-term stability.

4.3 Additive engineering

In addition to manipulating the intrinsic materials to stabilize
the structure and improve crystallization, additive engineering
has also been widely adapted for performance and stability
development. Zeng et al. showed that Pb(Ac), can stabilize the
a-phase perovskite.''® The formation energy of the o-phase
perovskite was reduced by the strong chemical interaction
between carboxylic acid groups and Pb (Fig. 8(a)). After aging
under 20 °C and 20% RH in air for 700 h, the perovskite device
containing 5% Pb(Ac), could still maintain more than 90% of
the initial efficiency. At the same time, during the ripening
process under high temperature conditions, a number of
Pb(Ac), decomposed into PbO and was located in the large
grains, which helped in stabilizing the perovskite film.""?

Defects such as vacancies and dangling bonds exist in large
amounts in perovskite films and act as non-radioactive sites."*?
Jalebi et al. showed that K', as a passivator, could occupy the
vacancies and coordinate with the dangling bonds at grain
boundaries and interfaces. It led to a significant reduction in
the rate of carrier recombination, improving the optoelectronic
properties of perovskites, and also having an excellent effect on
developing the interface between electrodes (Fig. 8(b)).”> K*
exhibits excellent performance in eliminating dangling bonds,
vacancies, and other defects. To further explore the application
of alkali cations, Cao et al. introduced various alkali cations
such as Rb*, Na*, and Li" for the fabrication of perovskites.
They found that the alkali cations could occupy the interstitial
sites in perovskite lattices and raise the migration energy
barrier for native halide defects, leading to improved photo-
stability (Fig. 8(c)).>

Pseudohalogen additives have shown excellent performance in
controlling perovskite crystal growth and defect passivation.''?
Pb(SCN), and PEA(I,,5SCNy,s) have been applied to reduce
defects by promoting the crystallization of perovskites and sup-
pressing the generation of non-perovskite phases.** Benefiting
from the Pb(SCN), assisted crystallization and FAX passivation on
the grain boundary, Zhou et al. obtained high-quality wide-
bandgap perovskite thin films. The corresponding device showed
an impressive efficiency of 18.6% with enhanced stability, which
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Fig. 8 (a) Schema of the CsPbl,Br (110) surface without and with Ac™ interaction.!° (b) Schematic of the surplus halide is immobilized by complexing
with potassium into benign compounds at the grain boundaries and surfaces.’® (c) Steady-state current density and PCE of the PSCs without doping and
with 1% K* doping.93 (d) Stable output efficiency of the champion cells of FAg17Cso.g3Pbls_,Br, (x = 0.8, 1.2, 1.5, and 1.8) stressed at 1.06, 1.08, 1.08, and

1.10 V under 1 sun illumination, respectively.!*®

presented no PCE loss after 700 h under 1 sun illumination aging
(Fig. 8(d))."™ Kim et al also proved that SCN could benefit the
growth of films with a larger grain size, enhanced surface flatness,
prolonged carrier lifetime, etc.'** Compared to PEAI, PEA(Iy 5
SCN,75) demonstrated a better effect with an increase in the grain
size, and the stability of the corresponding device was greatly
improved, which maintained about 80% of the initial efficiency
after 1000 h under light treatment.

5 Conclusion and perspective

In summary, the structure of perovskites determines their
optoelectronic properties, and their stability from a thermo-
dynamic perspective. In particular, with complicated composi-
tions, controlling the phase structure becomes the first priority
for stabilizing WB perovskites. As the main reason for the
instability of WB perovskites, avoiding the generation of non-
perovskite phases and co-existence of various phases is crucial
to inhibit the formation of heterogeneous structures during
film fabrication, to suppress the ion migration and aggregation
under light and thermal treatment, to protect the film from the
invasion of water and oxygen molecules, etc. To improve the
film quality and to impede ion migration, various kinds of
strategies, including compositional engineering, crystallization
manipulation and additive engineering, have been proposed,
and demonstrated a dramatic improvement in the device
efficiency and long-term stability.

Recently, the photoinduced phase segregation phenomenon
in WB perovskites has been widely studied and the theory
is relatively established. However, the mechanism study is

1906 | Mater. Chem. Front., 2023, 7,1896-1911

far from satisfactory. Besides phase segregation, light illumina-
tion could also lead to film decomposition, and the mechanism
is still unclear and needs to be investigated. In addition,
the origin of film decomposition, the impact of the initial
decomposition products on the structural stability of WB per-
ovskites, and its influence on the subsequent degradation
remain unclear.

For commercialization, several efforts still need to be made
in WB perovskites. Firstly, the development of large-scale
production of WB perovskites, as promising candidates for
tandem devices, is urgent. Although methods such as slot-die
coating, doctor blade coating, and spray coating have been
introduced for perovskite film fabrication, their application in
WB perovskite production is less studied, and the control of film
homogeneity remains a challenge for these methods. Secondly,
ion migration induced material degradation or decomposition
should be inhibited. Mixed cation and low-dimensional WB
perovskites may provide a solution to prevent fast halide migra-
tion, however, the issues of second phases and lower carrier
mobility are also important. Thirdly, the influence of film inhomo-
geneity on the photoelectrical properties at various scales, from
the atomic scale to the nanoscale and macro scale, needs to be
clarified, which is necessary to fast locate the problem
when facing material or device degradation. Finally, just like
investigations in perovskites with a conventional band gap, the
thermodynamic and kinetic control of crystallization, the com-
position of the precursor solution, conditions of the fabrication
process, construction of interfaces, and selection of transport
layer materials are equally important in the study of WB
perovskite materials.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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