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Halide perovskite solar cells (PSCs) have achieved power conversion efficiencies (PCEs) approaching
26%, however, the stability issue hinders their commercialization. Due to the soft ionic nature of
perovskite materials, the strain effect on perovskite films has been recently recognized as one of the key
factors that affects their opto-electronic properties and the device stability. Herein, we summarized the
origins of strain, characterization techniques, and implications of strain on both perovskite film and solar
Received 8th June 2022 cells as well as various strategies to control the strain. Finally, we proposed effective strategies for future
DOI: 10.1039/d2cs00278g strain engineering. We believe this comprehensive review could further facilitate researchers with a
deeper understanding of strain effect and enhance the research activity in engineering the strain to
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further improve performance and especially the device stability toward commercialization.

1. Introduction

For more than a decade, halide perovskites have been under the
spotlight for numerous researchers on photovoltaic applica-
tions,"® owing to their tunable bandgap,* highly efficient light
absorption,® high charge carrier mobility,’ low recombination
rate,” and low-cost solution processing. By optimizing perovs-
kite structure, its nucleation and growth, as well as solar
cell constituting layers, the device power conversion efficiency
of perovskite solar cells has experienced unprecedented
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development.®'® However, the mechanically soft nature of
perovskites makes them prone to structural strain, which
induces significant changes in their properties.™*

Strain is a well-known physical concept in semiconductors,
which can be tailored to modulate their optoelectronic proper-
ties. For example, a tunable band structure can be obtained by
controlling the strain of WSe, during synthesis via utilization
of thermal coefficient mismatch between the semiconductor
and the substrate."” Incorporating InAs quantum dots (QDs)
and GaP tensile strain compensation layers in GaAs solar cells
shows enhancement in photovoltaic performance.'® In addition,
external mechanical stress can control the optical properties of
germanium, affecting the band-to-band recombination energy."
Recently, strain engineering has also been found as an important
factor in nanocrystalline materials (such as perovskites), the
properties of which can significantly deviate from the bulk
properties, due to high contribution of surface interactions."®
Considering soft ionic nature of polycrystalline perovskite
films, it is not surprising to see the rising attention of the
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scientific community given to strain in such materials, which
often exhibit high degree of structural heterogeneity and
intrinsic instability. Moreover, strain in halide perovskites
was often found to cause additional defects and consequently
undesirable non-radiative recombination losses.'>” Simulta-
neously, several reports mentioned that the slight presence of
strain can be beneficial for perovskite device performance.'®
Therefore, in order to take advantage of the strain in perovskite
films and PSCs, a thorough comprehension of its origins and
implications is essential for developing effective strategies of
strain engineering.

Currently the exact effect of strain on halide perovskites,
particularly in the context of photovoltaic applications, is still
under debate and a holistic overview on this topic is missing
in the scientific community.'"'®2" Therefore, in this timely
and comprehensive review, we discuss the causes of strain in
halide perovskites with archetypal ABX; structure (where A is a
monovalent cation, B is a divalent cation and X is a halide),
various methods to characterize it, and its implication on
perovskite properties, followed by summary of methods to
manage strain in PSCs (Fig. 1). We underline that control of
strain is essential for boosting device PCE beyond 26% (with
the current certified PCE record being 25.7%") in order to
approach radiative limits and bring perovskite closer to its
commercialization.

2. Strain in perovskite films
2.1 Definition

Strain (¢) is defined as deformation of crystal structure, caused
by applied stress. The strain in a sample is typically quantified
by comparing the measured lattice constant(s) with the refer-
ence ‘“strain-free” value for the same material:
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Fig. 1 Outline of this review, discussing the origins of strain in halide
perovskites, followed by its characterization and implications on opto-
eletronic properties, which are finalized by a summary of control strategies
for strain engineering.

where a, and a are the lattice constants of strain-free and
strained materials, respectively.”” The strain is called tensile
if the lattice increases in length under applied forces. Conver-
sely, the strain is called compressive if the lattice decreases in
length under stress.”’

2.2 Causes of strain in perovskite films

Fig. 2 illustrates that in perovskite films, strain can be generated (a)
internally and (b) externally, depending on the source of stress:

(a) Internal strain is by definition intrinsic in perovskite
crystals and is caused by the non-periodicity of crystal lattice
in the absence of any external stress. The crystal symmetry
disruption in this case typically stems from:

(i) [BXe]'™ octahedra tilting and change in B-X-B bond
angle, thus deviating from the ideal cubic symmetry;

(ii) Heterogeneous crystallization of polycrystalline perovs-
kite films.

View Article Online
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(b) External strain is by definition extrinsic in perovskite
crystals and is characterized by the distortion of crystal lattice
periodicity in the presence of external effects:

(i) Lattice and thermal expansion mismatch between per-
ovskite film and the adjacent substrate during the thermal
annealing process;

(ii) External stress conditions (e.g. light, temperature, exter-
nal pressure, applied bias).

2.2.1. [BXc]*™ octahedra tilting. Deviations of the [BXq]'~
octahedral orientation in ideal cubic symmetry cause changes
in B-X bond length and interaction between their electronic
orbitals, resulting in the alternation of electronic band struc-
ture of perovskite. As shown in Fig. 3a, among the three cations
suitable for incorporation into the cubic APbI; lead-halide
perovskite structure, cesium (Cs") has the smallest ionic radius,
followed by methylammonium (MA') and formamidinium
(FA"). If the A-cation’s radius is too large or too small relative
to the rest of B-X cage, it causes structural distortion tilting the
B-X-B bond angle and, thus, creates local lattice strain.'”
Although these steric effects play the dominant role in the
octahedral tilt of inorganic halide perovskites (e.g. CsPbXj), the
hydrogen bonding between organic A-cations and the halides
is also considered to be responsible for the octahedral tilt
in hybrid halide perovskites such as FAPbX; or MAPbX;
(Fig. 3b).>* Via pair distribution function (PDF) analysis, Beecher
et al. revealed that the typically occurring off-centering and
heterogeneous orientation of methylammonium cations (MA")
lead to [PbIg]*~ octahedra tilting, local symmetry-broken state,
and continuous change in lattice parameters, resulting in largely
heterogeneous strain across the polycrystalline film.>® In compar-
ison to other halide perovskites, the cubic a-FAPbI; contains
tremendous potential for photovoltaic applications due to
favorable thermal stability and energy bandgap. However, its
photoactive cubic phase is thermodynamically stable only at
temperatures above 150 °C.2% Lower temperatures cause a
reorientation of FA" cation, favoring the phase transition from
cubic to face-sharing hexagonal S-phases (2H, 4H or 6H).””"*®
Hence, cation alloying (addition of MA*, Cs" or combination
thereof) has been often used to obtain more stable FA-rich

Compressive and tensile strain in halide perovskites
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Illustrations of strain origins in halide perovskites.
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Fig. 3 (a) Goldschmidt tolerance factor of APbls perovskites with different A-cations. Reprinted with permission.’® Copyright 2017, The American
Association for the Advancement of Science. (b) The effect of hydrogen bonding on the octahedral tilt of MAPbls perovskites. Reprinted with
permission.?* Copyright 2016, American Chemical Society. (c) Strain compensation strategies via fine-tunement of A-cations. Reprinted with
permission.” Copyright 2020, The American Association for the Advancement of Science. (d) TEM image of FIB-polished cross-section of PSC
with mixed (FA/MA) perovskite composition, showing (e-g) difference in electron diffraction patterns in [110] zone axis and lattice constant d. Reprinted

with permission,? Copyright 2019, Springer Nature.

perovskite films by inducing a slight octahedral tilt, which
inhibits the transition from o to § phase.’*' Such strain
induced by the [PbXe]'~ octahedral tilt could potentially be
controlled by fine-tuning the hydrogen bonding degree and
balanced partial substitution of A-site cations with suitable
cations of different radii (Fig. 3c).” Notably, Zhu et al
have demonstrated that alloyed perovskite films such as
(FAPDI3), g5(MAPDbBTr3), 15, exhibit a correlation between a gra-
dient in elemental composition, namely the higher proportion
of smaller MA" cation (relative to FA"), and in the in-plane
strain confirming that incorporation of A-site cations with
different radii, leading to changes in [PbX,]'~ octahedral tilt,
spacing and, consequently, strain (Fig. 3d-g).>> However, recent
work by Doherty et al. demonstrates that although such cation
alloying allows to obtain macroscopically homogeneous films,
the nanoscopic spatial heterogeneity of A-cations and halides
distribution can still result in creation of FA-rich clusters,
which seed the impurity phases and ultimately lead to film
degradation.?"

2.2.2. Heterogeneous crystallization. During the nuclea-
tion and film growth, slight variations in local environment

7512 | Chem. Soc. Rev., 2022, 51, 7509-7530

such as substrate surface morphology, presence of inter-
mediate complexes and concentration gradients result in
heterogeneous growth of polycrystalline film.'%'® Such crystal-
lization scheme leads to the presence of extended defects such
as grain and twin boundaries, where stress is concentrated, and
which serve as another source of strain in perovskite.'® As was
demonstrated by Jariwala et al. using electron back-scattered
diffraction (EBSD), this strain highly depends on the orienta-
tion of grains and interfaces between them.** Recent work by
Mela et al. revealed substantial Young’s modulus (YM) variation
across perovskite film with abrupt increase (sometimes by over
one order of magnitude) in YM at the grain boundaries.**
Moreover, the YM can also vary within the same morphological
grain, unveiling the presence of sub-grain domains and even
a higher degree of structural inhomogeneity.>* Therefore,
perovskite films typically exhibit high grain-to-grain orientation
spread, local strain heterogeneity, grain boundaries with non-
stoichiometric chemical composition and sub-grain lattice
orientation disorder.'®>%3%3>

However, strain and grain orientation spread induced by
perovskite growth process can significantly vary depending on

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Spatially-resolved EBSD map (in the form of inverse pole figure) showing crystal orientation spread of MAPbI3(Cl). Reprinted with permission.3®
Copyright 2019, Wiley-VCH. (b) EBSD map of MAPbIz perovskite film produced via FIRA method, exhibiting spherulitic growth with radially-grown grains.
Reprinted with permission.>” Copyright 2019, American Chemical Society. (c) SEM top-view image and EBSD maps showing grain orientation spread of
MAPbI3 films with um-sized grains (mentioned at the top). The bottom figures indicate the frequency of grain alignment, showing that larger grains, in
fact, show higher orientation spread. Reprinted with permission.>® Copyright 2018, Wiley-VCH. (d) SEM top-view image of uniaxially-grown MAPbls film
with millimeter-sized grains, produced via methylamine liquefaction and recrystallization route. Such films show (e) outstanding grain alignment with
(f) negligible misorientation spread. Reprinted with permission,*> Copyright 2020, Springer Nature.

the crystallization kinetics. Fig. 4 presents the inverse pole
figures (IPFs) based on the EBSD measurements of perovskite
films produced by several different methods, reported in lit-
erature. The EBSD map presented in Fig. 4a illustrates the
grain-orientation spread in perovskite films manufactured via
a 2-step crystallization process (mixture of MAI and MACI
deposited on top of Pbl,) with grain sizes reaching a couple
of um size.*® Muscarella et al. have demonstrated the rapid
crystallization process via flash infra-red annealing (FIRA),
leading to a spherulitic growth mechanism, consisting of
>10 um radially-grown crystallographic domains, as shown
in Fig. 4b.>” Adhyaksa et al. have utilized 1-step deposition of a
solution, containing Pb(CH;COO),-3H,0 and MABr dissolved
in DMSO to controllably grow films with up to 60 pm
(morphological) grain size, by altering the spin-coating speed
(Fig. 4c).*® All these techniques allowed for the growth of large
grains in micrometer-range with significant grain orientation
spread, which results in stress at the interface between
crystallographic domains. Notably, the larger crystal size, which
is typically desired in semiconducting materials due to the
expectation of reduced surface carrier trap states, results in

This journal is © The Royal Society of Chemistry 2022

higher grain orientation dispersion (bottom IPFs in Fig. 4c),
due to the presence of small misoriented crystals trapped in
between large grains oriented along [101] and [111] planes.*®
Regions of high grain orientation spread tend to be more
strained, resulting in higher trap densities and lower opto-
electronic quality.>* Another approach to manufacture perovskite
thin films is perovskite liquefaction and recrystallization via
methylamine gas, which interacts with perovskite precursors
differently than conventional solvents like N,N-dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO) or n-methyl
pyrrolidone (NMP).***" Fan et al developed a method to
manufacture films with millimeter-sized grains (Fig. 4d-f),
having negligible grain orientation spread and without com-
monly encountered sub-grain crystallographic domains.*?
Thus, control over perovskite crystallization kinetics plays an
essential role in determining internal strain and can be engi-
neered to obtain favorable opto-electronic properties.

2.2.3. Lattice and thermal expansion coefficient mismatch.
Typically, perovskite film is crystallized on a substrate, on
which the precursor solution was deposited. Therefore, thermal
expansion mismatch between the perovskite films and

Chem. Soc. Rev,, 2022, 51, 7509-7530 | 7513
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(a) Typical annealing temperatures for hybrid and inorganic perovskites. (b) Lattice expansion coefficients for various commonly employed charge

transport layers and halide perovskites in PSCs. Reprinted with permission,*® Copyright 2020, Springer Nature.

substrates during thermal annealing process induces strain in
the perovskite layer.**** It has been reported that the tensile
stresses in perovskite films introduced by thermal expansion
mismatch can reach 50 MPa, sufficient enough to deform some
metals like copper.*’

The correlation between stress (o) and thermal expansion
mismatch can be quantified as the following equation:

E,
1 -vp

oAT = (g — 0p) AT (2)
where E}, represents the perovskite Young’s modulus, v, repre-
sents the Poisson’s ratio of the perovskite, o and o, represent
the thermal expansion coefficients of the substrate and the
perovskite, respectively, and AT is the temperature gradient of
the perovskite film while cooling to room temperature.*>*¢
Moreover, the perovskite films for high-efficiency PSCs require
annealing temperatures at least 100 °C in order to guarantee
enhanced crystallinity and high-quality films with less defects
(Fig. 5a). In particular, comparing to the organic-inorganic
hybrid perovskites, the all-inorganic ones need even higher
annealing temperatures for conversion of the stable phase
structure and crystallization, which makes them suffer from a
larger strain.*® This indicates that the thermal expansion
coefficient («) differences between the perovskite layer and its
adjacent layer, along with the high annealing temperature (AT)
are the main sources of induced strain. Thus, such strain effect
during perovskite film formation seems unavoidable (with
exception of epitaxial growth), because as shown in Fig. 5b,
the perovskites present a large difference in thermal expansion
coefficients compared to various of the commonly used sub-
strates and their adjacent charge selective layers.

The mismatch in lattice parameters between the semi-
conducting material and the substrate it is grown on has been
particularly well-investigated in the field of III-V semiconduc-
tors, which are often used to fabricate multi-junction solar
cells. Such mismatch between two adjacent semiconductors
induces a residual interfacial strain, which needs to be taken
into account during device manufacturing. Hence one of the
origins of the external strain in PSCs is the interface between

7514 | Chem. Soc. Rev., 2022, 51, 7509-7530

perovskite and an electron- or hole-transport layer it is grown
on, which remains even if perovskite would be crystallized at
room temperature (hence independent of the temperature
coefficient mismatch discussed above).

2.2.4. External stress conditions. Among external conditions
that can induce additional strain in perovskite are illumination,
electrical bias, temperature and external pressure - all of which
normally occur during the operational lifetime of a PV device.*”*®
Several strain-related phenomena have been proposed to cause
strain in perovskite materials under incident light, such as
photostriction*®*° (direct conversion of photon energy into
mechanical energy and strain), photothermal effect***
(increase in temperature upon illumination) and build-up of
electric field.”> Chen et al. demonstrated that the thermal
expansion upon illumination in MAPbI; perovskites is mainly
responsible for the photo-induced strain.** Such thermal
expansion of unit cell often leads to reduced activation energy
for halide vacancies, resulting in ion migration, weakened Pb-X
bond and hence tensile strain (Fig. 6a).>> Moreover, Bischak
et al. proposed that segregated halide-rich regions could originate
from the light-induced formation of polarons, towards which the
I ions migrate forming Irich domains.* Therefore, strain
originating from photothermal-induced lattice expansion can
accelerate perovskite degradation.**>> On the other hand, how-
ever, Tsai et al. demonstrated that the opto-electronic properties
of the perovskite film can also be positively affected by the photo-
induced lattice expansion (Fig. 6b), which the authors attributed
to the strain relaxation under light (Fig. 6¢).>® More recently,
Liu et al. has decoupled the contribution of light- and thermally-
induced contribution to lattice expansion, demonstrating that
MAPbDI;, CsPbIBr, and PEA,Pbl, perovskites exhibit lattice expan-
sion upon both: external light and temperature stimuli, whereas
lattice of FAPbI; only expands upon additional temperature.””
Thus, the debate on the role of photo-induced strain on the
performance of various perovskite solar cells is still ongoing,
highlighting that a more comprehensive understanding of this
issue is needed to resolve these ambiguities.

Kim et al. have investigated the strain on perovskite surface,
influenced by the presence of illumination and/or electrical

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 External stress conditions, causing strain in perovskite materials. (a) Illustrations of strain pressure- and light-induced strain, which affects the rate
of halide segregation in mixed-halide perovskites. Reprinted with permission.>®> Copyright 2019, American Chemical Society. (b) Change in lattice
parameter of FAg;MAq 25Csg.05Pbls perovskite over the illumination duration and (c) proposed mechanism for light-induced lattice expansion. Reprinted
with permission.>® Copyright 2018, The American Association for the Advancement of Science. (d) Morphological imaging of (FAPbls)o g5s(MAPbBr3)g 15
perovskite film surface under light, showing distinct corrugated surfaces, and without light, where the surface is smoother. (e) The effect of applied
electrical bias and illumination on strain disorder in such perovskite. Reprinted with permission,*” Copyright 2019, Springer Nature. (f) Maps depicting
spatial second harmonic PFM response of MAPbIz perovskite films under different illumination duration, allowing to spatially and temporally resolve strain

formation (scale bar is 600 nm). Reprinted with permission,>® Copyright 2021, Royal Society of Chemistry.

bias.*® The authors found that besides strain disorder induced
by illumination, positive electrical bias induces corrugated
surface morphology as shown in Fig. 6d and e, while negative
bias leads to removal of these uneven features. In contrast, via
piezoresponse force microscopy (PFM), Qiu and Mativetsky
have shown that spatial strain distribution in MAPbI; films
changes under electrical bias only in the presence of additional
illumination (Fig. 6f).”® Strelcov et al. have also demonstrated
an increase/decrease in piezoresponse under applied negative/
positive bias, which the authors attributed to the change in
local ion concentration under electric field, which is expected
to affect local strain due to migrated ions.*

By applying hydrostatic pressure directly to the film or by
bending its substrate (in case of flexible foils), bond lengths
and angles of perovskite lattice can be modified, inducing
compressive or tensile strain.'®**° Notably, due to structural
anisotropy of hybrid perovskite films, the [PbX,]*~ octahedra
deformation is non-uniform under externally applied
pressure,”"! leading to highly heterogeneous strain in the
film. Typically, perovskite films exhibit a decrease in crystal-
linity, amorphization and/or phase transformations under high
pressure,®>® which can have various effects on perovskite
properties, depending on its composition.>!

Thus, several externally applied strain-inducing conditions
can affect the properties of perovskite opto-electronic devices,
which might be detrimental or beneficial for the device perfor-
mance and such external strain needs to be carefully controlled
and monitored during the operating conditions.

This journal is © The Royal Society of Chemistry 2022

3. Characterization methods for strain
on perovskite films

Several characterization methods are available to investigate
the strain in halide perovskites and its effect on the perfor-
mance of PSCs. Here, we differentiate between characterization
on macro-scale with high spatial averaging and micro- or nano-
scale, which allows highly-resolved analysis of strain (as shown
in Fig. 7).

3.1 Characterization on macro-scale

Since strain induces changes in the lattice d spacing of the
material, a typical method to detect strain in a sample, is to
compare the Bragg peak position obtained from the X-ray
diffraction (XRD) pattern with the reference ‘‘non-strained”
sample. Compressive strain induces the reduction of d spacing,
while tensile strain causes an increase in d spacing, thus,
shifting the scattering g vector to higher and lower values,
respectively. Therefore, strain is commonly expressed in per-
centages, relative to the non-strained sample, where negative
strain values denote compressive strain and positive denote
tensile strain. A shift of XRD peak to lower angles () indicates a
tensile strain, whereas a shift of diffraction peak to higher
angles is a signature for compressive strain. However, one of
the limitations of the standard XRD measurement in reflection
mode is that it characterizes only the out-of-plane strain, and
does not account for in-plane strain, which could occur due to
Poisson’s effect. Furthermore, standard XRD characterization is
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Fig. 7 Common characterization methods for analyzing strain in halide
perovskites.

performed on a relatively large area of a sample, which averages
out local instantaneous lattice distortions, thereby, not allow-
ing to resolve strain on a micro- or nano-scale.

To monitor out-of- and in-plane strain (Fig. 8a), grazing
incidence X-ray diffraction (GIXRD) measurements can be
performed (Fig. 8b). Especially, evaluation on vertical homo-
geneity as well as the distribution of strain along the perovskite
film at a macroscopic level can be quantified by depth-
dependent GIXRD through varying the grazing incident angle
W as shown in Fig. 8c-e.****** For example, Zhu and co-workers
examined the lattice mismatch induced strain along the mixed
halide perovskite film thickness via depth-dependent XRD
measurements.®” It was observed that XRD patterns are similar
at different depths (50 nm, 200 nm, and 500 nm), suggesting
the same cubic phase structure. However, with increase of the
penetrated depths, the diffraction peaks are systematically
shifted towards lower angle, indicating the inhomogeneity
along the perovskite film with tensile strain (Fig. 8c).

Since Bragg peak broadening can be attributed to variations
in d-spacing (which are not present in ideal crystal), Bragg peak
width analysis can give additional insights into deviations from
the average d spacing, which characterizes so-called “micro-
strain”. Williamson-Hall method is commonly employed to
quantify the strain based on the different scattering vector
dependence on the peak broadening. Assuming that total Bragg
peak broadening () comes from two contributions: crystal
Size (Berystal) and strain (Bserain), their combined influence can
be estimated by their convolution:

:K—A—Q— Cetan0, (3)

Btot = ﬁcrystal + ﬁstrain Lcos0

where K is a constant, depending on the crystallite shape
(usually assumed to be 0.9 or above), L is crystallite size, 1 is
incident radiation wavelength and C is a constant, which
depends on the nature of strain. Multiplying eqn (3) by cos @
gives us:

Pior cos0 = Cesin 0 + Kfll (4)
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Plotting peak broadening against strain at different diffraction
angles gives a linear relationship, called Williamson-Hall plot,
in which the strain ¢ and crystal size can be obtained from the
slope and the intercept, respectively.

Although, Williamson-Hall analysis is widely used in the
perovskite community, one has to note that in order to remove
the XRD instrumental peak broadening, a reference perovskite
sample must be used, which often substantially differs from the
target sample. Furthermore, the assumptions of crystal size,
shape and C constant are ambiguous, given the versatile nature
of hybrid perovskite films, which highlights the importance of
keeping these considerations in mind for such analysis.

Raman spectroscopy has also been utilized to measure the
residual strain of the perovskite film.®>® The residual strain
can generate blue shift of Raman modes, thus, local strain can
be evaluated by vibration frequency variations in Raman
spectroscopy. For example, through the vibrational modes shift
in experimental Raman spectra, Badrooj and co-workers®
estimated the amount of compressive strain of MASn,Pb;_,I3
perovskite film by:

Aw*

=y(1 = v)e: (5)
on)

+

Aw . .
where o and o, represent the relative shift of the Raman
0

bands (cm ™) and the peak position at zero strain, respectively,
y represents the Gruneisen parameter, which can be estimated
as 1.6 for polycrystalline perovskites, v and ¢, represent the
Poisson ratio (average around 0.3) and the compressive strain,
respectively.®®

Since strain is a common attribute of ferroelastic materials,
piezoresponse force microscopy (PFM) can probe the ferroic
behavior and identify ferroelastic domains with spontaneous
and reversible strain.®” PFM is a variation of atomic force
microscopy (AFM) measurement during which a sample surface
is brought into contact with a conducting probe tip to which an
alternating current (AC) is applied. The AC bias induces a
piezoelectric effect, causing a deformation of a ferroic surface
and deflection of the probing cantilever beam. Several studies
have demonstrated the presence of ferroelastic domains in
halide perovskite materials, which differ from the morphological
grains typically observed form SEM or AFM measurements.’®%®
Moreover, using PFM, Huang et al. clearly demonstrated how
strain is created in halide perovskite films upon cubic-to-
tetragonal phase transition after perovskite annealing, leading
to formation of “stripe-shaped” domains.®® In addition,
Rothmann et al. have utilized a transmission electron micro-
scopy (TEM) under low dosage and rapid acquisition conditions
to investigate the creation of strain during phase-transition
of CH;NH;PbI; films.®® The authors demonstrated reversible
formation of twin domains, which preserve their orientation
after undergoing the phase transition, leading to the so-called
“twin-memory effect” caused by the presence of crystallization
constraints such as strain at the grain boundaries.

Very recently, in situ grazing-induced wide-angle X-ray scat-
tering (GIWAXS) technique has been applied in determining

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (a) Differentiation between an out-of- and in-plane diffraction-based characterization. Reprinted with permission.** Copyright 2017, The
American Association for the Advancement of Science. (b) Illustration of how tilting the instrument angle  allows to obtain difference between the
sample normal vector (Ng) and scattering vector (N). XRD reflections of the same sample at different grazing angles under (c) tensile strain, (d) no strain
and (e) compressive strain. Reprinted with permission,*? Copyright 2019, Springer Nature.

the degree of lattice strain and evaluating the relationship
between lattice strain and &-phase suppression of all-inorganic
CsPbL,Br perovskite during crystal growth. Other techniques, such
as photoluminescence (PL), time-resolved PL (TRPL) and transient
photocurrent (TPC) can provide complementing evidence of the
presence of strain in perovskite film and its effects on opto-
electronic properties.'®**7%71

3.2 Characterization on micro- and nano-scale

As mentioned earlier, large irradiated area of the sample during
a standard X-ray diffraction measurement poses a problem of
characterizing the strain on a micro- or nano-scale. In order to
reduce the beam footprint and to locally resolve changes in
strain, one could utilize an X-ray source with higher brilliance
which determines the number of concentrated photons of a
certain wavelength on a specific area per unit of time. Thus,
brilliance is an important quantification parameter of a light
source for microscopy characterization techniques.

One of the diffraction characterization tools, capable of
resolving strain on a micro-nano level is scanning electron
diffraction (SED) microscopy. Using SED, spatially-resolved
diffraction patterns on a nanometer scale can be obtained,
which could give insights into local crystallographic properties
of the perovskite films (Fig. 9a-d).">*' Consequently, local
variations in d spacing, grain orientation and strain can be
spatially characterized. If coupled with other microscopy and
elemental analysis techniques, SED measurements can provide

This journal is © The Royal Society of Chemistry 2022

a link between the strain, chemical composition and opto-
electronic properties of perovskites. 3>

Several recent works utilized synchrotron radiation to per-
form spatial nano-XRD measurements on perovskite films
(example of which is presented in Fig. 9e-h)."®*®”""> Besides
a high level of light polarization and collimation, the brilliance
of synchrotron radiation is multiple orders of magnitude
higher than the standard X-ray tubes, making it the most
brilliant source of X-ray photons. This provides immense
potential for investigating structural crystallographic inhomo-
geneities of perovskite films, such as local Bragg peak shifts,
localized phase changes or strain variations."

Despite the strong advantages of synchrotron-based nano-
XRD measurements, the acquirable information is limited by
the incident beam size and by only two dimensions, with an
averaged information along the sample depth.”"”® Emerging
synchrotron-based techniques that help to overcome these
limitations is coherent X-ray diffraction imaging (CDI), which
does not utilize lenses and is therefore aberration-free with the
only resolution limitations being the X-ray wavelength, largest
detectable scattering vector and X-ray dose.">”"”? It is a tomo-
graphy-based method, in which a series of two-dimensional
ptychograms are obtained by rotating the sample, which can
be reconstructed to produce 3D Bragg diffraction pattern.
Applying an inverse Fourier inversion transformation yields a
3D image of the sample with identified crystal domains, unit
cell displacement (including all components of the strain tensor)
and projection of strain within.">'® Recently, Dzhigaev et al. have
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Fig. 9 Micro/and nano-characterization techniques of strain. (a) SED patterns of triple/cation perovskite corresponding to [001]. zone axis demonstrat-
ing the presence of superlattice reflections (white arrows), which are normally forbidden in a cubic Pm3m structure, often assumed for halide perovskite
materials, as shown in (b). Analyzing SED pattern near [110]. zone axis in (c) allows to conclude that perovskite has a P4/mbm structure shown in (d). Scale
bar is 0.5 AL, Reprinted with permission.>* Copyright 2021, The American Association for the Advancement of Science. Spatially-resolved nano-XRD
measurements using synchrotron radiation, allowing to map variations in scattering vector along specific (hkl) planes and in d-spacing. This example
demonstrates (e and g) n-XRD map along (e) (220) and (g) (222) planes with a change in lattice constant along lines d and e (f and h, repsectively).

Reprinted with permission,*® Copyright 2021, Royal Society of Chemistry.

demonstrated its use in CsPbBr; perovskite nanocrystals, provi-
ding in-depth information into the -crystallographic twinned
domains, lattice tilt and ferroelastic properties. However, the
key limitation of this characterization technique for investigating
hybrid perovskite materials is their instability under the hard
X-rays, which are necessary for this measurement.”

4. Implications of strain on perovskite
films

It has been reported that strain can induce various effects on
perovskite films, including bandgap, carrier transport, defect
properties and non-radiative recombination, as well as stability,
as illustrated in Fig. 10. These implications will be discussed in
this section.

4.1 Effect on bandgap

As discussed above, the strain gradient of halide perovskites
can be evaluated from the XRD patterns, indicating the crystal
structure mismatch along the film, which is mainly attributed
to the framework variations (such as shrinkage, enlargement,
tilting) of the corner-sharing [Pbls]*~ octahedra.’® As a result,
it induces large effects on the optoelectronic properties of a
perovskite material and consequently, the device performance.
For example, Chen et al. investigated the structure of a-FAPbI;
under increased compressive strain (from 0% to —2.4%) and
revealed its bandgap changes via Raman spectroscopy and
photoluminescence (PL) spectra, respectively.®® A broad and
weak peak at around 136 cm™ ' of the strain-free o-FAPbI; is
clearly observed from the Raman spectra, which originated
from the lead-iodine bond stretching, while the peak increases
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in intensity and broadens in width as the compressive strain
increases. This suggests a gradual tetragonality of the inorganic
framework with increment in the in-plane compressive strain,
resulting in a stronger and more distinguishable Raman signal.
Further compression of the in-plane and stretching of the out-
of-plane lead-iodide bond within the o-FAPbI; structure is
evidenced by the broaden peak splitting and shifting under
enhanced compressive stress. In addition, the o-FAPbI; under-
goes a gradual redshift from 1.523 eV at 0% strain to 1.488 eV at
—2.4% strain, corresponding to an estimated 35 meV reduction
in bandgap, which was also consistent with their first-principles
calculations. Similarly, the optical absorption of inorganic
perovskite, CsPbl;, also shows a dramatic redshift with

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 (a) Calculated optical spectra of CsPbls under different strains. Reprinted with permission.”* Copyright 2019, Elsevier. Calculated (b) VBM, CBM
and bandgap of CsGels as a function of strain. PBE denotes that the DFT calculation was performed using Perdew—Burke—Ernzerhof functional, the
accuracy of which could be improved by using a hybrid functional Heyd—-Scuseria—Ernzerhof (HSE06) calculations. Reprinted with permission,”®
Copyright 2019, Royal Society of Chemistry. (c) Calculated band structures of perovskite film under compressive (1%), strain-free (0%) and tensile (1%)
strains based on the first-principle DFT approaches. (d) Band-edge energies evolution of perovskite films under gradually increasing tensile strains (left
panel), and the schematic of band alignment between hole transporting layer and tensile-strain/strain-free perovskite film (right panel). Reprinted with

permission,®? Copyright 2019, Springer Nature.

accordingly narrower bandgap upon compressive stress, which
results in a stronger optical absorption in the visible region
(Fig. 11a). In contrast, the absorption edge blueshifts when
applying tensile strain on a perovskite material. Calculations
show that the bandgap range of CsPbl; can be tuned from 1.03
eV to 2.14 eV by adjusting the strain varying from —5% to 5%.”*
Moreover, other inorganic perovskite materials, such as CsGel;
and CsSnl; show similar tendency change of bandgap under
strain effect (Fig. 11b).”

Besides the 3D perovskite films, according to several reports,
the bandgap of low-dimensional perovskites can also be modu-
lated through the application of strain. Tu et al.”® observed that
the bandgap of 2D Ruddlesden-Popper (RP) lead iodide hybrid
organic-inorganic perovskite film flakes with a general formula
of (CH;3(CH,)3NH3),(CH3NH3),,1Pb, 15,1 responds significantly
to uniaxial tensile strain, especially at large n (>3). Bandgap
increases with the increment of the strain induced, owing to
the rotation of the inorganic framework of [Pbl]*~ octahedra,
which consequently stretched the Pb-I bond and lead to an
increase in Pb-I-Pb bond length. First-principles calculations
also show that the bandgap of 2D MAPbDI; presents a linear
relationship toward biaxial strain, which increases with tensile
strain and decreases with compressive strain. However, the
bandgap of 1D MAPbI;, on the other hand, exhibits near

This journal is © The Royal Society of Chemistry 2022

parabolic response upon strain, which increases under both
compressive and tensile strain.*

4.2 Effect on carrier transport

Studies have demonstrated how residual strain in a PSC affects
the hole carrier dynamics and revealed its impact on energy
band alignments at the interface between the perovskite and
hole-transporting layers.*®® Ultraviolet photoelectron spectro-
scopy (UPS) illustrates the band structure evolution of a-FAPbI;
without strain and with —2.4% strain.®® The results show that
compressive strain lifts the anti-bonding valence band maxi-
mum (VBM) more upward than it does the conduction band
minimum (CBM). This is because VBM consists mostly of Pb
6s and I 5p orbitals and interaction between these orbitals
becomes stronger under compressive strain, thus pushes the
VBM upward.”” In contrast, the CBM mainly consists of non-
bonding localized states of Pb 6p orbitals, which is less
sensitive to the [Pblg]"~ octahedral deformation.”® As a result,
the better energy alignment between the VBM of the perovskite
and the Fermi level of the Au contact combined with a
higher carrier mobility under compressive strain provides an
enhancement in photocurrent of the PSCs. Similarly, through
first-principles calculations, Zhu et al. found that the bandgap
decreases as the perovskite film experiences compressive strain

Chem. Soc. Rev., 2022, 51, 7509-7530 | 7519


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00278g

Open Access Article. Published on 05 August 2022. Downloaded on 6/24/2026 2:24:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

compared to a strain-free sample, whereas the bandgap increases
under exposure to tensile strain, as shown in Fig. 11c.*> Moreover,
they unraveled dual effects of the VB downward bending as shown
in Fig. 11d: (1) it induces an electric field at the interface that acts
as a barrier for efficient hole extraction and (2) also cause deeper
level defects in the perovskite film. In contrast, the opposite VB
shift of the perovskite under compressive strain provides a favor-
able energy alignment at the perovskite/HTL interface, resulting in
a preferable charge transfer.

In addition, it was shown that strain could also influence the
conductivity of the perovskite bulk material. Evidenced by DFT
calculations combined with the Green’s functional formalism,
Berdiyor and co-workers found a decrease in conductivity of the
perovskite material under tensile strain, owing to the localiza-
tion of charge carriers; however, an increase in charge transport
of the perovskite material under compressive strain, because of
the enhanced overlap of the atomic orbitals.”

4.3 Effect on defect properties and non-radiative
recombination

Metal halide perovskites are highly defect tolerant as bonding
and anti-bonding orbitals mostly reside within the bands.
Nevertheless, intrinsic defects such as interstitial halide, halide
vacancy, and lead vacancy can accompany the formation of
either deep or shallow trap states,®”®' which are responsible
for the material degradation and deterioration of structural
stability due to ionic nature of halide perovskites.*> Recent
studies have shown influence in point defect densities while
the perovskites experience strains. Xue et al*® used DFT to
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(a) iCofrelation region;

)
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calculate the strain-dependent formation energies of halide
vacancies and found that, compared with the strain-free per-
ovskites, the formation energy of halide vacancies increases
upon compressive strain, whereas it decreases under tensile
strain, thus resulting in a decrease in non-radiative recombina-
tion, as well as a further increase in device performance and
lifetime. Ghosh et al.®® calculated the thermodynamic transi-
tion levels for intrinsic vacancy defects of both FAPbI; and
FAy.75Cs0.25Pbl; under pressure-induced external stress. They
observed a significant shift of iodide vacancies from shallow to
deep states in the perovskite materials while exposing them to
high pressure >2 GPa, possibly acting as non-radiative recom-
bination centers. However, the transition state levels of vacancy
defects show un-noticeable change at low pressures (<0.5 GPa)
and have negligible effects on charge carrier lifetime.
Strain-induced structural defects have been reported to
show a strong influence on the non-radiative recombination
in poly-crystalline perovskite films, which hinders the open
circuit voltage of the corresponding solar cell devices. Jones
et al. demonstrated a direct relation between lattice strain and
the increment of defect concentrations and non-radiative
recombination sites by utilizing confocal TRPL combined with
correlative synchrotron scanning micro-XRD (LXRD) measure-
ments on the same scan area.'® After determining the local
compressive strain of the film from p-XRD, they probed the
spatial map of that region (Fig. 12a), a confocal PL intensity
map (Fig. 12b) of the correlation region highlighted in the
strain map in Fig. 12a, and the local time-resolved PL measure-
ments of the corresponding bright and dark regions (red and
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Fig. 12 (a) Spatial map of the compressive strained MAPbIs film. The dashed region is the correlation region between p-XRD and PL. (b) Confocal PL
intensity map of the dash region in (a). (c) TRPL decays of the perovskite films corresponding to the highlighted blue and red regions in d. Reprinted with
permission,'® Copyright 2019, Royal Society of Chemistry. (d) illustration of an experimental setup, consisting of the samples with MAPbls films deposited
on bendable substrates upon different strains, and photographs of the films illuminated under white light with intensity of ~50 mW cm ™2 after 500 hours.
(e) Activation energy of ion migration changes with strain under dark or illumination. Reprinted with permission.*® Copyright 2017, The American
Association for the Advancement of Science. (f) Calculated activation energies for halide ion migration in perovskites under compressive strain (—1.5%),
no strain (intrinsic) and tensile strain (1.5%). Reprinted with permission,*® Copyright 2020, Springer Nature.
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blue circles in Fig. 12b), as shown in Fig. 12c, representing the
recombination charge carriers. Combined with the (220) uXRD
peaks in the inset of Fig. 12c¢, they found that the dark region
has an inferior emission intensity and carrier lifetime, which
corresponds to a region with compressive-strained (220) lattice
planes, whereas the bright region possesses a stronger emis-
sion and longer carrier lifetime, indicating a comparatively
unstrained region. Furthermore, by using a first-principles
atomic model and converting the strain map to a relative defect
density map, they found a strong anti-correlation between the
charge carrier lifetime and defect concentration ratio of a
strained crystal. These results suggest that the observed local
PL heterogeneity is mainly attributed to the local strain hetero-
geneity of the perovskite crystal originating from the structural
defects such as halide vacancies, which accordingly results in a
dramatic non-radiative recombination loss.

4.4 Effect on stability

It was reported that tensile strain in perovskite films can reach
a value high enough to deform copper (excess 50 MPa in
magnitude), which can provide a dramatic driving force to
the formation of vacancies, facilitate phase segregation,®
accelerate ion migration and subsequent phase transition,
and eventually decompose the perovskite films while exposing
to humidity, heat and illumination.*> However, conversely,
researchers observed an increase in stability of perovskite films
upon compressive strain. To investigate strain effects on the
stability of the perovskite films under illumination, MAPbI;
based perovskite films under different bending conditions were
sealed in a petri dish and illuminated under white light, as
illustrated in Fig. 12d.** After 500 hours illumination under
increased lattice strain, a large area of the perovskite film had
turned into yellow PbI, as confirmed by XRD. In sharp contrast,
the perovskite film exposed to reduced lattice strain remained
mostly black with no decomposition under the same condition.
It is worth noticing that the strain has been proved to be
uniform over the films and the observed non-uniform degrada-
tion on the perovskite films was attributed to other factors
induced by spin-coating process. In addition, they found that
regardless of different substrates, the presence of strain induces
accelerated degradation of the perovskite film, however, recovers
once the strain has been released. The mechanism of such
accelerated degradation was attributed to the increment in ion
migration by calculating the activation energies for ion migration
of the perovskite films while experiencing enlarged strain
(from convex, flat to concave), based on the Nernst-Einstein
relationship:

oT = g exp (;—fj‘) (6)

where ¢ is conductivity, T is temperature, g, is conductivity
constant in the absence of ionic motion, k is Boltzmann constant
and E, is the activation energy for ion migration. As shown in
Fig. 12e, it was observed that the activation energies for ion
migration in the perovskite film decrease when the strain is
enlarged, which also significantly decreases under illumination.

This journal is © The Royal Society of Chemistry 2022
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These results suggest that both enlarged strain and illumination
can induce accelerated ion migration, leading to a faster degrada-
tion in the perovskite films.

Complementary to this experimental evidence, calculations
have also been carried out to determine activation energies (E,)
for the vacancy-assisted migration of halide ions in perovskite
films while experiencing strains.*® E, in strain-free CsPbI,Br
perovskite film was calculated as 0.667 eV, which increases to
0.794 eV under compressive strain and decreases to 0.547 eV
under tensile strain (Fig. 12f). These results confirm the accel-
erated ion migration in perovskite films under enlarged tensile
strain, leading to a deterioration of perovskite stability.
Meanwhile, it was also suggested that compressive strain can
decelerate halide ion migration in perovskites, thus expecting
to improve the intrinsic stability of the material.

Moreover, Rolston and co-workers examined the stability of
MAPDI; films after external compressive or tensile strain by
varying the applied pressure from —130 MPa (compressive
strain) to 130 MPa (tensile strain) on the perovskite films.*
Then they exposed the stressed films to humid air at room
temperature (85% R.H., 25 °C) and dry air with elevated
temperature (25% R.H., 85 °C), respectively. Photographs were
recorded after 24 h aging. It can be clearly seen that, in both
conditions, the perovskite films under tensile strain displays a
pronounced visible degradation from black phase MAPbI; into
yellow color Pbl,, whereas, the compressed perovskite films
mostly remained in the pristine black perovskite phase.

5. Strategies to improve device
performance and stability of PSCs

As discussed above, strain plays an important role in affecting
the bandgap, charge carrier transport, defect properties and
non-radiative recombination, as well as the stability of the
perovskite films. Therefore, strain can induce both positive or
negative effects on the performance and stability of PSCs,
various strategies to adjust strain effect will be discussed in
this section, as summarized in Fig. 13.

5.1 Engineering of the fabrication process

It is well-known that thermal expansion mismatch between the
perovskite film and the substrate during thermal annealing
process is one of the major causes of strain in perovskite
fabrications. Thus, (1) lowering the formation temperature of
the perovskite film or (2) reducing the thermal coefficient
mismatch between the perovskite layer and the substrate are
the most straightforward ways to reduce the tensile strain
stemming from the thermal expansion mismatch during the
fabrication process.

Zhao et al. proved that the formation temperature of a
perovskite film is a critical factor that determines the amount
of its lattice strain.”® Instead of annealing at high temperature,
they fabricated the MAPbI; perovskite film under room tem-
perature by evacuating the film for 3 days and found the
formation of a strain-free perovskite film. In comparison, the
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Fig. 13 Overview of strain engineering strategies on improving device
performance and stability.

perovskite films formed through annealing under different
temperatures exhibited lattice strain (similar in value regardless
of the applied temperature). It is worth to mention that, the
already formed perovskite films are insensitive to post-annealing,
as they found that the strain-free/strained perovskite film remain
unstrained/strained after being heated at 100 °C for 4 h (20 h).
This is due to the strong adhesion between the perovskite layer
and its contact layer once the perovskite film was formed, which is
also consistent with other reports in literature.*®>*>

The most commonly used anti-solvent engineering strate-
gies require annealing to evaporate the residual solvent such as
chlorobenzene in order to form a highly crystalline perovskite
film, which consequently causes tensile strain while cooling
down to room temperature. Alternatively, Rolston et al. proposed
a bath conversion method, which enabled the formation of a
less-stressed perovskite film at room temperature.*” The bath-
converted perovskite film formed directly under room tempera-
ture by submerging the spin-coated perovskite film in a very low
boiling temperature solvent, diethyl ether, possessed a largely
reduced residual strain, which would not be influenced by any
further procedures requiring elevated temperatures.*®> However,
although lowering the annealing temperature for perovskite
formation can dramatically diminish the tensile strain in the
film, it is worth noticing that this strategy might, on the other
hand, result in a decrease in device performance, mainly due
to the low quality of the perovskite films formed under low
temperature.

Alternatively, using a substrate with higher thermal expan-
sion coefficient, such as polycarbonate (PC) or polyethylene
terephthalate (PET), to replace the commonly used indium tin
oxide (ITO) or fluorine-doped tin oxide (FTO) glass substrates is
also a promising strategy to reduce the mismatch between the
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perovskite and the substrate,’® since the thermal expansion
coefficient of perovskites with various compositions are rather
similar.®¢®” Nevertheless, the device performance based on
those flexible substrates is still not comparable with those on
rigid substrates, which is mainly attributed to their resistivity
and transmittance properties, as well as the effect of the
perovskite films formed on top.

5.2 Compositional engineering on the perovskite layer

As mentioned above, intrinsic strain normally occurs during
the formation of a perovskite film, compositional engineering
of the perovskite precursor solution is therefore considered as
an effective strategy to modulate the strain of a perovskite film.

5.2.1 Alloying in perovskite composition. Different A-site
cations can dramatically influence the intrinsic strain behavior
of an as-prepared perovskite film, based on their difference in
molecular properties.®® Local lattice strain of single-cation
halide perovskite, such as FAPbI;, induced by ionic size mis-
match between A-site cation and the lead halide cage can lead
to a lattice distortion and [Pblg]*~ octahedra tilting. Saidaminov
et al.®® reported that such strain can be relaxed via point defect
formation with oxygen and water molecules, which however,
would facilitate the perovskite decomposition. Otherwise, incor-
porating small ions such as Cs'/MA" into FAPbI; can effectively
relax the lattice strain of FAPbI; and prevent the formation of
vacancy defects, leading to a dramatic improvement in device
performance and long-term stability, which is also in agreement
with other reports.®>°%°!

It is worth noticing that A-site alloying can indeed improve
the stability of halide lead perovskites by releasing the strain
through lattice shrinkage, however, the spacing of [BX]'~
framework is the main factor that determines the lattice con-
stant. Therefore, regulation of the remaining lattice strain on B/
X sites of the perovskite is also desirable to understand.
Incorporating possible isovalent dopants in B/X sites of the
CsMAFA-based perovskites has been investigated. Among
various candidates, PSCs incorporating with CI~ and Cd*" show
similar PCEs with the control devices, however a significant
enhancement in stability under various conditions, especially
the devices incorporated with Cd*".*® Besides, Shai et al.
reported that introducing Zn*" into MAPbI;_,Cl, perovskite
(with Zn : Pb ratio less than 1:100) can release the lattice strain
during an appropriate lattice constriction within B-X frame-
work, leading to reduced crystal defects and enhanced intrinsic
stability.”* Also, the incorporation of pseudo-halide into per-
ovskites was reported to induce the relaxation of lattice strain.
Zhang et al. used NH,BF, and occupation of BF, in the X site
of perovskite (FAPbI;)g3(MAPbBI3) 17 resulted in a lattice
expansion verified by a peak shift of (001) diffraction toward
lower 20.”® The authors suggested that the lattice relaxation
could be achieved by a weakened bond of Pb-BF, possibly
due to their weaker hybridization than that of Pb-1. The
authors empirically showed the effective suppression of defect
formation and reduced density of defects which were ascribed
to the strain relaxation. Similarly, Oh et al. suggested that the
lattice strain relaxation is realized by the intercalation of

This journal is © The Royal Society of Chemistry 2022
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pseudo-halide (BF, ) into mixed Pb-Sn perovskite (FA, sMA 5-
Pb, 5Sn, sI;) that is more vulnerable to lattice strain because of
the different ionic radii between Sn (1.18 A) and Pb (1.19 A)
than pure lead halide perovskites.”® The authors proposed that
strain relaxation increases the formation energy of iodine
vacancy and inhibit the formation of metallic species Pb® and
sn°, which would degrade device performance.

5.2.2 Additive in perovskite composition. Additives in per-
ovskite compositions without incorporating into the perovskite
lattice have been developed to tailor the strain of a perovskite
film. Wang et al. doped aluminium acetylacetonate (Al-acac;)
into the perovskite precursor solution of MAPbI;, and found
that the presence of a small amount of AI*" (<0.3 mol%) can
enhance the crystallinity of the perovskite film with reduced
microstrain, thus leading to an improvement in the device
performance.”®> Min et al. found a more stable structure of
a-phase FAPbl; by introducing methylenediammonium
choride (MDACI,) into the perovskite precursor, owing to the
lattice strain relaxation of partial substitution of I site by
smaller Cl~ ions, as illustrated in Fig. 14a.°® The introduction
of 3.8 mol% MDACI, can suppress the defect formation and
increase the charge carrier lifetime of the perovskite film,
resulting in excellent device performance with a certified PCE
of 23.7%. Kong et al. employed 2-diethylaminoethylchloride
hydrochloride (DEAECCI) into the perovskite solution.’” The
internal tensile strain of 3D perovskite film has been efficiently
relieved after the introduction of residual flexible 1D perovski-
toid. As a result, the target devices retained over 90% of their
initial performance after more than 2000 h ageing conditions.
Similarly, Wang et al. introduced n-butylammonium cation
(BA") into a mixed-cation (FA'/Cs") and mixed-halide (I /Br)
perovskite and observed a reduced lattice constant with the
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increment of the BA" content, which was speculated as the
released strain. As a result, the partial substitution of FA"/Cs"
by BA" enhanced both device performance and stability.”®

Very recently, Doherty et al. found that the stabilized FA-rich
perovskites with A-site cation (such as Cs, MA cations, or their
combination) alloying are still noncubic and exhibit small
(~2°) octahedral tilting at room temperature, which can only
be observed by local nanostructure characterization techniques
such as SED (which was described in Section 3.2).>" In this case,
although the perovskite bulk is phase-stable macroscopically,
the heterogeneous cation distributions could still form micro-
scopically unstable regions, which would eventually create
local trap-assisted performance losses and degrade the device.
Moreover, halide mixing was found to induce additional influ-
ence in the observed degree of octahedral tilting. As an alter-
native, the authors demonstrated a strategy to effectively
stabilize the o-FAPbI; by templating the perovskite growth
and its octahedral tilting in order to conjugate the cation-
alloying approaches, homogenize nanoscale phase stability
and eliminate residual traps. They found that octahedral sur-
face functionalization with an ethylenediaminetetraacetic acid
(EDTA) could induce a slight octahedral distortion across the
perovskite film, however to a degree that inhibits the transition
from corner-sharing to face-sharing structures without
compromising its optoelectronic properties. As a result, the
templated FAPbI; film exhibits outstanding stability upon
external stressors (thermal, environmental and light).

5.2.3 Additive in antisolvent. Additive in antisolvent has
been investigated to regulate the top perovskite region, where
the most serious tensile strain occurs.*® For example, Zhang
et al. demonstrated an in situ crosslinking-enabled strain-
regulating crystallization (CSRC) method by introducing

FA MDA PbCILI; (x=0.037)
Cl-interstitial 100

Strain free

::: 2

TMTAiIn CB

High
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Compressive strain

Flg 14 (a) Structures of pristine FAPDI=, FAO_926(VFA)0_037MDAO_037Pb|3 and FAQ_963MDAO_037Pb|3(Cli)0_037. Reprinted with permission.% Copyrlght 2019,
The American Association for the Advancement of Science. (b) Schematic illustration of strain regulation of perovskite with different concentrations of

TMTA in CB. Reprinted with permission®® Copyright 2021, Wiley-VCH.
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trimethylolpropane triacrylate (TMTA) into the antisolvent of
chlorobenzene (CB) to confine the thermal expansion.’
Remarkably, they found that the concentration of TMTA in
CB can precisely regulate the lattice strain of the perovskite film
during annealing process, as presented in Fig. 14b. As a result,
the CSRC approach improved a PSC in terms of PCE and long-
term stability under storage, thermal and light conditions.

5.3 Interfacial engineering

Compensation of intrinsic tensile strain in the perovskite film
by adjusting its adjacent layers with lower or higher « has been
proved as a promising and effective approach for strain man-
agement in PSCs. Although using a substrate with higher « or
decreasing the annealing temperature of the perovskite layer
can indeed reduce the o mismatch between the perovskite and
the substrate as discussed in Section 5.1, these strategies
normally result in either low quality perovskite films or unsa-
tisfied interconnection with inferior carrier collection, which
is therefore unfavorable for the potential device efficiency
and long-term stability.®® Thus, it is important to control the
residual strain of the perovskite but concurrently tuning the
strain at the interfaces of ETL/perovskite and perovskite/HTL.
Several studies have shown encouraging enhancement in
device performance and stability utilizing strain-compensate
strategy by applying suitable functional layers at the interfaces
of the perovskites.

5.3.1 ETL/perovskite interface. Zhang et al. adopted a pro-
tonated amine silane coupling agent (OC,H;);-Si-(CH,)s—
NH;Br (PASCA-Br) as an interlayer between TiO, and perovs-
kite, which can not only anchor to the TiO, layer through Si
terminals but also supply as structure component in mutilated
octahedra of the perovskite unit through the R-NH;Br
terminals, in comparison with the traditional (OC,H;s);-Si-
(CH,);-NH,) (APTES), leading to a reduced lattice distortion
(Fig. 15a).'°° Remarkably, the stretchable R-NH;Br growth
sites help to release the perovskite lattice stress, thus leading
to inhibited interfacial strains. As a result, the target
devices delivered PCEs of 21.6% on glass substrate and
outstanding long-term stability (Fig. 15b). Guanidinium bro-
mine (GABr) has been applied by Zhu’s group to assist a
secondary growth at the surface of the perovskite film, which
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for 1 month. Reprinted with permission'°® Copyright 2020, Wiley-VCH.
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reduced the film microstrain and suppressed non-radiative
recombination, leading to a significant increase in device
Voc~101

In addition, passivating 3D perovskite by forming an addi-
tional 2D layer on top is a widely used strategy to enhance
surface hydrophobicity, reduce surface recombination and
defect states toward more efficient and stable PSCs. However,
Zhang et al. found instability of such 2D/3D heterostructure
under regular thermal processing conditions, due to the lattice
expansion of the strained 2D PEA,PbI, perovskite layer.85
Therefore, they proposed a strain-compensation strategy by
introducing PCBM with a low thermal expansion coefficient
than that of PEA,Pbl,, as an external compressive strain layer to
counteract the lattice expansion. Meanwhile, [Pbls]*~ octahedra
in PEA,Pbl, embedded between the 3D perovskite and PCBM
layer can suppress the ion migration due to the strong inter-
action with both layers. HRTEM revealed that the diffusion of
small ions caused by thermal annealing forms 2D passivating
structures along grain boundaries, thus reducing the recombi-
nation velocity. Due to the combinative effect of diffusion
passivation and stress compensation, they have boosted V¢
to 1.1 V, along with a Jsc of 22.76 mA cm™> and FF of 79.3%,
resulted in a PCE of 21.31% measured in the laboratory and an
independently certified PCE of 20.22%.

5.3.2 Perovskite/HTL interface. Xue et al utilized a HTL,
poly[5,5-bis(2-butyloctyl)-(2,2-bithiophene)-4,4’-dicarboxylate-
alt-5,5'-2,2'-bithiophene] (PDCBT), with rich carbonyl anchoring
groups to build a strong perovskite (CsPbI,Br):HTL interface for
strain transfer and found a linear correlation between stress and
annealing temperature of the HTL as shown in Fig. 16a, where
the increased annealing temperature of HTL offsets the residual
tensile strain of the perovskite.*® An eliminated tensile strain is
observed in the perovskite film when the PDCBT layer was spin-
coated at around 80 °C, which becomes compressive strain as
the spin-coating temperature increases (Fig. 16b). Remarkably,
both devices with strain-free and compressive-strained perovs-
kite films show outstanding stability under both MPP tracking
at continuous one sun illumination (Fig. 16c) and elevated
temperature (85 °C) conditions (Fig. 16d). These results indicate
that the residual tensile strain in the perovskite film can be
modulated by depositing the top hole transporting layer at

Time (h)

(a) Lattice structure of APTES and PASCA-Br modified interfaces. (b) Stability of the devices with and without PASCA-Br modification after ageing

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00278g

Open Access Article. Published on 05 August 2022. Downloaded on 6/24/2026 2:24:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

(a) 200

9. N
\ Tensile stress
9

o

100 -

2, Stress-free

AN

*)

A

2

A

-

o

o
o
o

Compressive stress 9,

e

]

Perovskite film stress (MPa)
I
o
o

g

| —o— ITorTio JCsPbl,BrPDCBT

20 40 60 80 100 120 140 160
HTL spin-coating temperature (°C)

View Article Online

Review Article

(b)
0.01 1 @ Tensile strain
<  0.00 - Strain-free
s . "
[
\J
-0.01 -
Compressive strain
2
-0.02 T T

60 80 100 120
HTL spin-coating temperature (°C)

(C) i 1.00 P A LA ey i L T—— P

8 ]
°
.g 0.75 A MPP tracking under AM1.5 illumination
g 4 ——— Compressive-strain
g Non-strain

0.50 + —— Tensile-strain

v T T T v T T T T T T
0 10 20 30 40 50 60
Time (h)
(d)

1.00 + W. > —e ° >
w
O J
o
°
ﬁ 0.75 H
g 4 —a— Compressive-strain
§ Non-strain

0.50 9 Annealed at 85 °C —o— Tensile-strain

0 200 400

Fig. 16

600 800 1000

Time (h)

(a) Calculated and (b) measured CsPbl,Br perovskite film stress variation under different spin-coating temperature of PDCBT. Stability of the

devices with compressive-strain, non-strain and tensile-strain under (c) MPP tracking with AM1.5G illumination and (d) annealing temperature at 85 °C.

Reprinted with permission,*® Copyright 2020, Springer Nature.

higher temperatures to introduce a more stable strain-free or
compressive-strained perovskite films. In addition, Cui’s group
employed a polymerizable propargylammonium (PA') at the 3D
perovskite surface and grain boundaries to form cross-linked
1D/3D perovskite heterostructure, which changes the residual
3D perovskite film from tensile strain to compressive strain and
thus benefits the corresponding device performance and long-
term stability.'*>

Despite of only considering interfacial strain relaxation with
functional materials, our group recently realized that the
combined solvent could also play an important role in releasing
the residual strain of a perovskite film.'> We found that
comparing with isopropanol (IPA), employing cyclohexylmethyl-
ammonium iodide (CMAI) in chloroform (CF) for post-treatment
on a perovskite film, can create a strain-free surface owing to the
slow ion exchange between the CMA" and FA', leading to an
enhanced long-term stability of the PSCs.

This journal is © The Royal Society of Chemistry 2022

5.4 External strain

Oyelade et al. have demonstrated the possibility to enhance the
performance of the PSCs by pressure-assisted fabrication
technique.'® The PCE of manufactured devices improved from
9.84% to 13.67%, by applying additional pressure in the range
of 0-7 MPa (Fig. 17a). The authors attributed growing initial
trends in the PCE (for pressures below 7 MPa) to a better
interfacial contact and densification of the mesoporous layer.
However, for the pressure values beyond 7 MPa, the reduction
of PCE was affiliated with perovskite layer fragmentation.®”
While the mentioned mechanisms can partially explain the
PCE change, it is clear that applied pressure also causes strain
in perovskite lattice, which affects the opto-electronic proper-
ties of perovskite films and device performance. Luo et al. also
demonstrated pressure-assisted solution processing (PASP)
method to control the perovskite nucleation and growth for
controllable fabrication of highly crystallized perovskite films
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Fig. 17 (a) Change in PCE as a result of applied pressure. Reprinted with permission.’°* Copyright 2021, Wiley-VCH. GIXRD patterns of (b) reference
sample and (c) sample manufactured via PASP method. Reprinted with permission.'°®> Copyright 2020, Elsevier.

with micron-sized grains and microsecond-range carrier
lifetimes.'®> It is expected that such crystallization route also
results in specific grain orientation spread and modulation of
strain, as we have shown earlier in Section 2.2.2. This crystal-
lization approach also resulted in higher tolerance of perovskite
films to moisture-induced degradation and to ion migration.
Consequently, PSCs made via PASP method had a champion
PCE of 20.74% under applied pressure of 4.9 kPa and extra-
ordinary stability against humidity and continual light illumi-
nation. Notably, from GIXRD measurements in Fig. 17b and c,
the pressure-assisted films exhibit Debye-Scherrer rings more
homogeneous in intensity, meaning that scattering is less
influenced by incident angle, which is usually a signature of
a better lattice isotropy. Therefore, the 2D XRD data of the
PASP-sample (Fig. 17c) looks more like 1D, unlike the control
perovskite film (Fig. 17b)."*

The continuous light soaking by standard one-sun
(100 mW cm™?) has also been reported to cause a large and
uniform lattice expansion of hybrid perovskite films as shown
in Fig. 6¢.”® Evidence shown in the in situ GIWAXS measurements
on the FA,;MA ,5Csg osPbl; perovskite film with increasing illu-
mination time from 0 to 180 min. No phase segregation or
degradation emerged under light illumination, however, a uniform
shift toward lower scattering vector g values is clearly observed in
all diffraction peaks, which corresponds to an isotropic increase in
lattice constant d (lattice expansion), as plotted in Fig. 6b. As a
result, they found that the relaxation of local lattice strain upon
light soaking can not only enhance the crystallinity of the per-
ovskite film, but also lead to a lower energetic barrier at the
interface between perovskite and the adjacent contact layer to
guarantee an efficient charge collection and suppress the non-
radiative recombination in the bulk. Consequently, it boosts the
solar cell performance without detrimental effect to its stability.

6. Summary and perspective
6.1 Summary

Strain in halide perovskites and perovskite solar cells is increas-
ingly gaining attention of the research community. To be able
to control its impact on the optoelectronic properties and
device stability, a deeper understanding of the concept and

7526 | Chem. Soc. Rev,, 2022, 51, 7509-7530

its effect on halide perovskites is necessary and important to
investigate. Herein, we presented a systematic overview of the
definition, origin, various characterization methods for prob-
ing the strain, implications on perovskite films, as well as
regulation strategies for strain engineering in improving PSCs
device performance and long-term stability.

Strain in perovskites is normally generated by:

(1) internal stress induced by the non-periodicity of crystal
lattice;

(2) external stress caused by lattice and thermal expansion
mismatch or external stress sources such as light, temperature,
pressure or applied bias.

Such strain can be detected by various of characterization
methods, on both macro-scale techniques with high spatial
averaging, such as XRD/GIXRD, Raman spectroscopy, PFM,
TEM, GIWAXS, PL, TRPL, TPC, and also micro-/nano-scale
techniques, such as SED and nano-XRD and CDI, which allow
highly-resolved analysis of strain.

Various implications of strain on perovskite films have also
been summarized, in terms of its effect on bandgap, charge
carrier transport, defect properties and non-radiative recombi-
nation, as well as crystal film stability. From the discussed
literature reports, we can recognize the following trends:

(1) A dramatic redshift with accordingly narrower bandgap
upon compressive stress, however, a blueshift with accordingly
wider bandgap upon tensile strain on a perovskite material.
Exceptions such as bandgap of 1D MAPbI; exhibit near para-
bolic response upon strain, which increases under both com-
pressive and tensile strain.

(2) A more upward lifting of VBM than CBM under com-
pressive strain, leading to a higher carrier mobility and a better
energy alignment between the VBM of the perovskite and HTL.
In contrast, a VB downward bending under tensile strain would
induce an unfavorable energy level gradient for hole extraction
and diffusion, causing deeper level defects in perovskites.

(3) A decreased bulk conductivity of perovskite under tensile
strain, however, an increase under compressive strain based on
DFT calculations.

(4) An increase in formation energy of halide vacancies upon
compressive strain, and a decreasing formation energy under
tensile strain, the latter leading to an increase in non-radiative
recombination of a perovskite film.

This journal is © The Royal Society of Chemistry 2022
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(5) A more stable perovskite film after compressive stress,
however, an accelerated degradation perovskite film after
tensile stress.

A range of strategies to control strain have been explored
in literature. Based on this review, we can consolidate the
following effective strategies to improve device performance
and stability of PSC:

(1) Reducing detrimental lattice strain during crystal for-
mation via engineering of the fabrication process by lowering
the formation temperature of the perovskite layer or reducing
the thermal coefficient mismatch between the perovskite layer
and the substrate.

(2) Compositional engineering on the perovskite layer
through cation alloying, additive in perovskite composition or
antisolvent.

(3) Interfacial engineering at the interfaces between the
perovskite layer and its adjacent layers through functional
groups or additional interlayers.

(4) Engineering of external strain, with sources such as
pressure and light. However, these effects are not fully under-
stood and require further investigation.

6.2 Perspective

Unprecedented success has been achieved and great efforts
have been made in the field of PSCs to push the PCE over 25%,
which corresponds to ~80% of its (theoretical) Shockley-
Queisser (SQ) limit." Recent progress is mainly attributed to
the development of key strategies that effectively reduce the
defects on the surface of the perovskite layer and minimize
non-radiative recombination at the interfaces, thereby enhan-
cing device efficiency. This review highlights strain manage-
ment in PSCs as one of the promising routes to manufacture
devices with PCEs exceeding 26% and closer to the radiative
limits.

Since PCE enhancement effectively translates into an
increase in Jgc, FF and Vg, one could consider the ratio of
these properties to their SQ limit value for a solar cell with a
specific bandgap as a figure of merit describing the remaining
room for improvement. % It has been noticed that most of the
record-holding PSCs shown in the past demonstrated compar-
able Jsc/JsQ ratios of ~0.9 and is more likely to be related to the
optical losses (particularly parasitic absorption in the sub-
strate), rather than the perovskite absorber layer. On the other
hand, the improvement of the product of Vo and FF compared
to their SQ limits ([Voc x FF)[VEE x FF°?)) is directly linked to
the increase in PCE/PCE®? ratio. Therefore, improvement in
PSC performance is likely to be achieved via the elimination of
bulk- and surface-related defects, improvements in carrier
collection/transport, and enhanced radiative efficiencies, which
are all closely tied to Voc and FF. Thus, we expect that carefully
tailoring of strain in halide perovskites can lead to fabrication
of devices with nearly ideal interfaces, effectively reducing the
(Voo x FFY[VES x FF*]) gap.

We conclude that the majority of literature reports demon-
strated that tensile strain deteriorates the performance of a
PSC and accelerates its degradation. In contrast, moderate

This journal is © The Royal Society of Chemistry 2022
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compressive strain can improve the optoelectronic properties
and stability of the perovskite films as well as the corres-
ponding solar cells. Therefore, the aim of strain regulation in
PSC should be to release its residual tensile strain and intro-
duce controlled compressive strain to the perovskite bulk
crystal layer or interfaces. Based on the knowledge collected
in this literature review, we propose the following pathways for
future strain engineering in PSC:

(1) Investigate novel or modified synthetic routes toward
high quality perovskite films, especially under low processing
temperatures.

(2) Explore new additives or interfacial materials between
the perovskite and charge extraction layers to adjust/compro-
mise the strain in perovskites without introducing phase and
structural heterogeneity, even on nanoscale.

(3) Develop novel substrates with similar thermal coeffi-
cients as perovskites, having comparable optoelectronic proper-
ties with traditional rigid substrates, and ensuring the
formation of high-quality perovskite film deposited on top of it.

Considering that the importance of strain for the PSC is
increasingly moving in the focus, a further and deeper under-
standing of its origin, impacts, and means for control are
essential to pursue highly efficient and more stable and push
perovskite PV closer to commercialization.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This project has received funding from Swiss National Science
Foundation for financial support with Project No. 200020_
185041. M. K. N. acknowledges the support from the Qatar
National Research Fund with NPRP grant No. NPRP11S-1231-
170150. D.B. acknowledges the scholarship support of the
German Federal Environmental Foundation (DBU). This work
has also been partially funded within the project UNIQUE
supported under umbrella of SOLAR-ERA.NET cofund by
ANR, Pt], MIUR, MINECO-AEI and SWEA, within the EU’s
Horizon 2020 Research and Innovation Program (cofund
ERA-nET Action No. 691664).

References

1 NREL Best research cell efficiency chart, 2022.

2 K. Lin, J. Xing, L. N. Quan, F. P. G. de Arquer, X. Gong,
J. Lu, L. Xie, W. Zhao, D. Zhang, C. Yan, W. Li, X. Liu, Y. Lu,
J. Kirman, E. H. Sargent, Q. Xiong and Z. Wei, Nature, 2018,
562, 245-248.

3 J. Feng, C. Gong, H. Gao, W. Wen, Y. Gong, X. Jiang,
B. Zhang, Y. Wu, Y. Wu, H. Fu, L. Jiang and X. Zhang,
Nat. Electron., 2018, 1, 404-410.

Chem. Soc. Rev,, 2022, 51, 7509-7530 | 7527


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00278g

Open Access Article. Published on 05 August 2022. Downloaded on 6/24/2026 2:24:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

4

10

11

12

13

14

15
16

17

18

19

20

21

22

23

24

25

7528 |

G. E. Eperon, S. D. Stranks, C. Menelaou, M. B. Johnston,
L. M. Herz and H. ]. Snaith, Energy Environ. Sci., 2014, 7,
982-988.

S. De Wolf, J. Holovsky, S.-J. Moon, P. Loper, B. Niesen,
M. Ledinsky, F.-J. Haug, J.-H. Yum and C. Ballif, J. Phys.
Chem. Lett., 2014, 5, 1035-1039.

L. M. Herz, ACS Energy Lett., 2017, 2, 1539-1548.

S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou,
M. ]J. P. Alcocer, T. Leijtens, L. M. Herz, A. Petrozza and
H. J. Snaith, Science, 2013, 342, 341-344.

J. Y. Kim, ]J.-W. Lee, H. S. Jung, H. Shin and N.-G. Park,
Chem. Rev., 2020, 120, 7867-7918.

M. Jung, S.-G. Ji, G. Kim and S. 1. Seok, Chem. Soc. Rev.,
2019, 48, 2011-2038.

J.-P. Correa-Baena, M. Saliba, T. Buonassisi, M. Gritzel,
A. Abate, W. Tress and A. Hagfeldt, Science, 2017, 358, 739-744.
E. G. Moloney, V. Yeddu and M. I. Saidaminov, ACS Mater.
Lett., 2020, 2, 1495-1508.

G. H. Ahn, M. Amani, H. Rasool, D.-H. Lien, ]J. P.
Mastandrea, J. W. Ager III, M. Dubey, D. C. Chrzan,
A. M. Minor and A. Javey, Nat. Commun., 2017, 8, 608.

S. M. Hubbard, C. D. Cress, C. G. Bailey, R. P. Raffaelle,
S. G. Bailey and D. M. Wilt, Appl. Phys. Lett., 2018, 92,
123512.

M. El Kurdi, H. Bertin, E. Martincic, M. de Kersauson,
G. Fishman, S. Sauvage, A. Bosseboeuf and P. Boucauda,
Appl. Phys. Lett., 2010, 96, 041909.

I. Robinson and R. Harder, Nat. Mater., 2019, 8, 291-298.
T. W. Jones, A. Osherov, M. Alsari, M. Sponseller, B. C.
Duck, Y.-K. Jung, C. Settens, F. Niroui, R. Brenes, C. V.
Stan, Y. Li, M. Abdi-Jalebi, N. Tamura, J. E. Macdonald,
M. Burghammer, R. H. Friend, V. Bulovic, A. Walsh,
G. J. Wilson, S. Lilliu and S. D. Stranks, Energy Environ.
Sci., 2019, 12, 596-606.

G. Kim, H. Min, K. S. Lee, D. Y. Lee, S. M. Yoon and
S. I. Seok, Science, 2020, 370, 108-112.

H.-S. Kim and N.-G. Park, NPG Asia Mater., 2020, 12, 78.
D. Liu, D. Luo, A. N. Igbal, K. W. P. Orr, T. A. S. Doherty,
Z.-H. Lu, S. D. Stranks and W. Zhang, Nat. Mater., 2021, 20,
1337-1346.

J. Wu, S.-C. Liu, Z. Li, S. Wang, D.-J. Xue, Y. Lin and
J.-S. Hu, Natl. Sci. Rev., 2021, 8, nwab047.

Y. Jiao, S. Yi, H. Wang, B. Li, W. Hao, L. Pan, Y. Shi, X. Li,
P. Liu, H. Zhang, C. Gao, J. Zhao and ]. Lu, Adv. Funct.
Mater., 2021, 31, 2006243,

N. N. Som, P. M. W. P. Sampath, S. D. Dabhi, V. Mankad,
S. Shinde, M. L. C. Attygalle and P. K. Jha, Sol. Energy, 2018,
173, 1315-1322.

H. Yu, Q. Sun, T. Zhang, X. Zhang, Y. Shen and M. Wang,
Mater. Today Energy, 2021, 19, 100601.

J.-H. Lee, N. C. Bristowe, J. H. Lee, S.-H. Lee, P. D. Bristowe,
A. K. Cheetham and H. M. Jang, Chem. Mater., 2016, 28,
4259-4266.

A. N. Beecher, O. E. Semonin, J. M. Skelton, J. M. Frost,
M. W. Terban, H. Zhai, A. Alatas, J. S. Owen, A. Walsh and
S. J. L. Billinge, ACS Energy Lett., 2016, 1, 880-887.

Chem. Soc. Rev,, 2022, 51, 7509-7530

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

View Article Online

Chem Soc Rev

T. Chen, B. J. Foley, C. Park, C. M. Brown, L. W. Harriger,
J. Lee, ]J. Ruff, M. Yoon, J. J. Choi and S.-H. Lee, Sci. Adv.,
2016, 2, €1601650.

P. Gratia, I. Zimmermann, P. Schouwink, J.-H. Yum,
J.-N. Audinot, K. Sivula, T. Wirtz and M. K. Nazeeruddin,
ACS Energy Lett., 2017, 2, 2686-2693.

H. X. Dang, K. Wang, M. Ghasemi, M.-C. Tang, M. De
Bastiani, E. Aydin, E. Dauzon, D. Barrit, J. Peng, D.-M.
Smilgies, S. De Wolf and A. Amassian, joule, 2019, 3,
1746-1764.

M. Saliba, T. Matsui, J.-Y. Seo, K. Domanski, J.-P. Correa-
Baena, M. K. Nazeeruddin, S. M. Zakeeruddin, W. Tress,
A. Abate, A. Hagfeldt and M. Grétzel, Energy Environ. Sci.,
2016, 9, 1989-1997.

M. Qin, K. Tse, T.-K. Lau, Y. Li, C.-J. Su, G. Yang, J. Chen,
J. Zhuy, U.-S. Jeng, G. Li, H. Chen and X. Lu, Adv. Mater.,
2019, 31, 1901284.

T. A. S. Doherty, S. Nagane, D. J. Kubicki, Y.-K. Jung, D. N.
Johnstone, A. N. Igbal, D. Guo, K. Frohna, M. Danaie,
E. M. Tennyson, S. Macpherson, A. Abfalterer, M. Anaya,
Y.-H. Chiang, P. Crout, F. S. Ruggeri, S. M. Collins,
C. P. Grey, A. Walsh, P. A. Midgley and S. D. Stranks,
Science, 2021, 374, 1598-1605.

C. Zhu, X. Niu, Y. Fu, N. Li, C. Hu, Y. Chen, X. He, G. Na,
P. Liu, H. Zai, Y. Ge, Y. Lu, X. Ke, Y. Bai, S. Yang, P. Chen,
Y. Li, M. Sui, L. Zhang, H. Zhou and Q. Chen, Nat.
Commun., 2019, 10, 815.

S. Jariwala, H. Sun, G. W. P. Adhyaksa, A. Lof, L. A.
Muscarella, B. Ehrler, E. C. Garnett and D. S. Ginger, Joule,
2019, 3, 3048-3060.

I. Mela, C. Poudel, M. Anaya, G. Delport, K. Frohna,
S. Macpherson, T. A. S. Doherty, A. Scheeder, S. D.
Stranks and C. F. Kaminski, Adv. Funct. Mater., 2021, 31,
2100293.

T. A. S. Doherty, A. J. Winchester, S. Macpherson,
D. N. Johnstone, V. Pareek, E. M. Tennyson, S. Kosar,
F. U. Kosasih, M. Anaya, M. Abdi-Jalebi, Z. Andaji-
Garmaroudi, E. L. Wong, J. Madéo, Y.-H. Chiang, ].-S.
Park, Y.-K. Jung, C. E. Petoukhoff, G. Divitini, M. K. L.
Man, C. Ducati, A. Walsh, P. A. Midgley, K. M. Dani and
S. D. Stranks, Nature, 2020, 580, 360-366.

T. Leonhard, A. D. Schulz, H. R6hm, S. Wagner, F. ]J.
Altermann, W. Rheinheimer, M. J. Hoffmann and
A. Colsmann, Energy Technol., 2019, 7, 1800989.

L. A. Muscarella, E. M. Hutter, S. Sanchez, C. D. Dieleman,
T. J. Savenije, A. Hagfeldt, M. Saliba and B. Ehrler, J. Phys.
Chem. Lett., 2019, 10, 6010-6018.

G. W. P. Adhyaksa, S. Brittman, H. Abolins, A. Lof, X. Li,
J. D. Keelor, Y. Luo, T. Duevski, R. M. A. Heeren, S. R. Ellis,
D. P. Fenning and E. C. Garnet, Adv. Mater., 2018, 30, 1804792.
Z.Zhou, Z. Wang, Y. Zhou, S. Pang, D. Wang, H. Xu, Z. Liu,
N. P. Padture and G. Cu, Angew. Chem., Int. Ed., 2015, 54,
9705-9709.

X. Huang, R. Chen, G. Deng, F. Han, P. Ruan, F. Cheng,
J. Yin, B. Wu and N. Zheng, J. Am. Chem. Soc., 2020, 142,
6149-6157.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00278g

Open Access Article. Published on 05 August 2022. Downloaded on 6/24/2026 2:24:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

D. Bogachuk, L. Wagner, S. Mastroianni, M. Daub,
H. Hillebrecht and A. Hinsch, J. Mater. Chem. A, 2020, 8,
9788-9796.

H. Fan, F. Li, P. Wang, Z. Gu, J.-H. Huang, K.-J. Jiang,
B. Guan, L.-M. Yang, X. Zhou and Y. Song, Nat. Commun.,
2020, 11, 5402.

J. Zhao, Y. Deng, H. Wei, X. Zheng, Z. Yu, Y. Shao,
J. E. Shield and J. Huang, Sci. Adv., 2017, 3, eaao5616.

B. Chen, J. Song, X. Dai, Y. Liu, P. N. Rudd, X. Hong and
J. Huang, Adv. Mater., 2019, 31, 1902413.

N. Rolston, K. A. Bush, A. D. Printz, A. Gold-Parker,
Y. Ding, M. F. Toney, M. D. McGehee and R. H.
Dauskardt, Adv. Energy Mater., 2018, 8, 1802139.

D.-J. Xue, Y. Hou, S.-C. Liu, M. Wei, B. Chen, Z. Huang,
Z. Li, B. Sun, A. H. Proppe, Y. Dong, M. I. Saidaminov,
S. O. Kelley, J.-S. Hu and E. H. Sargent, Nat. Commun.,
2020, 11, 1514.

M. V. Khenkin, E. A. Katz, A. Abate, G. Bardizza, ]J. J. Berry,
C. Brabec, F. Brunetti, V. Bulovi¢, Q. Burlingame, A. Di
Carlo, R. Cheacharoen, Y.-B. Cheng, A. Colsmann, S. Cros,
K. Domanski, M. Dusza, C. J. Fell, S. R. Forrest, Y. Galagan,
D. Di Girolamo, M. Gritzel, A. Hagfeldt, E. von Haulff,
H. Hoppe, J. Kettle, H. Kobler, M. S. Leite, S. Liu, Y.-L. Loo,
J. M. Luther, C.-Q. Ma, M. Madsen, M. Manceau,
M. Matheron, M. McGehee, R. Meitzner, M. K.
Nazeeruddin, A. F. Nogueira, C. Odabasi, A. Osherov,
N.-G. Park, M. O. Reese, F. De Rossi, M. Saliba,
U. S. Schubert, H. J. Snaith, S. D. Stranks, W. Tress,
P. A. Troshin, V. Turkovic, S. Veenstra, I. Visoly-Fisher,
A. Walsh, T. Watson, H. Xie, R. Yildir1, S. M. Zakeeruddin,
K. Zhu and M. Lira-Cantu, Nat. Energy, 2020, 5, 35-49.

D. Kim, J. S. Yun, P. Sharma, D. S. Lee, J. Kim, A. M.
Soufiani, S. Huang, M. A. Green, A. W. Y. Ho-Baillie and
J. Seidel, Nat. Commun., 2019, 10, 444.

Y. Zhou, L. You, S. Wang, Z. Ku, H. Fan, D. Schmidt,
A. Rusydi, L. Chang, L. Wang, P. Ren, L. Chen, G. Yuan,
L. Chen and J. Wang, Nat. Commun., 2016, 7, 11193.

T.-C. Wei, H.-P. Wang, T.-Y. Li, C.-H. Lin, Y.-H. Hsieh,
Y.-H. Chu and ].-H. He, Adv. Mater., 2017, 29, 1701789.

T. J. Jacobsson, L. J. Schwan, M. Ottosson, A. Hagfeldt and
T. Edvinsson, Inorg. Chem., 2015, 54, 10678-10685.

J. M. Azpiroz, E. Mosconi, J. Bisquert and F. De Angelis,
Energy Environ. Sci., 2015, 8, 2118-2127.

L. A. Muscarella, E. M. Hutter, F. Wittmann, Y. W. Woo,
Y.-K. Jung, L. McGovern, ]J. Versluis, A. Walsh, H. J. Bakker
and B. Ehrler, ACS Energy Lett., 2020, 5, 3152-3158.

C. G. Bischak, C. L. Hetherington, H. Wu, S. Aloni,
D. F. Ogletree, D. T. Limmer and N. S. Ginsberg, Nano
Lett., 2017, 17, 1028-1033.

Z. Yang, A. Rajagopal, S. B. Jo, C.-C. Chueh, S. Williams,
C.-C. Huang, J. K. Katahara, H. W. Hillhouse and A. K.-Y.
Jen, Nano Lett., 2016, 16, 7739-7747.

H. Tsai, R. Asadpour, ]J.-C. Blancon, C. C. Stoumpos,
O. Durand, J. W. Strzalka, B. Chen, R. Verduzco, P. M.
Ajayan, S. Tretiak, J. Even, M. A. Alam, M. G. Kanatzidis,
W. Nie and A. D. Mohite, Science, 2018, 360, 67-70.

This journal is © The Royal Society of Chemistry 2022

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

View Article Online

Review Article

Y. Liu, B. G. Sumpter, J. K. Keum, B. Hu, M. Ahmadi and O. S.
Ovchinnikova, ACS Appl. Energy Mater., 2021, 4, 2068-2072.
H. Qiu and ]. M. Mativetsky, Nanoscale, 2021, 13,
746-752.

E. Strelcov, Q. Dong, T. Li, J. Chae, Y. Shao, Y. Deng,
A. Gruverman, J. Huang and A. Centrone, Sci. Adv., 2017,
3, €1602165.

M. Szafranski and A. Katrusiak, J. Phys. Chem. Lett., 2017, 8,
2496-2506.

X. Li, Y. Wang, C. C. Stoumpos, Q. Hu, X. Guo, H. Chen,
L. Yang, J. S. Smith, W. Yang, Y. Zhao, H. Xu, M. G.
Kanatzidis and Q. Jia, Adv. Mater., 2016, 28, 8663—-8668.
Y. Wang, X. Lii, W. Yang, T. Wen, L. Yang, X. Ren, L. Wang,
Z. Lin and Y. Zhao, J. Am. Chem. Soc., 2015, 137,
11144-11149.

F. Capitani, C. Marini, S. Caramazza, P. Postorino,
G. Garbarino, M. Hanfland, A. Pisanu, P. Quadrelli and
L. Malavasi, J. Appl. Phys., 2016, 119, 185901.

S. Jiang, Y. Fang, R. Li, H. Xiao, J. Crowley, C. Wang,
T. J. White, W. A. GoddardIll, Z. Wang, T. Baikie and
J. Fang, Angew. Chem., Int. Ed., 2016, 55, 6540-6544.

M. Badrooj, f Jamali-Sheini and N. Torabi, J. Phys. Chem. C,
2020, 124, 27136-27147.

Y. Chen, Y. Lei, Y. Li, Y. Yu, J. Cai, M.-H. Chiu, R. Rao,
Y. Gu, C. Wang, W. Choi, H. Hu, C. Wang, Y. Li, J. Song,
J. Zhang, B. Qi, M. Lin, Z. Zhang, A. E. Islam, B. Maruyama,
S. Dayeh, L.-J. Li, K. Yang, Y.-H. Lo and S. Xu, Nature, 2020,
577, 209-215.

J. N. Wilson, J. M. Frost, S. K. Wallace and A. Walsh, APL
Mater., 2019, 7, 010901.

B. Huang, G. Kong, E. N. Esfahani, S. Chen, Q. Li, J. Yu,
N. Xu, Y. Zhang, S. Xie, H. Wen, P. Gao, J. Zhao and J. Li,
npj Quant Mater., 2018, 3, 30.

M. U. Rothmann, W. Li, Y. Zhu, U. Bach, L. Spiccia,
J. Etheridge and Y.-B. Cheng, Nat. Commun., 2017,
8, 14547.

B. W. Jia, K. H. Tan, W. K. Loke, S. Wicaksono and
S. F. Yoon, Appl. Surf. Sci., 2017, 399, 220-228.

Y. Zhou, H. Zhou, J. Deng, W. Cha and Z. Cai, Matter.,
2020, 2, 360-377.

K. Frohna, M. Anaya, S. Macpherson, J. Sung, T. A. S.
Doherty, Y.-H. Chiang, A. J. Winchester, K. W. P. Orr,
J. E. Parker, P. D. Quinn, K. M. Dani, A. Rao and
S. D. Stranks, Nat. Nanotechnol., 2022, 17, 190-196.

D. Dzhigaev, Z. Zhang, L. A. B. Marcal, S. Sala, A. Bjorling,
A. Mikkelsen and J. Wallentin, New J. Phys., 2021,
23, 063035.

H. Jing, R. Sa and G. Xu, Chem. Phys. Lett., 2019, 732,
136642.

D. Liu, Q. Li, H. Jing and K. Wu, RSC Adv., 2019, 9,
3279-3284.

Q. Tu, I Spanopoulos, S. Hao, C. Wolverton, M. G.
Kanatzidis, G. S. Shekhawat and V. P. Dravid, ACS Energy
Lett., 2019, 4, 796-802.

W.J. Yin, J.-H. Yang, J. Kang, Y. Yan and S.-H. Wie,
J. Mater. Chem. A, 2015, 3, 8926-8942.

Chem. Soc. Rev,, 2022, 51, 7509-7530 | 7529


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00278g

Open Access Article. Published on 05 August 2022. Downloaded on 6/24/2026 2:24:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

7530 |

G. Liu, L. Kong, J. Gong, W. Yang, H. Mao, Q. Hu, Z. Liu,
R. D. Schaller, D. Zhang and T. Xu, Adv. Funct. Mater., 2017,
27, 1604208.

G. R. Berdiyorow, M. A. Carignano and M. E. Madjet,
Comput. Mater. Sci., 2017, 137, 314-317.

X. Zhang, M. E. Turiansky, J.-X. Shen and C. G. Van de
Walle, Phys. Rev. B., 2020, 101, 140101.

D. J. Keeble, J. Wiktor, S. K. Pathak, L. J. Phillips,
M. Dickmann, K. Durose, H. J. Snaith and W. Egger, Nat.
Commun., 2021, 12, 5566.

B. Chen, P. N. Rudd, S. Yang, Y. Yuan and J. Huang, Chem.
Soc. Rev., 2019, 48, 3842-3867.

D. Ghosh, A. Aziz, ]J. A. Dawson, A. B. Walker and
M. S. Islam, Chem. Mater., 2019, 31, 4063-4071.

W. Rehman, D. P. McMeekin, J. B. Patel, R. L. Milot,
M. B. Johnston, H. J. Snaith and L. M. Herz, Energy Environ.
Sci., 2017, 10, 361-369.

C. Zhang, S. Wu, L. Tao, G. M. Arumugam, C. Liu, Z. Wang,
S. Zhu, Y. Yang, J. Lin, X. Liu, R. E. I. Schropp and Y. Ma,
Adv. Energy Mater., 2020, 10, 2002004.

C. Ramirez, S. K. Yadavalli, H. F. Garces, Y. Zhou and
N. P. Padture, Scr. Mater., 2018, 150, 36-41.

C. C. Stoumpos, C. D. Malliakas, J. A. Peters, Z. Liu,
M. Sebastian, J. Im, T. C. Chasapis, A. C. Wibowo, D. Y.
Chung, A. J. Freeman, B. W. Wessels and M. G. Kanatzidis,
Cryst. Growth Des., 2013, 13, 2722-2727.

H. Wang, C. Zhu, L. Liu, S. Ma, P. Liu, J. Wu, C. Shi, Q. Du,
Y. Hao, S. Xiang, H. Chen, P. Chen, Y. Bai, H. Zhou, Y. Li
and Q. Chen, Adv. Mater., 2019, 31, 1904408.

M. L. Saidaminov, J. Kim, A. Jain, R. Quintero-Bermudez,
H. Tan, G. Long, F. Tan, A. Johnston, Y. Zhao, O. Voznyy
and E. H. Sargent, Nat. Energy, 2018, 3, 648-654.

C.Wu, k Chen, D. Y. Guo, S. L. Wang and P. G. Li, RSC Adv.,
2018, 8, 2900-2905.

X. Zheng, B. Chen, M. Yang, C. Wu, B. Orler, R. B.
Moore, K. Zhu and S. Priya, ACS Energy Lett., 2016, 1,
424-430.

X. Shai, J. Wang, P. Sun, W. Huang, P. Liao, F. Cheng,
B. Zhu, S.-Y. Chang, E.-P. Yao, Y. Shen, L. Miao, Y. Yang
and M. Wang, Nano Energy, 2018, 48, 117-127.

Chem. Soc. Rev., 2022, 51, 7509-7530

93

94

95

96

97

98

99

100

101

102

103

104

105

106

View Article Online

Chem Soc Rev

J. Zhang, S. Wu, T. Liu, Z. Zhu and A. K.-Y. Jen, Adv. Funct.
Mater., 2019, 29, 1808833.

H. Kim, J. W. Lee, G. R. Han, S. K. Kim and J. H. Oh, Adv.
Funct. Mater., 2021, 31, 2008801.

J. T-W. Wang, Z. Wang, S. Pathak, W. Zhang, D. W.
deQuilettes, F. Wisnivesky-Rocca-Rivarola, ]J. Huang,
P. K. Nayak, J. B. Patel, H. A. M. Yusof, Y. Vaynzof,
R. Zhu, I. Ramirez, ]J. Zhang, C. Ducati, C. Grovenor,
M. B. Johnston, D. S. Ginger, R. J. Nicholas and
H. ]. Snaith, Energy Environ. Sci., 2016, 9, 2892-2901.

H. Min, M. Kim, S.-U. Lee, H. Kim, G. Kim, K. Choi,
J. H. Lee and S. 1. Seok, Science, 2019, 366, 749-753.

T. Kong, H. Xie, Y. Zhang, J. Song, Y. Li, E. L. Lim, A. Hagfeldt
and D. Bi, Adv. Energy Mater., 2021, 11, 2101018.

Z. Wang, Q. Lin, F. P. Chmiel, N. Sakai, L. M. Herz and
H. J. Snaith, Nat. Energy, 2017, 2, 17135.

H. Zhang, Z. Chen, M. Qin, Z. Ren, K. Liu, J. Huang,
D. Shen, Z. Wu, Y. Zhang, J. Hao, C. Lee, X. Lu, Z. Zheng,
W. Yu and G. Li, Adv. Mater., 2021, 33, 2008487.

C.-C. Zhang, S. Yuan, Y.-H. Lou, Q.-W. Liu, M. Li, H. Okada
and Z.-K. Wang, Adv. Mater., 2020, 32, 2001479.

D. Luo, W. Yang, Z. Wang, A. Sadhanala, Q. Hu, R. Su,
R. Shivanna, G. F. Trindade, J. F. Watts, Z. Xu, T. Liu,
K. Chen, F. Ye, P. Wu, L. Zhao, J. Wu, Y. Tu, Y. Zhang,
X. Yang, W. Zhang, R. H. Friend, Q. Gong, H. J. Snaith and
R. Zhu, Science, 2018, 360, 1442-1446.

N. Yang, C. Zhu, Y. Chen, H. Zai, C. Wang, X. Wang, H. Wang,
S. Ma, Z. Gao, X. Wang, J. Hong, Y. Bai, H. Zhou, B.-B. Cui and
Q. Chen, Energy Environ. Sci., 2020, 13, 4344-4352.

J. Suo, B. Yang, J. Jeong, T. Zhang, S. Olthof, F. Gao,
M. Gratzel, G. Boschloo and A. Hagfeldt, Nano Energy,
2022, 94, 106924.

0. V. Oyelade, O. K. Oyewole, D. O. Oyewole, S. A. Adeniji,
R. Ichwani, D. M. Sanni and W. O. Soboyejo, Sci. Rep.,
2020, 10, 7183.

J. Luo, J. Xia, H. Yang, C. Sun, N. Li, H. A. Malik, H. Shu,
Z. Wan, H. Zhang, C. J. Brabec and C. Jia, Nano Energy,
2020, 77, 105063.

J. J. Yoo, S. S. Shin and J. Seo, ACS Energy Lett., 2022, 7,
2084-2091.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00278g



