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Metal halide perovskites have garnered widespread attention for optoelectronic applications, owing to their
high optical absorption coefficients, tunable bandgaps, long carrier diffusion lengths, and high carrier
mobilities. Their compatibility with simple, low-temperature processing methods further establishes them as
promising next-generation semiconductors. However, the numerous defects present in the bulk and at the
interfaces of polycrystalline perovskites lead to poor stability, hindering their commercialization. In contrast,
single-crystal (SC) perovskites contain far fewer defects and thus exhibit inherently superior stability and
optoelectronic properties, making them a promising platform for developing advanced perovskite-based
Received 3rd June 2025 devices. This review provides a comprehensive analysis of the advantages of SC perovskites, evaluates the
DOI: 10.1039/d5cs00625b merits and limitations of various crystal growth methods, and highlights their use in photovoltaics and high-
energy radiation detection. Finally, we discuss the challenges that hinder the practical implementation of SC
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1. Introduction

Metal halide perovskites have a three-dimensional crystal
structure formed by corner-sharing BX,s~ octahedra, with the
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perovskites and propose strategies to facilitate their large-scale commercialization.

chemical formula ABX; (Fig. 1A), where A is a monovalent metal
or organic cation (e.g., Cs', formamidinium (FA"), or methy-
lammonium (MA"))," B is a divalent metal cation (e.g., Pb>* or
$n**),*® and X is a halide anion (e.g., CI", Br~, or I").””® Based
on dimensionality and symmetry, perovskites can be classified
(3D), (2p),

dimensional (1D), and zero-dimensional (0D) structures, each
9-13

into three-dimensional two-dimensional one-
exhibiting unique structural and optoelectronic properties.
Compared to traditional inorganic semiconductors, perovskites

exhibit superior optoelectronic properties and greater versatility
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across a wide range of applications, including in solar cells,"*™*®
light-emitting diodes (LEDs),"” ™ lasers,>**" high-energy (e.g., X-
ray and gamma-ray) radiation detectors,”*>* and scintillators.>*®
To date, most high-performance perovskite optoelectronic
devices are fabricated using polycrystalline films, which—de-
spite their ease of fabrication and high efficiency—suffer from
intrinsic stability limitations that hinder the commercialization
of perovskite technologies.”’2° The inferior stability arises
from the formation of defects during crystallization, which
are primarily concentrated at the grain boundaries and surfaces
of the perovskite,** > these defects can accelerate the degrada-
tion of the perovskite under external stressors such as moist-
ure, heat, oxygen, bias voltage, and light.>*° To address these
issues, numerous studies have focused on crystallization con-
trol and post-processing techniques for defect passivation.*®™*?
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However, even after passivation, polycrystalline perovskites still
exhibit a defect density that is several orders of magnitude
higher than that of single-crystal (SC) perovskites, making SC
growth essential for fundamentally enhancing the stability of
perovskite-based optoelectronic devices.

This review sheds light on the distinct optoelectronic prop-
erties and superior stability of SC perovskites and provides
a comprehensive discussion of various SC growth methods
aimed at achieving high-quality, tailored, and scalable SC
materials for diverse applications. It is followed by a systematic
presentation of strategies related to device architecture and SC
material innovations to advance the application of SC perovs-
kites in photovoltaic devices and high-energy radiation detec-
tion. Finally, we discuss the key challenges and potential
strategies concerning the long-term operational stability of SC
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perovskites, as well as their prospects in flexible device
applications.

2. Properties and advancements in SC
perovskites

Fig. 1B illustrates the development timeline of SC perovskite
materials and their representative applications in photovoltaics
and high-energy radiation detection. The hybrid organic-inor-
ganic halide perovskite with the chemical formula CH;NH;PbX;
(X = Cl, Br, I) was first reported in 1978.°” Since then, halide
perovskites with various compositions have been developed and
widely applied in optoelectronics.”® In 2009, metal halide per-
ovskites were introduced as visible-light sensitizers in dye-
sensitized solar cells,*” a development that subsequently evolved
into the next-generation photovoltaic technology of perovskite
solar cells (PSCs).*****° However, the adoption of SC perovskites
in optoelectronic devices progressed more slowly. Momentum
grew following systematic studies of the optoelectronic proper-
ties of SC MAPbI; and SC MAPbBTr; in 2015,"”*® coupled with the

A Octahedral BXg ABX; perovskite
Q (A-site cations insertion) &
@ A Cs*, MA*, FA", ...
© B:Pb?, Sz, ... S
O X I,Br,CF,... X
I Organic spacer
B

50 600
Wavelength (nm)

(1) () (V1)

HTM (Spiro-MeOTAD) -,
(CH:NH,JPb +TI0, + HTM

Perovskite nanocrystalline sensitizers

Fig. 1

View Article Online

Review Article

development of facile growth methods like inverse temperature
crystallization.®® Since then, SC perovskites have demonstrated
significant advancements in photovoltaics and high-energy
radiation detection, highlighting their strong potential for
commercialization.*>®*%

2.1 Optical properties

One of the most notable distinctions between SC and polycrys-
talline perovskite films lies in their optical absorption proper-
ties. SC perovskites exhibit a redshifted absorption onset
compared to their polycrystalline counterparts. As shown in
Fig. 2A, the absorption onset in SC MAPbI; extends to approxi-
mately 850 nm, whereas it is restricted to around 800 nm in
polycrystalline films.*® This redshift is attributed to below-
bandgap absorption mechanisms induced by Rashba splitting
of the conduction band, as illustrated in Fig. 2B.®* However, the
absorption coefficient for this below-bandgap transition is
several orders of magnitude lower than that for the primary
above-gap transition. Consequently, perovskite films would
need to be several hundred micrometers thick to achieve
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(A) Schematic representation of the general ABXs perovskite lattice and typical structures of 3D, 2D, 1D, OD ABXs perovskites. (B) Milestones

timeline of single-crystal (SC) perovskites development, from materials to optoelectronic applications. (I) First application of (C¢HsC,H4NH3)Pbl, as an
electroluminescence emitter. Reproduced with permission from ref. 44, Copyright 1994, AIP Publishing. (Il) First introduction of perovskites as light
absorbers in dye-sensitized solar cells. Reproduced with permission from ref. 45, Copyright 2009, American Chemical Society. (Ill) First solid-state
perovskite photovoltaic device. Reproduced with permission from ref. 46, Copyright 2012, Springer Nature. (IV) and (V) SC MAPbls and MAPbBr3 with
superior optoelectronic properties. Reproduced with permission from ref. 47 and 48, Copyright 2015, The American Association for the Advancement of
Science. (VI) Evolution of various SC perovskite compositions. Reproduced with permission from ref. 49-52, Copyright 2013, 2016, and 2023, American
Chemical Society. (VII) Photograph of a MAPbBr3 crystal film with a thickness of 0.4 mm and an area of 120 cm?. Reproduced with permission from ref.
53, Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (VIII) Optical images of the core—shell perovskite heterocrystal and the lateral- and
vertical-orientated heterodimensional perovskite crystals. Reproduced with permission from ref. 54, Copyright 2024, American Chemical Society, and
ref. 55, Copyright 2023, Wiley-VCH GmbH. (IX) An optical image of the 1% Br,-treated FAPbBr3 crystal (thickness: 2 mm) and schematic of the detector
structure. Reproduced with permission from ref. 56, Copyright 2025, Springer Nature.
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Fig. 2
permission from ref. 48, Copyright 2015, The American Association for the

(A) Normalized PL and absorption spectra of the MAPbIs single crystals (MSCs) and MAPbls polycrystalline (MPC) thin films. Reproduced with

Advancement of Science. (B) Schematic illustration of direct and below-

bandgap transitions, along with the absorption coefficient of a polycrystalline MAPDbI5 film. (C) The calculated absorption of MAPbIs films with different
thickness. (D) Absorption spectra of a 10-um-thick MAPbI3 thin single crystal and a 500-nm-thick polycrystalline film. Reproduced with permission from
ref. 67, Copyright 2017, Springer Nature. (E) Photographs of as-grown CH3NHzPbXs (X = Cl, Br, 1) single crystals and their corresponding PL spectra.
Reproduced with permission from ref. 75, Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (F) PL spectra of (100) and (112) facets of SC
MAPbI3. Reproduced with permission from ref. 72, Copyright 2019, American Chemical Society.

sufficient absorption (Fig. 2C and D), which far exceeds the
typical carrier diffusion length in polycrystalline perovskite
films. In contrast, SC perovskites inherently offer superior
below-bandgap absorption owing to their reduced defect den-
sity and the longer optical path lengths afforded by their greater
thickness.®> ®” The high quality and minimal in-gap defect states
in SC perovskites result in sharp band edge cutoffs without
excitonic features or sub-bandgap tails.*”®® Furthermore, the
greater thickness of SC perovskites enables stronger high-energy
radiation attenuation, thereby facilitating efficient charge gen-
eration throughout the entire active region during high-energy
radiation (e.g., X-ray) detection processes. Theoretical calcula-
tions indicate that achieving 98% attenuation of 50 keV X-ray
photons requires a thickness of approximately 1.0 mm for
MAPDI; and 2.0 mm for MAPbBr;.>? Such thickness is imprac-
tical for state-of-the-art polycrystalline perovskite films due to the
limitations imposed by their carrier diffusion lengths,>*
whereas SC perovskites can readily fulfill these requirements.
Additionally, SC perovskites exhibit sharper and more intense
photoluminescence (PL) peaks, which suggests a reduced

9942 | Chem. Soc. Rev, 2025, 54, 9939-9977

density of the trap states typically introduced by grain bound-
aries. The PL peak positions of SC MAPbX; (X = Cl, Br, I) (Fig. 2E)
appear at 402 nm, 537 nm, and 784 nm, respectively.®® These
peaks are slightly redshifted compared to their polycrystalline
counterparts, owing to reduced quantum confinement effects
and lower exciton binding energies.”” Three-dimensional (3D)
SC perovskites also possess significant optical anisotropy across
different crystal facets and lattice planes.”" For instance, In SC
MAPbDI;, the (100) plane exhibits higher PL intensity and superior
optoelectronic properties than the (112) plane (Fig. 2F).”> This
optical and electrical anisotropy becomes even more pro-
nounced in low-dimensional SC perovskites (e.g.,, 2D or 1D
structures), due to their enhanced quantum confinement.””*

2.2 Electrical properties

SC perovskites also exhibit superior electrical properties com-
pared to their polycrystalline counterparts. Representative SC
perovskites and their corresponding electrical parameters are
summarized in Table 1. Key electrical properties include:

(a) Low defect density and high radiation hardness

This journal is © The Royal Society of Chemistry 2025
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Table 1 Representative SC perovskites with corresponding electrical parameters
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Ion migration

Mobility (em®> V™" s™') Lifetime (ns) Resistivity (Q cm) Defect density (cm™®) energy (eV) ut product (cm® V1)

MAPbDCI,58:94-9¢ 179 662 3.7 x 107 7.9 x 10° — —
MAPbBr,**7¢778 130 1.15 x 10° 1.25 x 10° 2.28 x 10° 0.2 1.4 x 1072
MAPbL,°7"10° 620 1 x 10* 10%-10° 1.8 x 10° 0.984 1x 102
FAPbBr,°%°%,101:102 62 7.2 x 10* 3.42 x 10° 2.5 x 10*° 0.58 2.1 x 1074
FAPDI,'0%103 150 4.3 x 10° 5.5 x 107 1.3 x 10*° 0.49 1.4 x 1072
CsPbI, 10410 44.3 1.19 x 10° 7.4 x 10° — 0.58 3.63 x 103
CsPbBr,'%>1%° 181 (e), 56.5 (h) 2.96 x 10> 8.5 x 10° 1.5 x 10" 0.42 1.32 x 1072
CsPbCl;'"° 28 (e), 20 (h) 438 1.7 x 10° — — 0.3 x 10
Cs,AgBiBrg' 1113 7.02 700 1.6 x 10" 1.74 x 10° 0.33 6.3 x 1073
(NH,);Bi Iy * 213 — — 4.48 x 10° 0.91 1.1 x 1072
Cs3Bi I 4118 4.3 (e), 1.7 (h) 16.7 — 2.78 x 10° — 2.18 x 10°°
FA;Bi,Io ' 4 3 x 10* 7.8 x 10*° 9.48 x 10° 0.56 1.3 x 1074
MA;Bi, "7 120 70 3.12 2.28 x 10" 1.2 x 10 1.18 46 x 107°
DABCO-NH,Br;**"'?2 2,08 6 x 10* 2.36 x 10° 2.6 x 10*° 0.25 1.2 x 1073

Note: (DABCO, N-N'-diazabicyclo[2.2.2]octonium).

SC perovskites exhibit significantly fewer grain boundaries,
with defect densities ranging from 10° to 10'° cm32*7678
which is several orders of magnitude lower than that of poly-
crystalline perovskites (10'*-10"7 cm™3).”>*® Moreover, the
defect states in SC perovskites typically lie at shallow energy
levels, a property that allows them to benign or easily passi-
vated. This intrinsically lower defect density prolongs carrier
lifetimes, enhances charge collection, mitigates degradation
pathways, which in turn improves photon-to-electron conver-
sion efficiency and environmental stability.*"** Additionally,
the reduced trap density contributes to a higher open-circuit
voltage in solar cells.®

Another remarkable feature of SC perovskites is their excep-
tional defect tolerance, which contributes to their long carrier
diffusion lengths and high radiation hardness.*®**%

(b) Long carrier lifetime

SC perovskites typically exhibit longer carrier lifetimes,
primarily because their low defect density reduces non-radiative
recombination. The low ion migration rate in SC perovskites also
contributed to their extended carrier lifetimes. In photovoltaic
devices, prolonged carrier lifetimes improve the collection effi-
ciency of photogenerated charges and enhance conversion effi-
ciency, while in high-energy radiation detectors, they extended
carrier drift distances, improving signal-to-noise ratios (SNR) and
sensitivity.”®

(c) High carrier mobility

Carrier mobility (1) is a key parameter that quantifies the
ability of electrons or holes to move within a material under an
electric field. The carrier mobility of perovskites is a complex
parameter influenced by temperature, crystal structure, carrier
concentration, and doping level. In general, SC perovskites
exhibit higher mobility due to their low defect density, ordered
crystal structure, and long carrier lifetime,®® enabling efficient
charge transport in both solar cells and radiation detectors.

(d) Low ion migration

SC perovskites exhibit lower ion migration than the poly-
crystalline perovskites, which is essential for enhancing the
long-term stability of devices. The suppression of ion migration

This journal is © The Royal Society of Chemistry 2025

is primarily attributed to their lower defect density, which
limits the available pathways for ion movement,®” as well as
to the strong ionic bonding (e.g., Pb-I bonds) that imposes
higher energy barriers for ion displacement.?”"%®

(e) High ut product

The ut product quantifies the ability of photogenerated
carriers to transport within a semiconductor material and serves
as a key factor in optoelectronic performance. The ut product
represents the carrier drift distance before recombination, with
larger values indicating more efficient charge transport to the
electrodes and reduced charge loss. The combination of high
carrier mobility, low defect density, and a well-ordered crystal
structure in SC perovskites enables efficient charge transport.
Moreover, high-quality crystal growth further contributes to
enhanced yut values. An increased ut product reduces recombina-
tion losses before charge collection, improving photoelectric
conversion efficiency.®® Additionally, higher ut values indicates
reduced carrier recombination caused by electric field inhomo-
geneity, leading to improved stability and making SC perovskites
ideal for high-performance X-ray detectors.”*?°™>

2.3 Superior stability

SC perovskites exhibit superior intrinsic stability compared to
polycrystalline counterparts due to their few grain boundaries
and reduced defect accumulation. In general, defects in perovs-
kites can be categorized into 0D point defects, 1D line defects,
2D planar defects, and 3D volumetric defects (Fig. 3A and B).>*

Among these, 0D point defects—including vacancies, inter-
stitials, and anti-site defects—are the most critical factors
impacting optoelectronic device performance.'* The high
defect density in perovskites results from the interplay of
intrinsic and extrinsic factors. The soft ionic lattice and low
formation energy of perovskites naturally make them prone to
defect formation, as the structural flexibility of perovskite
allows for lattice distortions.'**'?> Furthermore, rapid crystal-
lization and non-uniform nucleation during the annealing
process can induce heterogeneous crystal growth, leading to
the generation of 0D point defects.***'*® These combined

Chem. Soc. Rev,, 2025, 54, 9939-9977 | 9943
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(A) Schematic representation of 12 types of native point defects in the APbXs-type perovskite. (B) Schematic diagram of line and volumetric defects.

(C) Optical images for the phase transition of SC Csg gsFAg 95Pbls and polycrystalline Csg gsFAg osPbls film under damp-heat conditions (85 °C/65% relative
humidity). Reproduced with permission from ref. 52, Copyright 2023, American Chemical Society. (D) Operational stability of 200 um FAg 55MAq 45Pbls SC
PSCs and 500 nm polycrystalline thin-film PSCs. Reproduced with permission from ref. 145, Copyright 2022, American Chemical Society.

factors contribute to the overall defect density, which in turn
influence the optoelectronic properties and performance of
perovskite-based devices.

Defects in perovskites have a profound impact on the stability
of optoelectronic devices.**'* "% vacancy defects, for example,
facilitate additional ion migration pathways. This promotes the
migration of ions like I, MA¥, and Pb>* under an external electric
field, which in turn contributes to the degradation of perovskite,
particularly at the perovskite/charge transport layer interface. It
can also be accelerated under other external stressors (e.g light,
humidity, and heat)."**"*** Defects, particularly those located at
grain boundaries or surfaces of perovskite, serve as entry points for
moisture and oxygen, thereby accelerating degradation.***° For
instance, moisture can hydrolyze organic cations (e.g:;, MA" or FA"),
causing the decomposition of the perovskite structure into Pbl,
octahedra and other byproducts, thereby affecting the stability and
performance of perovskite-based devices.’*”*° Furthermore,
defects in perovskites can accelerate photo-induced degradation
mechanisms, including the generation of Pb° clusters under light
exposure and halide vacancy migration, which lead to a phase
segregation.'*>'** These defects also reduce the thermal stability
of perovskites, promoting phase transitions or decomposition
under thermal stress.”*>'** Additionally, defects facilitate the
reaction between oxygen and iodine vacancies, generating deep
trap states that further degrade device performance.’®'**

The superior stability of SC perovskites is not merely theo-
retical; owing to their lower defect density, it has also been

9944 | Chem. Soc. Rev, 2025, 54, 9939-9977

proven by numerous experimental results. As shown in Fig. 3C,
SC Csg.05FA¢ o5PbI; perovskite maintains a stable black a-phase
after two weeks under 85 °C and 65% relative humidity condi-
tions, exhibiting superior stability under damp-heat conditions,
while its polycrystalline counterpart transforms into the yellow 6-
phase within one week.>> Moreover, a comparison of the storage
stability of SC and polycrystalline MA, ;5FA, ,5PbIs-based (PSCs)
shows that the efficiency of unencapsulated polycrystalline
device rapidly dropped to 50% of its initial value after being
transferred from a nitrogen atmosphere to ambient conditions
(~50% relative humidity), whereas the SC device retained over
95% of its initial efficiency after 4 days.'*® In addition, it is
observed that SC and polycrystalline FA,5sMA, 45Pblz-based
PSCs (Fig. 3D) exhibit different operational stability under max-
imum power point tracking, with the SC device showing no
degradation after 330 hours of operation, while the polycrystal-
line device has a 20% efficiency loss after 300 hours.**

In summary, intrinsic defects are the primary cause of poor
stability in perovskite-based optoelectronic devices. By minimiz-
ing these defects, SC perovskites exhibit superior stability and
thus hold greater potential than their polycrystalline counterparts.

3. Growth methods of SC perovskites

SC perovskites have been widely investigated for various optoe-
lectronic devices, demonstrating significant potential for

This journal is © The Royal Society of Chemistry 2025
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advancing perovskite technologies. The synthesis of high-
quality SC perovskites is fundamental to achieving superior
optoelectronic performance. Given the diversity in SC perovs-
kite compositions and application scenarios, numerous SC
perovskite growth methodologies have been developed. This
section presents a comprehensive analysis of SC perovskite
growth techniques, focusing on two key aspects: bulk crystal
growth and SC thin-film fabrication. Defect density and size
statistics of SC perovskite bulk or films prepared by different
methods are summarized in the Table S1 (SI).

3.1 Bulk SC perovskites growth

The thickness of bulk SC perovskites plays a pivotal role in
device performance, particularly for photodetectors, where
thicker crystals enhance photon absorption. It is especially
important for vertical-type perovskite detectors used in high-
energy detection, as thicker films enable more efficient capture
of high-energy photons. Moreover, bulk SC perovskites serve as
a valuable platform for investigating the intrinsic properties of
these materials—such as their mechanical resilience, electronic
behavior, and ferroelectric characteristics—thereby supporting
both device optimization and fundamental research.

Bulk SC perovskites can be grown using two primary methods:
solution-based and solid-state techniques. Solution-based
methods, such as inverse temperature crystallization, solution
temperature-lowering, and antisolvent vapor-diffusion crystal-
lization, are favored for their flexibility and ease of use. Solid-
state techniques, such as the Bridgman method, are also
employed to produce larger, high-quality crystals. Although chal-
lenges such as carrier recombination can arise in larger crystals,
high-quality bulk SC perovskites remain crucial for advancing
both research and material applications.

3.1.1 Bridgman method. The Bridgman technique
is a widely adopted approach for growing high-quality single
crystals through controlled directional solidification. In this
method, precursor materials and seed crystals are sealed within
a quartz ampoule under vacuum or an inert atmosphere
(Fig. 4A).">>"* The ampoule is then gradually translated from
a high-temperature region—where the material fully melts—to-
ward a cooler zone, ensuring a controlled solidification process.
As the temperature decreases, nucleation begins at the tip of the
ampoule, followed by the gradual formation of a well-ordered
crystalline structure."*>'** This method has been pivotal in
advancing metal halide single-crystal research, yielding high-
purity compounds with exceptional optoelectronic properties.
Crystals such as CsPbBr3;, CsPbCl;, and TIPbl;, grown via Bridg-
man processing, have demonstrated outstanding X-ray detection
capabilities.'**'>*1%*> However, despite its advantages, the Bridg-
man method has inherent challenges. The slow cooling process
leads to extended growth times, making large-scale production
less efficient. Furthermore, maintaining a stable temperature
gradient is technically demanding due to thermal convection
and heat dissipation effects, which can impact crystal unifor-
mity. The technique is also unsuitable for materials with high
thermal expansion coefficients or volatile organic components,
limiting its use to all-inorganic perovskites such as CsPbBr; and
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CsSnl;.**"*® Future improvements in process control and alter-
native growth strategies could enhance the efficiency and scal-
ability of this technique, broadening its applications in next-
generation optoelectronic and sensing technologies.

3.1.2 Inverse temperature crystallization method. The
inverse temperature crystallization (ITC) method exploits the
unusual retrograde solubility of certain metal-halide perovs-
kites in specific organic solvents, where solubility decreases as
temperature rises. This counterintuitive behavior, first reported by
Bakr et al., enabled the development of ITC as a technique for
growing high-quality SC perovskites (Fig. 4B).®* By leveraging this
solubility trend, ITC allows for controlled nucleation and crystal
growth, making it a widely adopted approach in optoelectronic
applications. The choice of solvent is crucial, as it directly
influences crystallization efficiency and crystal quality. For
instance, MAPDbBr; exhibits retrograde solubility in dimethylfor-
mamide (DMF), MAPDbCl; in dimethyl sulfoxide (DMSO), and
MAPD]; in y-butyrolactone (GBL), facilitating the formation of
large single crystals rather than multiple smaller ones.*"**"” ITC
offers a scalable approach for halide perovskite crystallization,
enabling rapid crystallization, simple processing. However, chal-
lenges like mass-transport limitations, uncontrolled nucleation,
and thermal management remain. Ongoing research is needed to
refine nucleation control, optimize precursor compositions, and
develop scalable methods for industrial applications. Despite
these challenges, ITC-based techniques show promise for
enabling next-generation optoelectronic devices, including solar
cells, photodetectors, and LEDs.

3.1.3 Antisolvent vapor-assisted method. Antisolvent
vapor-assisted crystallization (AVC) is an advanced technique
for growing high-quality bulk SC perovskites formation by
precisely controlling the crystallization kinetics through solvent
diffusion. The method exploits the differential solubility of
perovskite precursors in two miscible solvents: a primary
solvent in which the perovskite precursors dissolve and an
antisolvent that reduces solubility upon diffusion, triggering
controlled nucleation and growth (Fig. 4C). This process
enables the formation of high-purity, defect-minimized perovs-
kite crystal with enhanced optoelectronic properties.*” While
AVC offers a scalable and highly controlled route for bulk SC
perovskite growth, certain limitations persist. The technique
remains substrate- and material-specific, with challenges in
extending its applicability to diverse halide perovskite compo-
sitions. Moreover, precise control over diffusion kinetics and
solvent compatibility is crucial for reproducibility and consis-
tency. Even so, it holds great promise for advancing perovskite
optoelectronics, particularly in photovoltaics, photodetectors,
and X-ray imaging.

3.1.4 Solution temperature-lowering method. The solution
temperature-lowering (STL) technique exploits the temperature-
dependent solubility of perovskite precursors in hydrohalic acid
solutions to enable controlled crystallization. By gradually low-
ering the temperature, precursor solubility decreases, prompting
nucleation and directional crystal growth."*® This process
involves three key stages: (I) dissolving precursors at an elevated
temperature, (II) initiating seed crystal formation through
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Fig. 4 (A) Photographs of an as-grown SC CsPbBrs (top), a polished wafer (bottom left), and an oriented cuboid SC CsPbBrsz (bottom right) grown via the
Bridgman method. Reproduced with permission from ref. 147, Copyright 2018, American Chemical Society. (B) Time-sequenced images of MAPblz and
MAPDBr3 crystal growth synthesized using the inverse temperature crystallization (ITC) method. Reproduced with permission from ref. 61, Copyright
2015, Springer Nature. (C) Schematic representation of the crystallization process in the antisolvent vapor-assisted method. Reproduced with permission
from ref. 47, Copyright 2015, The American Association for the Advancement of Science. (D) Photograph of as-grown cubic and polyhedral MAPbBr3
crystals synthesized using a mixed antisolvent system (DCM/DMF = 1: 2), and facets identified via SC X-ray diffraction (XRD). Reproduced with permission from
ref. 148, Copyright 2018, American Chemical Society. (E) Photograph of a seed-induced MAPDIs (Cl) bulk single crystal (20 mm x 18 mm x 6 mm) grown using
the solution temperature-lowering (STL) method (left), alongside an image of an MAPDbIs (Cl) bulk single crystal incubated in solution at room temperature (top
right) and a microscopic image of its (100) facet (bottom right). Reproduced with permission from ref. 149, Copyright 2016, American Chemical Society. (F)
Photograph of the SC MAPbls obtained via bottom-seeded solution growth (BSSG). Reproduced with permission from ref. 48, Copyright 2015, The American
Association for the Advancement of Science. (G) Photograph of the SC MAPbIz obtained via top-seeded solution growth (TSSG). Reproduced with permission
from ref. 150, Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (H) Schematic illustration of the solvent volatilization-limited growth (SVG)
strategy for halide perovskites, where a perovskite precursor solution is uniformly heated in an oil bath, and solvent volatilization is controlled using a fine-
control valve on top of a sealed beaker. Reproduced with permission from ref. 151, Copyright 2021, Elsevier Inc.

cooling, and (III) further reducing the temperature to drive SC
growth. The STL method offers notable advantages, including
precise growth rate control, the ability to produce high-quality
large-area single crystals, and broad applicability across var-
ious perovskite families (Fig. 4E). Unlike inverse temperature
crystallization, STL is particularly useful for 2D and inorganic
perovskite systems.'”® Furthermore, the method can be
refined through techniques like bottom-seeded solution
growth (BSSG) and top-seeded solution growth (TSSG), where
the positioning of the seed crystals promotes controlled
crystallization and enhances the quality of the resulting
crystals. In the TSSG method, a seed crystal is positioned at
the top of the solution, with the solution’s temperature
gradient inducing material growth from the bottom of the

9946 | Chem. Soc. Rev, 2025, 54, 9939-9977

solution (Fig. 4F). This method benefits from continuous
material supply facilitated by convection between regions of
higher and lower temperature, leading to faster crystal growth.
In contrast, the BSSG method positions the seed crystal at the
bottom of the solution, typically suspended within a saturated
precursor solution. The temperature is gradually reduced
from a high initial temperature to room temperature, allowing
crystal growth from the bottom upwards. A key advantage of
this method is its ability to yield larger single crystals, parti-
cularly when precise temperature control and high-quality
seed crystals are used. BSSG has also been applied to the
growth of other perovskites, including Pb-free variants such as
NH(CH;);SnBr; and NH(CHj;3);SnCl;, expanding its utility
beyond conventional lead-based perovskites.'>®

This journal is © The Royal Society of Chemistry 2025
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Both TSSG and BSSG are effective techniques for growing
high-quality perovskite single crystals through controlled tem-
perature reduction. However, both methods require careful
optimization of cooling rates, precursor selection, and seed
quality for reproducible results. Despite their advantages, these
methods face limitations. The slow cooling process can be
time-consuming, and they may not be suitable for materials
with low solubility at high temperatures. Furthermore, the
reliance on hydrohalic acids for precursor solubility may lead
to stability issues. Alternative solvents, such as deionized water,
have shown potential to stabilize all-inorganic perovskite
growth. To fully realize the potential of these techniques,
further research is required to address these challenges and
enhance scalability for practical applications.

3.1.5 Slow evaporation method. Slow evaporation is a
widely used method for SC growth, where solvent evaporation
increases solute concentration, driving nucleation. It is crucial
for hybrid perovskites and organic-inorganic frameworks, with
solvent composition and temperature shaping crystallization
kinetics. Despite its simplicity and broad material compatibility,
slow evaporation is hindered by long processing times and
sensitivity to environmental fluctuations, limiting its scalability.

3.1.6 Solvent volatilization limited growth (SVG) method.
The solvent volatilization limited growth (SVG) method has
emerged as an effective technique for growing high-quality halide
perovskite single crystals. By regulating solvent evaporation
through a fine-control valve, SVG stabilizes the crystal growth
process, ensuring a constant growth rate and improved crystal
quality. Unlike traditional temperature-induced growth methods,
SVG overcomes issues of rapid solute integration and varying
growth rates, which can result in suboptimal crystals (Fig. 4H).

3.1.7 Flux-regulated crystallization method. The flux-regulated
crystallization method uses a feedback loop to directly monitor
and control the linear growth rate of SC perovskite, overcoming
the complexity associated with multiple growth parameters in
solution-grown single crystals. This approach enables a stable
and precise growth rate, producing centimeter-scale SC perovs-
kites with exceptional crystallinity and presenting a reliable
platform for scalable production of high-quality crystals."®

3.2 Fabrication methods of SC perovskite thin films

Bulk SC perovskites, known for their exceptional photoelectro-
nic properties, have been widely used in high-energy radiation
detection. However, the millimeter-scale thickness of bulk SC
perovskites is incompatible with the micrometer-scale vertical
architecture required for photovoltaics and other scenarios.
Therefore, the development of high-quality, micrometer-scale
SC perovskite thin films with vertical orientation is essential to
meet the fabrication requirements of various photoelectronic
devices. In addition, achieving high-quality SC perovskite films
with controlled morphology and composition remains a con-
siderable challenge. In this section, we explore the various
strategies developed to produce SC perovskite films, addressing
key advancements and remaining obstacles in the field.

3.2.1 Slicing. Slicing large, bulk perovskite crystals into
thin wafers is a key top-down method for fabricating
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perovskite-based optoelectronic devices. Diamond-wire sawing
has proven effective, producing SC wafers of FAPbI; and
MAPbDI; with dimensions greater than 20 mm and thicknesses
as thin as 100 um (Fig. 5A).'°* To further reduce the thickness,
wet etching techniques, such as the use of y-butyrolactone, can
achieve thicknesses of approximately 15 pm.'®> However, the
mechanical slicing of these brittle crystals often results in
fractures, leading to charge trap formation that impairs both
the electrical and mechanical properties of the resulting thin
films. Additionally, the solubility differences between the
organic and inorganic components during etching can increase
surface trap density, further degrading the film quality. Despite
these advances, the top-down slicing method faces limitations,
primarily due to the complexity of the process and the lack of
specialized equipment. Ongoing improvements in mechanical
polishing, etching, and cooling techniques are needed to
reduce material loss, minimize surface defects, and enable
scalable production of perovskite wafers for integrated semi-
conductor applications.

3.2.2 Roll-to-roll. The roll-printing or roll-to-roll (R2R)
technique has emerged as a promising method for fabricating
large-area, continuous SC perovskite thin films, overcoming the
limitations of traditional spatially confined solution processes
that yield smaller, discrete crystals. This technique has been
successfully applied to produce inch-scale SC MAPbI; thin
films (Fig. 5B)."®® The process uses a specially designed
channel-patterned rolling mold to transfer a perovskite ink
solution onto a preheated substrate. The solvent evaporates
almost instantly, triggering perovskite crystallization. The
mold’s geometric confinement limits crystal growth in the
thickness direction to a submicrometer scale. By controlling
the temperature, the process favors the growth of existing seed
crystals rather than forming new ones, resulting in uniform SC
films rather than random polycrystalline structures. However,
challenges remain in ensuring uniform film quality, controlling
the crystallization process, and achieving long-term stability.
Addressing these challenges is essential for advancing R2R
technology in perovskite photovoltaics and improving its com-
mercial viability.

3.2.3 Space-confined growth method. The space-confined
growth method has become a widely recognized approach for
producing high-quality SC thin films, particularly for conven-
tional perovskite materials such as MAPbBr;, MAPbI;, and
FAPDbI;. The method relies on a geometrically confined space
between two substrates, which directs lateral crystal growth,
reducing film defects and enabling precise control over thick-
ness. The process begins by introducing a perovskite precursor
solution between the substrates. Capillary forces drive the
solution’s movement, while a temperature gradient induces
convection, facilitating controlled deposition (Fig. 5C and D).
The confined environment influences crystallization dynamics,
leading to the formation of high-quality thin films with uniform
properties. Central to the technique is the precise control over
the gap between the substrates. This gap can be adjusted to
regulate film thickness with remarkable accuracy, typically on
the order of a few micrometers. Moreover, the space-confined

Chem. Soc. Rev,, 2025, 54, 9939-9977 | 9947


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00625b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 24 September 2025. Downloaded on 1/17/2026 12:35:55 PM.

(cc)

Review Article

method integrates seamlessly with traditional perovskite crystal
growth techniques, such as ITC, AVC, and cooling-induced
crystallization. Combining these established methods with the
geometric confinement of the space allows the transition from
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bulk SC perovskites to thin films without compromising mate-
rial quality. It makes the space-confined method an attractive
approach for large-scale industrial fabrication of perovskite-
based devices."® With ongoing advancements in surface
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Fig. 5 (A) Photograph of a FAPbIs single crystal, along with SC FAPblz wafers sliced along natural parallelogram-shaped crystallographic facets. Cross-
sectional and panoramic views of the wafers obtained via the slicing method are shown. Reproduced with permission from ref. 161, Copyright 2016,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Schematic of SC perovskite thin film fabrication via geometrically confined lateral crystal growth
using a rolling mold. The perovskite ink is confined between the mold and substrate, directing crystal growth in one direction. As the mold rolls and ink is
continuously supplied, large-area patterned SC films form along the rolling direction. Reproduced with permission from ref. 163, Copyright 2017,
Springer Nature. (C) Schematic of perovskite SC thin film growth using the space-confined growth method. Reproduced with permission from ref. 170,
Copyright 2016, American Chemical Society. (D) Photograph of CHsNHzPbBrs crystal films with a thickness of 0.4 mm and an area of ~120 cm?
synthesized via the same method. Reproduced with permission from ref. 53, Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(E) Schematic of the scalable growth of perovskite SC films using a stamping method. The process involves fabricating a perovskite seed stamp via inkjet
printing, followed by transferring it onto a target substrate with perovskite solution, where in situ crystal growth occurs as the solvent evaporates.
Reproduced with permission from ref. 165, Copyright 2018, The American Association for the Advancement of Science. (F) Schematic of crystal growth
via inverse temperature crystallization (ITC). Free precursor molecules predominantly attach to the nucleus sides due to higher free energy gain, leading
to lateral crystal plate growth. Surface tension supports the floating crystal, forming a free-standing MAPbBr3z crystal, as shown in the accompanying
photograph. Reproduced with permission from ref. 166, Copyright 2017, American Chemical Society. (G) Optical microscopy and SEM images of CsPbBr3
nanoplates grown on SrTiOz via vapor-phase epitaxy. Reproduced with permission from ref. 171, Copyright 2017, American Chemical Society. (H)
Structural and morphological characterization of halide perovskite growth via high-temperature vapor-phase epitaxy on NaCl. (i) 0 — 20 XRD patterns of
CsSnBrs/NaCl (red) and CsPbBrz/NaCl (black), showing only (100) and higher-order peaks parallel to NaCl (002). Reproduced with permission from ref.
169, Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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modification and substrate engineering, the space-confined
method is expected to further enhance the quality and scalability
of SC perovskite thin films.

3.2.4 Stamping method. The stamping method integrates
seeded growth with space confinement, offering a scalable
approach for fabricating SC perovskite thin films. This techni-
que relies on printing an ordered array of perovskite seeds onto
a temporary substrate, followed by a space-confined solvent
evaporation-induced crystallization process."

A key advantage of this approach is the ability to achieve
precise control over film thickness, which depends on the size
of the initial seed crystals. The thickness can be tuned from
hundreds of nanometers to over 10 pm, making the method
adaptable for various applications. Furthermore, the nucleation
density can be optimized by adjusting the printing parameters,
ensuring high-quality films with smooth morphology. This
method has been successfully demonstrated for multiple per-
ovskite compositions, including MAPbBr;, MAPbCl;, MAPDIS;,
CsPbBr;, and BA,PbBr,.'®® By combining precise spatial control
with scalable processing, the stamping method provides a
robust pathway for the industrial-scale fabrication of high-
performance perovskite-based devices.

3.2.5 Surface-tension method. The surface tension-assisted
inverse temperature crystallization (ITC) method has emerged as
a promising strategy for achieving lateral growth at the solution-
air interface. This approach exploits the increased intermolecu-
lar spacing in the surface layer, which reduces interaction
energies and lowers the nucleation barrier, thereby promoting
preferential in-plane growth over vertical crystallization.">”*%®

Bakr et al. demonstrated that solvents with high surface
tension, such as DMSO, enhance nucleation at the solution
surface, enabling the formation of high-quality SC MAPDbBTI3;,
MAPbI;, and MASnBr; thin films with areas up to 1 cm” and
thicknesses ranging from 5 to 20 um.'®® Wang et al. further
expanded this strategy by synthesizing quasi-two-dimensional
perovskite SCTFs, where alkyl ammonium cations induced
ordered molecular alignment at the interface. This facilitated
rapid lateral growth, resulting in photodetectors with high
switching ratios, low dark currents, and fast response
times.'®” Despite the benefits of this method, an increase in
surface trap densities was observed due to the large solution-
film contact area, which slightly impacted the optoelectronic
properties. However, this technique holds significant potential
for 2D hybrid perovskites, which have demonstrated superior
photodetector  performance compared to their 3D
counterparts.'®®

3.2.6 Vapor-phase epitaxial growth. Vapor-phase epitaxy
(VPE) has emerged as a highly effective method for the growth
of high-quality SC perovskite thin films. This technique, however,
requires that the lattice constant and thermal expansion coeffi-
cient of the halide perovskite match those of the substrate due to
the high temperatures involved, which narrows the range of viable
substrates and perovskite materials. Monocrystalline alkali
halides, such as CsPbBr; and CsSnBrj, are commonly used as
substrates for the epitaxial growth of inorganic perovskite thin
films due to their similar lattice constants and chemical
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compositions (Fig. 5H)."® The VPE holds potential for producing
high-quality perovskite thin films, yet further developments are
required to enhance film quality and larger-scale integration.

3.2.7 Engineered epitaxial growth strategies. Solution-
based epitaxy offers a unique approach for achieving uniform
and controlled epitaxial growth by forming stable interfacial
chemical bonds. This method provides a significant advantage
over vapor-phase epitaxy, as it allows for much broader growth
coverage, thanks to the consistent and uniform contact
between the substrate and the precursor. Bulk SC perovskites
can be utilized as substrates in this process, with their compo-
sition being tailored to enable different epitaxial techniques.
These include homoepitaxy,'”>"”® heteroepitaxy,”* as well as
specialized methods like remote epitaxy,’’> van der Waals
epitaxy,’”> and pinhole epitaxy,'”’® each offering unique ways
to refine the properties of SC perovskite thin films.

(a) Homoepitaxy and lift-off

The initial chemical epitaxial growth of SC CH;NH;PbBr;
was reported by combining advanced microfabrication, homo-
epitaxy, and low-temperature solution methods. This approach
enabled precise control over the crystal’s thickness, morphology
(such as thin films, rods, and cubes), orientation (e.g., (001),
(110), and (111)), and composition, including the alloying of
different cations and anions as shown in (Fig. 6A).

The resulting SC structures, when integrated into a light-
emitting diode (LED) array, demonstrated significantly enhanced
quantum efficiencies compared to their polycrystalline counter-
parts. These findings underscore the potential of SC perovskites
for optoelectronic applications, highlighting their promising use
in advanced devices.'”® Building on this, a similar solution-based
lithography-assisted epitaxial-growth-and-transfer method has
been developed to fabricate a continuous SC thin films of
halide perovskites with high precision in terms of thickness
(ranging from 600 nm to 100 um), area (with continuous films
up to 5.5 cm x 5.5 cm), and composition gradient (for example,
transitioning from methylammonium lead iodide, MAPbI;, to a
lead-tin alloy MAPb, 5Sn,sI;). This technique uses a general
halide perovskite bulk crystal as the substrate, which is sealed
with a parylene-C polymer layer to prevent decomposition from
etchants and developers (Fig. 6B). The transferred films exhibited
mechanical flexibility and demonstrated excellent electronic prop-
erties, including enhanced carrier mobility due to the gradient
bandgap formed by the lead-tin alloying. Devices based on these
SC perovskite films, such as solar cells, achieved impressive
efficiencies of up to 18.77%, along with superior stability against
degradation, further emphasizing the potential of this approach
in fabricating high-performance perovskite-based devices."”>

(b) Hetero epitaxy

Heteroepitaxial growth enables precise control over film
thickness, preferential growth sites, and crystal orientations, while
offering compatibility with existing fabrication infrastructures
and scalability for large-area device applications. Chen et al.
reported the strained epitaxial growth of o-formamidinium lead
iodide (o-FAPbI;) on lattice-mismatched perovskite substrates,
achieving compressive strain of up to 2.4% (Fig. 6C). This strain
modifies the crystal structure, reduces the bandgap, and enhances

Chem. Soc. Rev,, 2025, 54, 9939-9977 | 9949


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00625b

View Article Online

Review Article Chem Soc Rev

A B

1 GEEBERERES
It :

Parylene transfer layer

.’ee| off

!

ite
erovsk\
\:ub*:v"?"te

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

C
o-FAPbI,
o-FAPDbI
Cly.00B3.00| [ Clo.6oBra.40| | Clo70Br2.30| [ Ch.05B"1.05 | [ Ch.50B"4 50 2
— — - — — Substrate
D CsPbCl, CsPbCl, ;Br, CsPbBr, CsPbBrl,

Open Access Article. Published on 24 September 2025. Downloaded on 1/17/2026 12:35:55 PM.

(cc)

| [

Fig. 6 (A) Scanning electron microscopy (SEM) images illustrating the controlled homoepitaxial growth of SC MAPbBrs. Reproduced with permission
from ref. 173, Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Schematic representations (left) and corresponding optical images
(right) depicting the solution-based homoepitaxial growth, merging, and transfer processes of SC perovskite thin films. Reproduced with permission from
ref. 172, Copyright 2020, Springer Nature. (C) Optical images of as-grown epitaxial a-FAPbl3 thin films on C|,Br, substrates, highlighting their high
transparency and smooth surfaces, indicative of superior film quality. Scale bars: 4 mm (left). Cross-sectional SEM image of the epitaxial thin film showing
a uniform thickness. Scale bar: 2 um. Inset: Magnified SEM image of the heterostructure, revealing a well-defined interface. Scale bar: 200 nm (right).
Reproduced with permission from ref. 174, Copyright 2020, Springer Nature. (D) Optical images of CsPbCls, CsPbCl; 3Br; 7, CsPbBrs, CsPbBr;4lg9, and
CsPbBrl, perovskite films deposited on sapphire with a monolayer graphene interlayer (top). Scale bar: 2 cm. Corresponding fluorescence microscopy
images of the perovskite films on sapphire with graphene insertion (bottom). Scale bar: 500 pm. Reproduced with permission from ref. 175, Copyright
2025, Springer Nature.
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hole mobility. Additionally, the strained growth stabilizes the
a-FAPbl; phase through epitaxial stabilization and strain
neutralization.'”

(c) Remote epitaxy

Remote epitaxy involves the process of growing an epilayer
on a substrate surface that is covered by a two-dimensional
(2D) material, using the electrostatic potential of the substrate
to indirectly interact with the adatoms during the growth of the
epilayer.”””'”® This method does not require direct chemical
bonds between the epilayer and the substrate but instead
utilizes the screened electrostatic field to guide the alignment
of the epilayer, causing it to adopt the substrate’s orientation.
The weak interaction between the substrate and the epilayer
reduces the likelihood of new crystal nucleation, promoting the
expansion of existing crystal domains. This results in lower
dislocation densities and enhanced carrier lifetimes. In this
approach, CsPbBr; was grown on a graphene/CaF, substrate,
with nucleation potentially occurring through pinholes in the
graphene layer, though this is less frequent compared to
traditional ionic epitaxy.'”® Jang et al. investigate the impact
of dislocations on carrier dynamics in halide perovskites using
remote epitaxy on graphene-coated polar substrates. Their
approach enables precise control over dislocation density,
revealing a weak film-substrate interaction."®® Recently, Yuan
et al. demonstrated the remote epitaxial growth of crystalline
perovskite films, which enabled their smooth integration into
micro-LEDs with a pixel size as small as 4 um (Fig. 6D)."”> By
introducing a sub-nanometer graphene interlayer, they achieved
remote epitaxy and successfully transferred perovskite films with
relaxed strain. These micro-LEDs exhibited electroluminescence
efficiency of 16.7% and a brightness of 4.0 x 10° cd m 2. This
exceptional performance is attributed to the reduced defects and
efficient carrier transport within the epitaxial perovskites, which
possess high crystallinity, relaxed strain, and thicknesses in the
hundreds of nanometers. The free-standing perovskite films can
be integrated into commercial electronic devices, allowing for
independent pixel control, making them suitable for static and
video displays.

3.3 Evaluation of SC perovskite growth methods

Recent advances in SC perovskite growth techniques are poised to
revolutionize next-generation optoelectronic devices, yet complex
challenges remain for industrial-scale applications. On the one
hand, methods—such as inverse temperature crystallization
(ITC), antisolvent vapor-assisted crystallization (AVC), solution
temperature-lowering (STL), and flux-regulated crystalliza-
tion—have enabled the synthesis of high-quality SC perovskites.
These techniques offer significant flexibility in tuning crystal
composition and dimensions but remain sensitive to nucleation
dynamics and thermal management.

Conversely, solid-state approaches, exemplified by the Bridg-
man method, yield crystals of exceptional purity that are vital
for applications in radiation detection and scintillation. How-
ever, the inherent slow cooling rates and the rigorous control
required to maintain stable thermal gradients limit their
throughput and practical applicability on an industrial scale.
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In parallel, innovations in fabricating SC perovskite thin
films are critical for integrating these materials into vertical
device architectures. Traditional top-down methods like slicing,
combined with emerging techniques such as roll-to-roll proces-
sing, space-confined growth, stamping, and surface-tension-
assisted crystallization, provide new routes to produce films with
precisely controlled thickness and excellent uniformity. While
these methods show promise for photovoltaic and photodetector
applications, achieving defect-free films with long-term stability
and optimal interface characteristics remains a key priority.

Furthermore, epitaxial growth strategies—including both
vapor-phase epitaxy and solution-based epitaxy (via homoepitaxy
and heteroepitaxy)—offer a compelling pathway to engineer films
with unparalleled crystallographic alignment and controlled inter-
facial properties. By fine-tuning lattice matching and minimizing
dislocation densities, these approaches may effectively mitigate
thermal and mechanical constraints, thus laying the groundwork
for devices that combine superior performance with enhanced
durability.

In summary, the field is advancing toward a holistic integra-
tion of growth optimization, precise crystallization control, and
the synergistic use of established and emerging techniques.
For instance, integrating machine learning (ML) and generative
Al (GenAl) into SC perovskite growth can enhance control over
crystallization dynamics, reproducibility, and identify key
growth parameters that are often overlooked by conventional
approaches. This multidisciplinary approach is essential for
transitioning SC perovskite technologies from the laboratory to
industrial production. With continued innovation in both bulk
crystal synthesis and thin-film fabrication, the prospect of
developing robust, high-performance optoelectronic devices
based on SC perovskites is brighter than ever, heralding a
new era in materials science and device engineering.

4. SC perovskites in photovoltaic
technology

PSCs are an emerging photovoltaic technology that uses metal
halide perovskites as light absorbers to enable highly efficient
photo-to-electron conversion. In principle, the basic architec-
ture of a PSC consists of a transparent conductive electrode, a
hole transport layer, the perovskite absorber, an electron trans-
port layer, and a metal electrode. The transparent conductive
electrodes (e.g., indium tin oxide (ITO),"*"*> fluorine-doped tin
oxide (FTO), and indium zinc oxide (IZO)) provide structural
support and allow sunlight to pass through to the active layers.
When the photon energy (hv) exceeds the bandgap (E,) of the
perovskites, the photons are absorbed, exciting electrons from
the valence band to the conduction band.

Subsequently, the excited electrons in the conduction band
are rapidly transferred to the electron transport layer (e.g. TiO,,
Ceo, OF SNO,),>*72!® due to the built-in electric field within the
perovskite and the applied external voltage. Meanwhile, holes
in the valence band are transferred to the hole transport layer
(e.g. Spiro-OMeTAD, PTAA, or self-assemble monolayers
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(SAMS)).>*"7>* In each electron and hole transport layer, charge
carriers (electrons and holes) are efficiently transported,
extracted, and collected through the respective electrodes
(cathode or anode), forming an external circuit current and
completing the photo-to-electron conversion process. The
representative SC perovskite photovoltaic devices are summar-
ized in Table 2.

In general, single-junction PSCs are based on the n-i-p
(conventional) (Fig. 7A) and p-i-n (inverted) (Fig. 7B) architec-
tures, which are classified by the direction of incident light
relative to the transparent conductive electrode. The inverted
architecture has become the mainstream structure in perovs-
kite photovoltaics due to its excellent stability and compatibility
with tandem applications. The efficiency of single-junction
PSCs based on polycrystalline films has reached 27%
(Fig. 7C),*" with significant advances in large-area fabrication
and tandem cell development.”**">*® However, stability issues
remain the primary barriers to the industrialization and com-
mercialization of perovskite-based devices. SC perovskites, with
their superior optoelectronic properties, hold great promise for
achieving long-term and reliable optoelectronic devices.

SC PSCs, which employ SC perovskite as the light absorption
layer, were first reported in 2016, and by 2025, their efficiency has
surpassed 25%,'®> demonstrating an efficiency evolution compar-
able to that of polycrystalline PSCs (Fig. 7C). The minimal grain
boundaries in SC perovskites lead to a lower defect density, longer
charge carrier lifetimes, and enhanced mobility—all of which are
beneficial for improving the efficiency and stability of perovskite-
based photovoltaics. Hence, SC perovskites are regarded as an
essential step towards achieving long-term stability in perovskite
photovoltaics. This section provides a detailed overview of the
advances in SC PSCs, focusing on the impact of SC perovskite
composition on photovoltaic performance, as well as the main
strategies for improving the efficiency of SC PSCs.

4.1 SC MAPDbBr;-based PSCs

MAPDBr; is one of the earliest studied organic-inorganic
hybrid perovskite materials. In 2009, MAPbBr; and MAPbI;
were first introduced into the field of solar cells.*” In 2015, Shi
et al. reported the growth of SC MAPDbBr;, exceeding 100 cubic
meters, using an antisolvent vapor-assisted crystallization
method. The SC MAPDbBr;, with an optical bandgap of 2.21 eV,
a low defect density of 5.8 x 10° cm ™3, and a long carrier
diffusion length of over 3 pm, highlights its promising potential
for high-performance solar cells.*” Due to the wide bandgap and
narrow absorption range of MAPDbBr; perovskites, solar cells
based on SC MAPbBr; represent the early stage of SC perovskite
solar cell development. The highest efficiency to date was
achieved by Wu et al, who reported SC MAPDbBr; perovskite
microarray devices using an Ostwald ripening assisted photo-
lithography (ORAP) patterning method, reaching a power con-
version efficiency of 7.84%.

4.2 SC MAPDbI;-based PSCs

4.2.1 Overview of key developments. Since MAPbI; perovs-
kite was first introduced as a sensitizer in dye-sensitized solar
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cells, achieving a power conversion efficiency (PCE) of 3.8% in
2009,* the first solid-state PSCs were reported in 2012,*°
MAPbDI; perovskite has played an essential role in each mile-
stone of PSC development. The SC MAPbDI;, first reported in
2015, exhibited a carrier diffusion length of exceeding 175 um
and a carrier lifetime of 262 ps,*® highlighting the excellent
photoelectronic properties and potential of MAPbI; perovskite
for photovoltaic applications.

However, how to directly integrate the bulk single crystals
with photovoltaic technology has been challenging. Therefore,
numerous studies have been conducted to achieve the conver-
sion of SC perovskites to SC devices. Ye et al. introduced a
droplet-pinned crystallization (DPC) method to grow SC
MAPDI; arrays with a thickness of 3 pm on ITO/PEDOT: PSS
substrates, achieving the first SC MAPbI; PSC with a PCE of
1.73%.2% Yue et al. developed a seeded space-limited inverse-
temperature crystallization (SSLITC) method for SC perovskite
plate growth, where MAPDI; seed crystals were introduced into
a confined space to promote lateral growth, yielding SC flakes
with maximum lateral dimensions of 2 mm and a flexible SC
PSC with a PCE of over 4% and a J,. value of 22 mA cm™ 2198
Chen et al applied a diffusion-facilitated space-confined
method to prepare SC MAPbI; films with controllable thickness
(Fig. 8A), which could be reduced to the micron level. It was
found that the optical bandgap of the SC MAPbI; perovskite
was narrower, and its optical absorption extended to 820 nm,
which is 20 nm broader than the polycrystalline perovskite. The
champion SC PSCs, based on micron-thick MAPbI;, achieved
an impressive efficiency of 17.8%, marking a breakthrough in
SC PSCs.%” Besides, Chen et al. proposed a solution space-
limited inverse-temperature crystal growth strategy on ITO/
PTAA substrates, achieving 21% efficiency and an impressive
fill factor of 84.3% in 20-um thick MAPbI; SC PSCs, with their
photovoltaic performance competitive with that of MAPbDI;
polycrystalline PSCs from the same period."®®

4.2.2 Strategies for achieving high-performance SC
MAPbI;-based PSCs. The crystallization dynamics affect the
quality and surface defect density of SC MAPbI; perovskites,
which has a significant impact on the efficiency and stability of
the corresponding photovoltaic devices. The mainstream
method for growing SC MAPDI; typically involves growth tem-
peratures above 120 °C. However, due to the inferior thermal
stability of MAPDIs, it often leads to the generation of bulk and
surface defects, which makes MAPbI; prone to decomposition.
Alsalloum et al. reported a solvent engineering approach for the
low-temperature growth of SC MAPDI;, yielding high-quality SC
films with longer carrier lifetimes and achieving efficiencies
of up to 21.9% for SC MAPbI; devices.'®> To further reduce
the defect density on the surface of SC MAPbI; and improve
the performance of SC PSCs, surface passivation is another
key approach. Younas et al. introduced long-chain ammonium
compounds, n-butylammonium iodide (BAI) and n-propyl-
ammonium iodide (PAI), into the SC MAPbI; and first reported
the 2D/3D-blended perovskite single crystals via the inverse
temperature crystallization process, along with the corres-
ponding SC devices. Long-chain ammonium salts reduced

This journal is © The Royal Society of Chemistry 2025
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Table 2 Summary of reported SC perovskite photovoltaic devices
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SC perovskite composition Preparation methods PCE (%)

Device structure

CS0.05FA¢.05PbI, SLITC 23.1,'8% 23.8,%* 24.29,°% 25,82'8° p-i-n
GAo.015FAo.085PbI; SLITC 9.1%%¢ Lateral
FA,¢MA, 4PbI; SLITC 23.1,'%7 22,888 p-i-n
FAy.55MA, 45Pbl; SLITC 19.4° p-i-n
FAo.»MA, sPbl, SLITC 23.4'% p-i-n
(FAPbI;) 55(MAPbBr3), 15 PASV 12.18'9° p-i-n
MAPbI, SLITC 16.9,'* 21.912;92 21.09,' 24.12,%9* 22.1,%°° 22.2,2¢ 6.37"%7 p-i-n
MAPbDI; SSLITC 4.4(flexible) p-i-n
MAPbDI, DSLC 15.65%° p-i-n
MAPbI, BU 5.9%72%° Lateral
MAPbI, SPSCD 1.88% Lateral
MAPbI, GCLCG 4.83,16% 7.43%2 Lateral
MAPDI; DPC 1.73%% p-i-n
MAPbI; DFSC 17.8% p-i-n
MAPbI, SLPC <420 n-i-p
MAPbI, DFSC 11.15%%° Lateral
MAPbDI, SC 8.78%%¢ n-i-p
MAPbDI, SC 15.67°"7 p-i-n
BAI: MAPbI, SLITC 5.37"7 p-i-n
MAPDBr; DTAC 6.5%2%8 n-i-p
MAPbBT; SLITC 4.31,%%° 7.11**° n-i-p
MAPbBr; ORAP 7.84(microarray)*"* n-i-p
MAPb, 5,,Sng 515 LEGT 20.4(graded)'”” p-i-n
CsSnl, PSE 11.7°12 Lateral

Note: SLITC (space limited inverse temperature crystallization method); PASV (polydimethylsiloxane-assisted solvent evaporation method); SSLITC
(seeded space-limited inverse-temperature crystallization method); DSLC (differential space-limited crystallization); SPSCD (supersaturated
precursor solution cooling down method); GCLCG (geometrically confined lateral crystal growth method); DCP (droplet-pinned crystallization
method); DFSC (diffusion facilitated space-confined method); SLPC (slice the large perovskite crystals); DTAC (cavitation-triggered asymmetrical
crystallization method); ORAP (Ostwald ripening assisted photolithography patterning process); LEGT (lithography-assisted epitaxial-growth-and-
transfer method); TD (top-down approaches); PSE (precursor solution evaporation); BU (bottom-up technique); SC (space confine method).

surface defect density and suppressed non-radiative recombina-
tion, resulting in only a 3.3% efficiency loss in 2D/3D-blended
devices after four weeks, compared to 22.3% losses in control
devices.™” Guo et al. modified the surface defects of SC MAPbI,
with the molecule 3-mercaptopropyl(dimeth-
oxy)methylsilane (MDMS) and enhance its surface hydrophobi-
city, resulting in SC PSCs with an efficiency of 22.2% and
improved humidity stability (Fig. 8B). The MDMS-modified
devices retained over 90% of their initial efficiency after 950
hours of aging at temperature of 25 £ 2 °C and relative humidity
of 26 + 2%.'%°

Defects at the buried interface of SC MAPbI; PSCs is another
major factor affecting their stability. In general, poly(triarylamine)
(PTAA), as a popular hole transport layer (HTL) in SC PSC
architecture, exhibits weak interaction due to its large steric
hindrance. To enhance the HTL/perovskite interaction and passi-
vate deep-level defects at the bottom interface, Li et al. introduced
hydrophobic poly(3-hexylthiophene) (P3HT) into PTAA (Fig. 8C),
forming coordination bonds between the sulfur atoms in P3HT
and Pb*", which improved the HTL/perovskite interface, reduced
interface and bulk defects, suppressed carrier recombination,
enhanced charge transport/extraction. The MAPbI; SC PSCs based
on the PTAA/P3HT blend HTL achieved a PCE of 22.1% under
standard 1-sun illumination and an indoor efficiency of 39.2%
under 1000 lux irradiation.’®® Moreover, Zhao et al reported a
synergistic interfacial engineering and solvent engineering strat-
egy to simultaneously suppress nonradiative recombination in
both the bulk and at the interface of SC PSCs. The introduced

bifunctional

This journal is © The Royal Society of Chemistry 2025

organic small molecule MeO-2PACz into PTAA regulated the
nucleation of single crystals through interfacial engineering, while
the formation of PbI*~/Pbl,* -y-butyrolactone complex controlled
the crystallization rate and suppressed organic decomposition
through solvent engineering. The champion SC MAPbI; PSC
achieved a PCE of 24.12%, surpassing the efficiency records of
polycrystalline PSCs (23.1%) and SC-PSCs (22.1%) based on
MAPbDI;, while the unencapsulated SC-PSC device exhibited only
a 10% degradation after 1400 hours of storage under a nitrogen
atmosphere.'**

4.3 Mixed cation SC PSCs

4.3.1 Overview of key developments. SC MAPbI; has an
optical bandgap of ~1.51 eV, while the ideal optimal bandgap
for maximizing solar spectrum absorption lies between 1.3 eV
and 1.4 eV, which theoretically contributes to a higher PCE.
Thus, it is essential to develop mixed cation SC perovskites to
achieve a narrower optical bandgap and an extended spectral
absorption range. Huang et al. employed a polydimethylsiloxane-
assisted solvent evaporation method (Fig. 9A) to produce SC
(FAPDI;), s5(MAPDBr3), 15 thin films, achieving an efficiency of
12.18% in an inverted SC PSC with the architecture of ITO/NiO,/
(FAPDI;) 55(MAPbBr;) 15/TiO,/Ag.**° 1t has also been demon-
strated that the ideal bandgap for light-absorbing materials
ranges between 1.1 eV and 1.4 eV, corresponding to the theore-
tical maximum photon-to-electron conversion efficiency limit.
However, most state-of-the-art high performance thin-film PSCs
are based on FAPbI;, which has a bandgap of 1.48 eV, falling
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(non-certified) perovskites. Certified data were extracted from the NREL best research-cell efficiency chart (ref. 221), while the efficiency data of SC
perovskite solar cells is obtained from ref. 52, 67, 185, 187, 188, 192, 193, 196, 206 and 208.

short of the ideal limit. Alsalloum et al. found that the mixed
cation FA, 55MA, 45PbI; single crystal exhibits a 50 meV red shift
in the external quantum efficiency band edge compared to its
polycrystalline film. The FAq 55MA, 45Pbl; SC PSCs also achieved
a Js value of 26 mA cm > with a PCE of 22.8%, providing a
pathway for lead halide PSCs to approach the Shockley-Queisser
limit in efficiency.'®®

4.3.2 Strategies for achieving high-performance mixed
cation SC PSCs. Although SC perovskites have fewer grain
boundaries than the polycrystalline perovskites, a large number
of surface impurities still remain during the solution-based
growth process, limiting the overall performance of SC PSCs.
Xie et al. optimized the growth of FA,;sMA, 4sPbl; single
crystals by controlling the ion diffusion velocity in confined
spaces, which reduced trap density, increased ion migration
activation energy, and improved the light stability of the as-
growth single crystals. The developed SC PSCs showed no
efficiency degradation after 330 hours of continuous 1-sun
operation under maximum power point tracking.'**> Wu et al.
synthesized SC FA,,5MA,,5sPbl; perovskite via the space-
limited inverse temperature crystallization method and
improved crystal quality through trioctylphosphine oxide
(TOPO) surface passivation. The TOPO-modified SC devices
exhibited an increase in efficiency from 11.9% to 15.65%, with

9954 | Chem. Soc. Rev., 2025, 54, 9939-9977

enhanced ambient stability (room temperature, 50% + 10%
relative humidity), retaining over 76% of their initial efficien-
cies after 9 days.'®® Liu et al., inspired by the self-cleaning effect
of lotus leaf, introduced amphiphilic long-chain cetyltrimethy-
lammonium chloride molecules into the perovskite solution
(Fig. 9B), imparting hydrophobic properties to the crystals,
which facilitated the spontaneous removal of residual perovs-
kite solution and resulted in a PCE of 23.4% in the SC
FA,,MA, ¢PbI; PSC device.'® Almasabi et al. successfully fab-
ricated SC FAy¢MA(4Pbl; on a hydrophilic self-assembled
monolayer [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl[phospho-
nic acid (MeO-2PACz) and the corresponding SC PSCs. Due to
the stronger mechanical adhesion between the perovskite and
MeO-2PACz, the as-prepared MeO-2PACz-based devices (Fig. 9C)
exhibited an efficiency of up to 23.1%, with enhanced operational
stability, retaining 75% of their initial efficiencies after 730 hours
of maximum power point tracking, while the PTAA-based devices
experienced 40% efficiency loss within a few hours.”
Methylammonium iodide has a low decomposition tempera-
ture and tends to decompose during prolonged high-temperature
crystallization, leading to the formation of defects on the surface
of SC perovskites. To address this, Lintangpradipto et al. devel-
oped an MA-free SC perovskite, Csgos5FAoosPbl;, achieving a
24.29% efficiency for the as-prepared SC PSCs and exhibiting

This journal is © The Royal Society of Chemistry 2025
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(A) Characterization of a SC MAPblz perovskite. (I) Photograph of a MAPbIs thin single crystal using a hydrophobic interface confined lateral growth method.

(I1) Cross-sectional SEM images of the MAPDI3 thin single crystals with different thickness: (a) ~10 pum, (b) ~20 um, (c) ~ 40 pm, (lll) current density—voltage of the
optimal SC solar cells using the corresponding MAPbls thin single crystals. Reproduced with permission from ref. 67, Copyright 2017, Springer Nature. (B) Schematic
representation of (I) the interaction between MDMS molecules and the MAPDI3 crystal surface, (Il) optical images of the pristine and MDMS-modified MAPDbI3 single
crystals after aging in high-humidity conditions for 4 days (T = 25 + 2 °C, RH = 85 + 5%), (Ill) normalized PCE evolution of non-encapsulated SC MAPblz PSCs after
950 hours of storage in ambient air. Reproduced with permission from ref. 196, Copyright 2023, Wiley-VCH GmbH. (C) (I) Schematic illustration of the space-
confined growth method for MAPDbI5 single crystals, (1) schematic diagram of the interaction between P3HT molecules and the perovskite single crystal, (ll) statistical
distribution of PCE among 20 devices based on PTAA and blended PTAA: P3HT HTLs. Reproduced with permission from ref. 195, Copyright 2022, Wiley-VCH GmbH.

superior thermal and humidity stability compared to the poly-
crystalline FAo¢MA, 4Pbl;-based PSCs.”> The MA-free SC perovs-
kite (Cso.0sFAg.95PbI3) has become one of the most widely studied
compositions, with its optoelectronic performance further
improved through systematic optimization. Jiang et al. proposed
an in situ growth strategy for a 1D MDAPb,I perovskite layer on
the surface of Csg 5FA.95Pbl;, constructing a SC PSC device with
the architecture of ITO/PTAA/Cs 05FA.05PbIs/MDAPD,I4 (1D)/Cqo/
BCP/Cu. The introduction of the 1D perovskite contributed to
reduced iodine vacancy defects on the surface of Cs o5FAq 9sPbl;
crystal and suppressed non-radiative recombination at the per-
ovskite/transport layer interface. Consequently, the Ty, stability of
the as-prepared SC PSCs was improved, increasing from 260
hours in the control group to 1000 hours.’®* In addition, Liu
et al. introduced 2,6-difluoro-3-nitrobenzonitrile (FCNO,) mole-
cules into the hole transport layer to regulate the nucleation
process of SC Csg ¢sFAp.05Pblz, modulating the residual solution,
voids, and small-sized crystals at the substrate surface, yielding a

This journal is © The Royal Society of Chemistry 2025

record efficiency of 25.82% and negligible efficiency loss after
500 h of thermal aging.'®

Currently, Csg05FAq.9sPbI; is the mainstream perovskite
composition used in SC PSCs, offering a balanced compromise
between device efficiency and phase stability. This formulation
also closely resembles that of high-efficiency polycrystalline per-
ovskites. However, its photovoltaic bandgap—or more precisely,
its light absorption range—remain inferior to that of FAPbI,.
Recently, Lv et al.'®® successfully fabricated SC GAg 15FA¢.055Pbl;
perovskite thin films, which are compositionally close to FAPbI;
and exhibit excellent stability, although the resulting device
showed lower efficiency. Therefore, developing high-quality SC
FAPDI; thin films and translating them into high-performance SC
devices will be a key research focus in the future.

4.4 Tin-based SC PSCs

Although Pb-based perovskites are the mainstream perovskite
materials for photovoltaic devices, the toxicity and potential
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environmental concerns associated with Pb have led to
increased investigation on Sn-based perovskites. Dai et al
systematically reported the crystal, optical, and electrical prop-
erties of CsSnl; perovskite in SC nanowires (NWs) and designed
a frontal electrode structure for photovoltaic application based
on the unique characteristics of the nanowire structure. The
low defect density, broad absorption spectrum, and high mobi-
lity of SC CsSnl; NWs enabled the achievement of a PCE of
11.7%, marking the first application of the front-surface-field
mechanism in photovoltaic devices.”*> Besides, Wu et al. found
that the bulk carrier lifetimes of the SC CsSnl; can reach up to
6.6 ns, with a doping concentration of 4.5 x 10" cm >, and a
minority-carrier diffusion length of approximately 1 pm. More
importantly, the SC CsSnl; exhibited a relative low surface
recombination velocity of 2 x 10° cm-s™*, similar to the Pb-
based perovskites, with a theoretical efficiency of 23% in opti-
mized SC CsSnl; PSCs.??® Lei et al. demonstrated a solution-
based lithography-assisted epitaxial-growth-and-transfer method

View Article Online
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for fabricating SC perovskites with precise control over thickness
(from ~600 nm to 100 um), area (continuous films up to 5.5 x
5.5 cm?), and composition gradient (MAPbI; to MAPb, sSn, sl;
for bandgap engineering), with the average efficiency of SC PSCs
based on Pb-Sn gradient structure reaching 18.77%. This
method overcomes existing limitations in SC perovskite fabrica-
tion process and introduces a scalable, transferable, and com-
positionally tunable approach for achieving high-performance
and stable SC perovskite optoelectronic devices.'”

Tin-based SC perovskites exhibit several advantages over
lead-based perovskites in photon utilization, environmental
friendliness, and biocompatibility. However, their photovoltaic
performance remains inferior due to inherent poor stability
and limitations in controlling crystallization kinetics. There-
fore, the introduction of oxidation inhibitors and precisely
regulating the crystallization kinetics of tin-based perovskites
to acquire stable SC thin films will be a key direction for future
research.
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(A) PDMS-assisted solvent evaporation crystallization method for single-crystal (FAPbI3)o gs(MAPbBr3)o 15 perovskite growth. (I) Schematic of the

growth mechanism of single-crystal (FAPbIz)p g5(MAPbBr3)g 15 via the PDMS-assisted solvent evaporation crystallization method, (Il) energy level band
alignment, and () the J-V curve of the best-performance single-crystal (FAPbl3)g g5(MAPbBrz)q 15 PSC device. Reproduced with permission from ref.
190, Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Self-cleaning effect for single-crystal FAg 2MAq gPblz growth. (I) Schematic
presentation of FAg 2MAq gPbls single crystals grown via the space-confined method with and without CTAC molecule. (ll) Optical microscope images
single-crystal FAg 2MAq gPbls perovskites grown with and without CTAC. Reproduced with permission from ref. 189, Copyright 2024, Wiley-VCH GmbH.
(C) () Schematic of the single-crystal FAg ¢MAg 4Pbls PSC architecture; (Il) cross-sectional SEM image of the device; (Ill) long-term operational stability
under continuous output at the maximum power point under 1-sun illumination, showing the normalized power conversion efficiency of single-crystal
FAp.6MAg 4Pbls PSCs fabricated with PTAA or MeO-2PACz SAM as the HTL. Reproduced with permission from ref. 51, Copyright 2023, American
Chemical Society.
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4.5 Challenges of SC-PSCs

As discussed in Section 3 on SC perovskite growth methods,
high-quality SC perovskite bulks and large-area SC thin films
can be achieved via various approaches. Although SC-PSCs have
demonstrated impressive efficiencies exceeding 25%, they still
lag behind their polycrystalline counterparts in several key
aspects, including efficiency, device architecture versatility,
scalability, and long-term stability. This discrepancy primarily
arises from the absence of well-developed methodologies for
integrating high-quality and low-defect SC perovskites into
device architectures that simultaneously achieve high efficiency
and long-term stability.

Due to the limited carrier lifetime and diffusion length, the
thickness of SC perovskites should be less than 20 micro-
meters, which directly hinders the application of SC perovskite
bulks in SC-PSCs. To date, high-performance SC PSCs are
typically fabricated using SC perovskite thin films grown via
the space-confined inverse temperature crystallization method.
However, this technique still suffers from unresolved issues,
including residual solvents trapped between the crystal and the
substrate, mechanical damage during crystal delamination, and
inferior interfacial contacts. These issues, combined with the
intrinsic trade-off between sufficient absorption and minimal
voltage loss in SC thin layers, have prevented SC PSCs from
realizing their theoretical efficiency and stability. Therefore, a
key priority for advancing SC perovskite photovoltaic technology
is to establish effective strategies for integrating high-quality SCs
into device architectures that simultaneously enable efficient light
harvesting, low recombination losses, and long-term stability.

5. SC perovskites for high-energy
radiation detection

High-energy ionizing radiation, including X-rays (wavelengths:
0.01-10 nm) and gamma rays (wavelengths <0.01 nm), has
strong penetrating power, making it suitable for the non-
destructive examination of dense materials. The interaction of
these rays with atomic electrons leads to the ionization of the
detected material, while variations in photon intensity (dose rate),
direction, phase, and energy provide detailed structural informa-
tion. X-rays are widely used in medical imaging, security screen-
ing, container inspection, defect detection, quality control within
the materials industry, food safety assessment, and monitoring of
industrial pollution. Similarly, gamma rays play an essential role
in cancer radiotherapy, sterilization of medical equipment, food
irradiation for preservation, and industrial radiography for the
inspection of welds and metal structures.

5.1 Working mechanism

(a) Radiation absorption

High-energy radiation photons interact with matter through
four main mechanisms, including the photoelectric effect,
Rayleigh scattering, Compton scattering, and electron-positron
pair generation. In the photoelectric effect, a photon is
absorbed by an atom, transferring its energy to an electron,
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which is subsequently ejected as a photoelectron. Rayleigh
scattering involves the elastic interaction between a photon
and a bound electron, resulting in minimal energy transfer and
a slight deflection of the photon. Compton scattering occurs
when a photon collides with an electron, transferring a portion
of of its energy to the electron, which is then ejected, while the
photon changes direction. Electron-hole pair generation takes
place when a photon, influenced by the Coulomb field of a
nucleus or orbiting electrons, produces an electron-hole
pair.**” The fundamental characteristics of these interactions
are shown in Fig. 10. In both the photoelectric effect and
Compton scattering, photons interacting with semiconductors
generate high-energy secondary electrons, including photoelec-
trons, Auger electrons, and recoil electrons.

(b) Carrier generation and separation

These energetic electrons further ionize the material, gen-
erating numerous low-energy free electrons. The free electrons
are excited to the conduction band, while holes remain in the
valence band. As holes migrate to the top of the valence band,
electrons gradually relax to lower energy states within the
conduction band. Through successive collisions and collective
motion, free electrons eventually settle at the bottom of the
conduction band, leading to the formation of electron-hole
pairs in the semiconductor under X-ray irradiation.>**

(c) Charge drift and collection

The generated electron-hole pairs can either be collected or
undergo recombination under the electric field, resulting in the
emission of scintillation light or the release of energy.”> The
collected light or energy is then measured by an external circuit
to obtain the detection result.

5.2 Operational mode of high-energy radiation (X-ray)
detectors

For SC perovskites, electron-hole pairs can be efficiently col-
lected by external circuits due to their excellent charge transport
properties, which lead to direct energy release. This process is
referred to as direct detection, and the working modes can be
classified into two types.®>*?97232

(a) Current mode

X-ray detectors used in dosimeters and medical imaging
operate in current mode, where a high photon flux ensures a
sufficient SNR, smooth imaging, and fast frame rates. When
multiple photons simultaneously reach the detector, each X-ray
photon is directly converted into free charge carriers via the
photoelectric effect. These carriers are then collected by elec-
trodes under an external electric field. During Compton scatter-
ing, an incident photon interacts with an electron, resulting in
the photon being deflected at a scattering angle relative to its
original trajectory. A portion of the photon’s energy is trans-
ferred to the electron, with the exact amount depending on the
photon’s initial energy and the scattering angle. In both the
photoelectric effect and Compton scattering, a substantial
number of charge carriers are generated, leading to X-ray
photon attenuation. These energized carriers are collected by
electrodes under an external bias, producing a current signal.
The total attenuated X-ray photons contribute to the average
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Fig. 10 Schematic diagram of the working mechanism of high-energy radiation detection, illustrating (a) X-ray absorption, (b) charge generation and

collection, and (c) signal processing.

signal current over time. The intensity of the transmitted
photon flux can be expressed by the equation:

I=1, x e

where I, is the initial photon flux intensity, « is the mass
attenuation coefficient, p is the material density, and [ is the
length of the photon-material interaction. The product ap,
commonly expressed as po, is known as the linear attenuation
coefficient and is frequently used to characterize the capacity of
a material to attenuate radiation energy.

(b) Pulse mode

Radiation detectors used in photon counting, spectroscopy,
and nuclear reaction monitoring typically operate in voltage
mode. Unlike current mode, which has high photon flux,
voltage mode operates at relatively low photon flux, where
high-energy photons arrive at the detector individually. Each
photon generates a specific number of electron-hole pairs, and
the resulting charge is measured as a pulse signal, whose
intensity is directly proportional to the photon energy. By
counting individual photon energies, an X-ray photon energy
spectrum can be constructed. To enhance the detection of weak
signals, a charge-sensitive preamplifier is commonly used to
collect the charges generated within the detector, converting
them into a voltage signal. This signal is then processed by a
shaping amplifier, which outputs a quasi-Gaussian waveform,
optimizing it for transmission through communication
channels while maintaining proportionality to photon energy.
A multi-channel analyzer subsequently records individual
photon events, enabling the determination of radiation quan-
tum and energy, thereby producing a complete X-ray energy
spectrum.>**>3

Typically, radiation detectors operating in current mode
include silicon (Si), amorphous selenium (a-Se), mercury iodide
(HgL,), and cadmium zinc telluride (Cd,; ,Zn,Te), while those
operating in voltage mode include high-purity germanium (HP-
Ge), cadmium zinc telluride (Cd;_,Zn,Te), and thallium bro-
mide (TIBr).>**?*
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5.3 Architecture of single-crystal high-energy radiation (X-ray)
detectors

The planar structure device consists of two parallel electrodes
(e.g., Au, Ag, Pt, C, etc.) deposited on the surface of the single
crystal, as shown in Fig. 11A, with the electric field direction
perpendicular to the incident radiation. This method makes
planar devices suitable for preliminary performance character-
ization and intrinsic property studies of SC perovskites. Planar
devices provide several advantages, including faster response
times due to the minimized electrode spacing, making them
ideal for real-time imaging. In addition, they are well-suited for
low X-ray dose detection (low detection limit), low-voltage
operation, and ease of fabrication and integration.'>">3>24?

A vertical structure device, which has high sensitivity and a
broad dynamic range, includes a single crystal positioned
between two electrodes, as illustrated in Fig. 11B, with the
electric field oriented parallel to the incident radiation. The
introduction of passivation or interface layer on the electrode
surface enhances the collection rate of photogenerated carriers,
while simultaneously, the absorption of X-rays theoretically
increases with crystal thickness, approaching the absorption
limit of materials. Besides, optimized crystal quality and
reduced defects are beneficial for efficient charge transport,
leading to improved device sensitivity.>*®

A Schottky junction is formed between the single crystal and
the metal electrode, as depicted in Fig. 11C, enhancing carrier
separation through the built-in electric field. Schottky photodiodes
can be fabricated using an asymmetric electrode configuration to
create an internal electric field that facilitates the extraction of
photogenerated electrons and holes.>** Moreover, the asymmetric
electrode configuration, with various Schottky barrier potentials,
suppresses undesirable carriers, thereby minimizing leakage cur-
rent under reverse bias.**® This design benefits from reduced dark
current and improved SNR, making it suitable for weak signal
detection, such as high-resolution gamma-ray detection.

A p-n junction or heterojunction is formed on the surface of
a perovskite single crystal by integrating other materials such

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (A) Planar structure of perovskite-based X-ray detector (I) and schematic diagram of the electric field configuration (Il). Reproduced with

permission from ref. 237, Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Vertical structure: symmetrical electrode design and (C)
Schottky photodiode structure: asymmetric electrode design. Reproduced with permission from ref. 238, Copyright 2019, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (D) Heterojunction structure and the optical photos of the SC perovskites. Reproduced with permission from ref. 239, Copyright
2020, American Chemical Society. (E) Photodiode structure of a SC MAPbls grown directly on a PTAA/ITO substrate. Reproduced with permission from
ref. 240, Copyright 2023, Springer Nature. (F) Cascade-connected structure and its corresponding working diagram. Reproduced with permission from

ref. 241, Copyright 2024, American Chemical Society.

as Si, CdTe, or low-dimensional perovskites, as depicted in
Fig. 11D. Optimization of the interface energy level alignment is
essential for enhancing carrier separation, which leads to
improved collection of photogenerated carrier, reduced recombi-
nation losses, and suppressed ion migration in three-dimensional
SC perovskites, enabling high-resolution imaging.>*® Furthermore,
it has been shown that devices fabricated from single crystals with
varying densities can distinguish X-rays of different energy levels,
which is beneficial for high-energy radiation detection. This
approach addresses the intrinsic absorption limitations of single-
component materials that restrict imaging resolution. By combin-
ing materials with different densities, the superposition effect
enhances energy resolution and overcomes the radiation absorp-
tion limitations of a single-component system.>**

SC materials are used to fabricate photodiodes with trans-
parent electrodes, such as ITO, and metal back electrodes, as
shown in Fig. 11E. The incorporation of a hole transport layer
(HTL) and an electron transport layer (ETL) optimizes charge
separation, enhancing device sensitivity and responsivity
for detection applications.>*® The photodiode structure could
enable efficient electron/hole separation and transport. However,
limitations in SC size and reproducibility continue to pose
challenges, hindering the feasibility of large-scale fabrication
and compromising the reliability of device performance.

A typical cascade device consists of several single crystals
connected in series, designed to increase dark current, which

This journal is © The Royal Society of Chemistry 2025

can lower the detection limit and enable highly sensitive moni-
toring of low-dose X-ray leakage, as shown in Fig. 11F. Compared
to conventional structures, the cascade configuration maintains
the same signal current generated by electron-hole pairs during
X-ray irradiation while exhibiting lower and more stable dark
current, thereby achieving a higher SNR and an improved detec-
tion limit. Moreover, the cascade structure presents an effective
strategy for noise reduction in lead-based perovskites, which are
prone to ion migration and unsuitable for high-bias operation.**'

The low-temperature growth of SC perovskites makes them
compatible with complementary metal-oxide-semiconductor
(CMOS) readout circuits, offering potential for integration into
sensitive 2D X-ray detector arrays. Although the first 2D X-ray
detector arrays were made from polycrystalline perovskite
films.>*® SC MAPbBr; can be grown from solution at low
temperatures (below 120 °C), making it compatible with CMOS
readout circuits. Wei et al>*® introduced a small-molecule
interfacial layer of (3-aminopropyl)triethoxysilane, which pos-
sesses NH;Br terminal groups on one end and Si-O bonding
functionalities. This dual functionality facilitates both mechanical
and electrical integration of SC MAPbBr; with substrates. More-
over, the molecular dipole formed at the perovskite/Si interface
serves to suppress noise current without compromising
signal current, thereby enabling device operation under a higher
optimal bias of —7 V. Consequently, the resulting devices
exhibit large photoconductive gains, yielding a high sensitivity
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of 2.1 x 104 uC Gy~ cm ™2 at 8 keV soft X-rays, which outperforms
conventional amorphous selenium (o-Se) detectors.

5.4 Ionizing radiation detectors

Ionizing radiation detectors have specific performance require-
ments, limiting the range of suitable materials. An ideal detector
is typically expected to meet the following standards:*">3>>7->48
(1) high resistivity (10° Q c¢m) and low leakage current are
essential for minimizing noise under an applied electric field,
requiring the high-resistivity materials (bandgap >1.5 eV) or
materials with a low intrinsic carrier concentration. (2) The
optimal concentration of electrons and holes is crucial for
facilitating efficient charge transport and collection, which con-
tributes to a high SNR. (3) To enhance device sensitivity, the
material is required a high-Z composition or a large interaction
volume, maximizing interactions between incident photons and
the detector medium. (4) Charge collection efficiency is deter-
mined by carrier mobility and lifetime (the ut product), which
are essential for allowing enough generated charge carriers to
reach the electrodes for effective collection. (5) High-purity,
uniform, and defect-free materials are important to achieve
superior charge transport performance, maintain low leakage
current, and prevent short circuits between the detector and
integrated electrodes. In addition, materials should be selected
to minimize polarization effects. (6) It is also essential for the
materials to maintain high resistance over time to prevent sur-
face leakage current degradation that could reduce device per-
formance throughout its operational process.

Because no single-component material can fulfill all the
requirements for an ideal ionizing radiation detector, numerous
studies have investigated alternative materials that more closely
approach these standards. Currently, most commercial X-ray
detectors are based on cadmium telluride (CdTe), cadmium zinc
telluride (Cd;_,Zn,Te, CZT), and amorphous selenium (a-Se).
Among them, o-Se exhibits a stopping power more than ten
times greater than that of silicon in the hard X-ray range,*****
making it the most widely used semiconductor for direct-
conversion X-ray imaging and a market leader for decades.>"
Although a-Se itself is inexpensive (0.8 USD per gram), the main
cost in fabricating flat-panel detectors arises from the thick-film
deposition process, which typically involves vacuum thermal
evaporation. CZT, a solid solution with x < 20%, offers high
sensitivity and has emerged as a promising candidate for
advanced X-ray detectors. However, the growth of high-quality
CZT single crystals requires high processing temperatures, and
their integration with readout electronics remains technically
challenging. Building on their success in photovoltaic applica-
tions, halide perovskites have recently attracted significant
attention for X-ray detection. Their high X-ray absorption coeffi-
cients, tunable bandgap, high charge carrier mobility, and long
carrier lifetimes make them promising for efficient radiation
detection. A comparative summary of key performance metrics
for commercial semiconductors and representative perovskite
single crystals is presented in Table S2 (SI).

5.4.1 Lead-based SC perovskite detectors. 3D metal halide
perovskites have emerged as promising candidates for high-
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energy radiation spectrum detectors, particularly MA/FA/CsPbX;
(methylammonium (MA), formamidinium (FA), and cesium (Cs)-
based perovskites). Table 3 provides a summary of the X-ray
detection sensitivity and detection limit of recently reported
lead-based SC perovskite detectors. Huang et al.>* developed
highly sensitive SC MAPbBr; X-ray detectors by reducing bulk
defects and passivating surface defects. It achieved a high ut
value of 1.2 x 1072 em™> V™" and a low surface charge recombi-
nation rate of 64 cm s~ ', For 50 keV X-ray radiation, a 2-3 mm
thick SC device exhibited a detection efficiency of 16.4% at near-
zero bias, with a minimum detection limit of 0.5 pGy,;; s~ and a
sensitivity of 80 uC Gy, * em ™2, which is four times higher than
that of the a-Se detector, enabling the reduced radiation expo-
sure in medical imaging. Liu group®** introduced MA, Cs, and Br
into SC FAPbI;, achieving a remarkable sensitivity of 3.5 x
10° UC Gy, " em ™2 for X-ray detection. Huang et al.>*® reported
DMAMAPDI; (DMA = dimethylammonium) single crystal with
the lowest detection limit of 16.9 nGy,;, s 'and a sensitivity of
2.3 x 10* uC Gy, * em 2. Chu et al.>*® demonstrated a black a-
phase SC FAPbI; through lattice engineering, as illustrated in
Fig. 12A, which exhibited a low detection limit of 1.1 NGy, s~
and high spatial resolution of 15.9 Ip mm™". Sakhatskyi et al.>*°
reported single-photon counting and long-term operational sta-
bility in SC MAPbI; X-ray detectors operating in photovoltaic
mode at zero bias voltage, as depicted in Fig. 12B and C,
demonstrating over one year of operational stability, a detection
efficiency of 88%, and a noise-equivalent dose of 90 pGy,;. under
18 keV X-rays. Besides, the corresponding array detectors
achieved a high spatial resolution of up to 11 Ip mm™*. Liu
et al*?® developed Csy,FAg;MA,,sPbI; thin monocrystals,
which exhibited a high ur product of 2.53 x 10> cm® V! and
a long carrier diffusion length of 82.7 um, enabling a self-
powered detector for X-ray imaging with an impressive sensitiv-
ity of 1.74 x 10° uC Gy " em™2 and an ultra-low detection limit of
11.8 nGy s~ ' at zero bias (Fig. 12D).

Jiang et al®>*® reported a high-performance SC CsFAGA-
alloyed (guanidinium (GA)) perovskite X-ray detectors with
excellent stability, showing a high sensitivity of (2.6 £ 0.1) x
10* UC Gy, ' em ™2 under 1 V em™ ' and an ultralow limit of
detection of 7.09 nGy,;, s~ ' (Fig. 13A and B). In addition, the
resulting detectors exhibited long-term operational stability
exceeding six months and remarkable thermal stability
up to 125 °C. Zhao et al.*®’ demonstrated centimeter-sized
FACsPbBr; single crystals in Fig. 13C, where the introduction
of formamidinium into CsPbBr; reduced defect density by
eliminating phase transitions during the cooling process from
growth temperature to room temperature. The as-prepared
FACsPbBr; exhibited a high resistivity of 9.5 x 10° Q cm,
balanced ut product values of (2.2-3.2) x 10~° em” V!, and
a low deep trap density of 5.6 x 10'° em™?, achieving a charge
collection efficiency of 84% under gamma-ray exposure. More-
over, SC FACsPbBr; showed excellent stability under high bias
voltages of up to 1000 V, with no degradation in spectrum
performance after seven months.

Klepov et al>®® developed spectrometer-grade CsPbBr;
detectors via a laser scribing method, exhibiting a low lateral
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Table 3 X-ray detection sensitivity and detection limit comparison with the reported lead-based perovskite devices under different electric fields

Materials Sensitivity (uC Gya;; ' ecm™?) Detection limit (nGy s~') Peak energy (keV) Electric field (Vv mm™") Ref.
MAPbI;/MAPbBr; 8 x 10° 50 60 5 244
(BA),MAPb,Br,/MAPbBr; 1 x 10* 40 40 0 54

EPZPbBr, 1.24 x 10° 5.3 50 10 261
MAPDBr, 1.37 x 10? 100 40 2 241
CS.02FAg 2MA 75PbI; 1.74 x 10* 11.8 8 0 253
MAPbBr; 2.45 x 10* 54 100 20 76

CsPbBr; 4.61 x 10* 10.81 120 500 259
MhyPbBr; 220 203 50 0 268
(S-BPEA),FAPb,I, 87.8 161 50 0 269
(DGA)PbI, 4.87 x 10° 95.4 40 200 260
[Cu(0,C-(CH,)3-NH3),|PbBr, 1.14 x 10° 56 120 175 270
MAPbBr; 114.4 2.52 x 10* 40 -5 271
FAPbI, 4.15 x 10° 1.1 40 10 255
MAPbBr;/MAPbCl, 868 15.5 50 0 272
(3AP)PbX, 791.8 1.54 x 10° 40 50 273
MAPbBTr;_,,Cl,/CsPbBr; 2 x 10° 9 120 —125 274
CsPbBr; 9.08 x 10° 103.6 50 — 275
C80.15FAg.55Pb13/Cs 15FA¢.g5Pb(I5.15Br0.g5)3 1.98 x 10° 32.2 40 —25 276
MAPDBr;/Bi*" doped MAPbCI; 1.72 x 10° — 50 31.5 277
FAo.55sMA 1CS0.05PbL 55BI 45 3.5 x 10° 42 40 —-75 254
MAPbI, — 0.09 60 — 278
FPEA,PbBr,/FAPbBr; — 55 120 10 266
MAPDBr, 632 — 50 -5 279
MAPbBr; 259.9 — 39 0.83 280
MAPbI, 7 x 10° — 50 100 100
BDAPbI, 242 430 40 3.1 237
(F-PEA),PbI, 3.40 x 10° 23 120 200 179
MAPbBr, 3.93 x 10° 8.8 x 10° 120 — 78

MA,Cs,_,PbBr; 2.01 x 10° 1.2 x 10° 50 1 281

Note: (EPZ, 1-ethylpiperazine), (Mhy, methylhydrazine), (S-BPEA, (S)-1-4-bromophenylethylammonium), (DGA, dimethylbiguanide), (3AP, 3-
amidinopyridine), (FPEA, 4-fluorophenethylammonium), (BDA, NH;C,HgNHj;), and (F-PEA, fluorophenethylammonium).

leakage current of 60 nA at 10 V and a high ut product of
9.7(3) x 10~* cm® V" between the pixel and the guard ring. The
122 keV and 136 keV photopeaks in the *’Co (cobalt-57)
gamma-ray spectrum were also well resolved with an energy
resolution of up to 6.1% at 122 keV (Fig. 13D and E). Hua
et al.>> reported an atmosphere-controlled edge-defined film-fed
growth (EFG) method to produce high-quality and shape-controlled
SC CsPbBr; in an Ar (Argon) and HBr (hydrogen bromide) mixed
atmosphere. The as-synthesized SC CsPbBr; exhibited a low trap
density, a high resistivity of 1.61 x 10'® Q c¢m, and a large ion
migration activation energy of 0.378 eV, with reduced leakage
current and baseline drift. As shown in Fig. 13F and G, the SC
CsPbBr; Xray detector demonstrated outstanding balanced
performance, including a negligible dark-current drift of 1.68 x
10" °pAem 's7' V', a low detection limit of 10.81 nGy, s, and
a sensitivity of 46180 pC Gy, ' ecm > under an applied electric
field of 5000 V em ™.

Replacing MA', FA', Cs" in 3D metal halide perovskites
with larger organic cations has resulted in the development
of low-dimensional perovskites, where inorganic metal halide
octahedra are arranged in 2D layers, 1D chains, or 0D isolated
clusters. These low-dimensional perovskites exhibit different
optoelectronic properties compared to their 3D counterparts,
due to quantum confinement effects and large exciton binding
energies.>®* Wei et al.'”® reported a fluorine-containing pheny-
lethylamine lead iodide ((F-PEA),Pbl;) SC detector, which
demonstrated exceptional sensitivity to hard X-rays in the 80-
120 keV range in Fig. 14A and B.

This journal is © The Royal Society of Chemistry 2025

The SC (F-PEA),Pbl, detector showed a high bulk resistivity
of 1.36 x 10'* Q cm with reduced device noise, and under a
high voltage of 200 V, it maintained low ion migration, achiev-
ing a sensitivity of 3402 pC Gy, " cm ™2, and a detectable X-ray
dose rate of 23 nGy,;; s ', with excellent stability under high-
flux X-ray irradiation. Shen et al.>*” developed a centimeter-
sized SC BDAPbI, (NH;C,HgNH;, BDA) perovskite, as shown in
Fig. 14C and D, which exhibited a staggered configuration of
[Pbl¢], ™ layers, a bandgap of 2.37 eV, and a low trap density of
3.1 x 10° ecm ™. The SC BDAPbI, X-ray detector demonstrated
high charge transport performance with a sensitivity of
242 pC Gyuir ' em ™2, a low detection limit of 430 NGy, s/,
rapid response times of 7,ise = 7.3 ms and g = 22.5 ms, and a
low dark current drift of 6.06 x 10 ° nA cm ' s ' V', Zhang
et al.*® further developed 2D Dion-Jacobson (DJ) perovskite
single crystals, (DGA)PbI, (dimethylbiguanide, DGA) in Fig. 14E
and F, where atomic-scale analysis revealed that minimal lattice
distortion and enhanced hydrogen bonding strengthened lat-
tice rigidity, reduced electron-phonon coupling, and sup-
pressed carrier scattering.

These improvements enhanced carrier transport and stabi-
lity, resulting in a high carrier mobility of 78.1 cm®> V"' s™* and
an improved sensitivity of 4869.0 pC Gy, * ecm 2, the highest
reported for 2D Pb-based perovskite X-ray detectors. In addi-
tion, the (DGA)Pbl,-based detectors exhibited high spatial
resolution for X-ray imaging and excellent long-term stability,
making them as promising candidates for medical diagnostics
and nondestructive testing. Xia et al®®' reported a (110)-
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(A) Lattice engineering for SC a-FAPblIs. (I) Crystal structure transition of SC FAPbls from o phase to & phase and then to o phase. (ll) Spatial

frequency-dependent modulation transfer function of the annealed SC FAPbIz detector. Inset: Response current image obtained from the detector for a
standard line pair card. (lll) SNR of the annealed SC FAPbIs detector as a function of dose rate. The horizontal line indicates the SNR of 3. Reproduced with
permission from ref. 252, Copyright 2023, The American Association for the Advancement of Science. (B) Noise-equivalent dose) (black line) and
detective quantum efficiency (green lines) versus photon energy of MAPbIs detector. (C) X-ray imaging of a stencil mask at doses of 8 nGy,;, of MAPblz
detector. Reproduced with permission from ref. 240, Copyright 2023, Springer Nature. (D) SNR dependence on X-ray dose rate for the self-driven high-
flux-grown thin monocrystal device. Reproduced with permission from ref. 253, Copyright 2024, Springer Nature.

oriented 2D perovskite EPZPbBr, (1-ethylpiperazine, EPZ),
which facilitated carrier transport by reducing the effective
interlayer distance to 2.22 A. The as-prepared SC EPZPbBr,
has a high ur product of 1.8 x 10% cm® V' and a large
resistivity of 2.17 x 10" Q cm, while the assembled X-ray
detector exhibited a high sensitivity of 1240 pC Gy ' cm™>
(Fig. 14G and H).

However, most low-dimensional materials require a high
supply voltage for efficient charge collection, whereas 3D SC
perovskite detectors suffer from undesired ion migration and
unstable current values. To overcome these challenges, recent
advancements in hybrid perovskites have focused on integrat-
ing 2D layered perovskites with 3D perovskites, forming 2D/3D
hetero-dimensional structures. This approach combines the
superior stability of 2D perovskites with the excellent optoelec-
tronic properties of 3D bulk perovskites, resulting in highly
sensitive X-ray detectors capable of operating under low voltage
biaS.263_265

He et al.®*® designed novel 3D/2D FAPbBr;/FPEA),PbBr,
perovskite heterojunctions (4-fluorophenethylammonium, FPEA)
via a solution epitaxial method, which exhibited a higher ur
product and a lower detectable X-ray dose rate of 55 NGy, S
(Fig. 15A and B), demonstrating great potential for low-dose hard
X-ray detection and imaging. As shown in Fig. 15C and D, Zhang

9962 | Chem. Soc. Rev, 2025, 54, 9939-9977

et al*® reported self-powered X-ray detectors based on well-

oriented 2D/3D 4-AMPY)(MA);Pb,l,3/MAPDbBr; perovskite crystals
(4-(aminomethyl)pyridinium, 4-AMPY), using a halide diffusion-
promoted welding approach to construct two distinct configura-
tions: a lateral orientation with perpendicular inorganic frame-
works and a vertical orientation with parallel inorganic slabs. The
anisotropic X-ray detection performance, characterized by an
anisotropic ratio of 4, resulted from the different crystalline
orientations of the self-powered X-ray detector featuring a vertical
structure, which exhibited a suppressed dark current density of
0.17 nA cm™?, a high sensitivity of 1850 pC Gy, ' cm 2, and an
ultra-low detection limit of 77 nGy,;, s~ at zero bias. Zhang et al.>*
further developed 2D/3D (BA),MAPb,Br,/MAPbBr; (r-butylammo-
nium, BA) core-shell heterocrystals with well-defined interfaces and
controlled shell thickness. The core-shell heterocrystal X-ray detec-
tors showed excellent high-resolution X-ray imaging, an ultra-low
dark current drift of 1.1 x 1077 nA em ' s™' V_'—five orders of
magnitude lower than that of 3D perovskite devices—along with a
high sensitivity of 1 x 10* uC Gy,;; - em™ > and a low detection limit
of 40 NGy, s~ * (Fig. 15E and F).

5.4.2 Lead-free SC perovskite detectors. (a) SC bismuth
(Bi)-based detector

Bismuth (Bi), due to its high atomic number and strong X-ray
absorption, presents great potential for direct X-ray detection.

This journal is © The Royal Society of Chemistry 2025
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(A) SNR dependent on the X-ray dose rate for the CsFA, CsFAGA and CsFAGA: Sr detectors. (B) Long-term operational and thermal stability of an

unencapsulated CsFAGA: Sr detector. All the tests were carried out at 1 V cm™. Reproduced with permission from ref. 256, Copyright 2022, Springer
Nature. (C) Spectrum collected from the fresh and aged (after seven months of storage) FACsPbBrs; device. Reproduced with permission from ref. 257,
Copyright 2023, Springer Nature. (D) Schematic view of laser-cut single-pixel CsPbBrs detector device. (E) 2**Am and °’Co combined spectrum
measured from the CsPbBrz device at —300 V bias voltage, 10 ps shaping time, and 300 s collection time (inset shows the measured wired device). The
energy resolution is 11.4% and 6.1% for the 59.5 keV and 122 keV peaks, respectively. Reproduced with permission from ref. 258, Copyright 2023,
American Chemical Society. (F) Sensitivities of atmosphere-controlled edge-defined film-fed growth (EFG-) and vertical Bridgman (VB-) SC CsPbBr3
detectors measured for bias voltages ranging from 50 to —5000 V cm™* for 120-keV hard X-rays. (G) Detection limits were extracted from the fitting line
at an SNR of 3. Reproduced with permission from ref. 259, Copyright 2024, Springer Nature.

Among Bi-based materials, double halide perovskites, including
Cs,AgBiBr, and low-dimensional Bi-based perovskite are the two
representative material families for this application.”*> In 2017,
Pan et al."** reported the synthesis of SC Cs,AgBiBrg by sub-
stituting Pb with Ag and Bi for direct X-ray detection. Theoretical
calculations indicated that the high atomic number of these
elements could enhance detection performance, while experi-
mental results confirmed a low ion migration ability.

The SC Cs,AgBiBrg exhibited an indirect bandgap, a long
carrier diffusion length, and suppressed surface defects,
while the as-prepared device demonstrated a sensitivity of
105 pC Gy, ' em 2 at an electric field of 25 V. mm ™%, a
detection limit of 59.7 nGy,;; s ' (Fig. 16A), and excellent
stability under high temperature and radiation exposure. After
that, the Bi**-Ag" system has been widely investigated for X-ray
detection applications. Xu et al*** introduced a 2D multi-
layered (BA),CsAgBiBr; (Fig. 16B), which has a high ut product
of 1.21 x 10~% em® V| a high bulk resistivity of 1.5 x 10" Q cm,
and a low defect density of 4.2 x 10'® cm™>. However, due to less
efficient charge transport in the out-of-plane direction compared
to 3D halide perovskites, the device achieved a sensitivity of
4.2 uC Gy, ' em™ 2 Zhang et al.*®® reported a solution-processed
in situ heteroepitaxial approach for constructing the lead-free halide
perovskite (BA),CsAgBiBr,/Cs,AgBiBrs heterojunction (Fig. 16C),
which exhibited near-atomically sharp interfaces and enabled
self-powered operation due to its built-in electric potential. The
resulting device demonstrated a dark current (3.2 x 107> pA)

This journal is © The Royal Society of Chemistry 2025

(Fig. 16D), a photocurrent of 240 pA, and an on/off switching ratio
of 10%, achieving a sensitivity of 206 pC Gy, ' cm > under
zero bias.

Low-dimensional Bi-based single crystals hold significant
research value due to their low ion migration energy, which
can enhance detection stability. Zhuang et al.”* reported a high-
density and wide-bandgap 2D layered (NH,);Bi,I, perovskite
exhibiting notable anisotropic X-ray responses with the parallel-
oriented device achieving a sensitivity of 8.2 x 103 uC Gy, ' cm™>
and the perpendicular-oriented device showing a low detection
limit of 55 nGys;; s, as illustrated in Fig. 16E and F. These results
suggest that 2D layered perovskite-like semiconductors could serve
as non-toxic alternatives to traditional 3D perovskites, enabling
highly sensitive X-ray detection with a low detection limit. Liu
et al.'™ synthesized inch-sized and high-quality 0D SC MA;Bi,I,
with minimal ion migration by slowly elevating the temperature of
the precursor solution from 65 °C to 105 °C, achieving a sensitivity
of 1947 uC Gy, * cm 2 and a detection limit of 83 NGy, s
under 60 Vmm™". Zhang et al.** further introduced a nucleation-
controlled method to grow centimeter-sized Cs;Bi,ly perovskite
single crystals, which exhibited low trap-state densities, high urt
products, and low dark current noise, resulting in a X-ray sensi-
tivity of 1652.3 pC Gy,; ' cm > and a detectable dose rate
130 NGy, s ' (Fig. 16G). In addition, the suppressed ion migra-
tion contributed to exceptional device stability, with over 13 hours
of continuous operation and superior X-ray imaging capabilities.
The remarkable thermal stability of low-dimensional Bi-based
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Fig. 14 (A) Long-term operation stability tests of (F-PEA),Pbl, detector in response to X-ray pulses, and the devices are stored for O day, 11 days, and
35 days before testing. (B) The X-ray images of "JLU" metal plates obtained by the (F-PEA),Pbl, single crystal X-ray detector under after 3 mm thick Pb
plate attenuation, under radiation levels of 7.55 NGy, s~ and 45 nGy,;, 5%, respectively. Reproduced with permission from ref. 179, Copyright 2020,
Wiley-VCH GmbH. (C) Temporal response of the (BDA)Pbl, X-ray detector to X-rays. (D) Photocurrent and dark current stability measurement of a
(BDA)Pbl4 X-ray detector (photocurrent was collected under continuous X-ray irradiation with a constant 10 V bias). Reproduced with permission from
ref. 237, Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Dark current measurement for (DGA)Pbl, detector current drift
(200 V. mm™2, 967.5 pGy.i s~ 1. (F) Irradiation stability measured for the (DGA)Pbl, detector exposed to X-rays (967.5 pGy.ir s3) at 200 V mm™ electric
field. Reproduced with permission from ref. 260, Copyright 2023, Wiley-VCH GmbH. (G) SNR of the EPZPbBr,4 devices. (H) Photocurrent stability of

EPZPbBr, detector exposed to X-rays (3.874 mGy s™3) for 1 h. Reproduced with permission from ref. 261, Copyright 2024, Wiley-VCH GmbH.

perovskites makes them promising candidates for high-
temperature X-ray detection, as their stable response reach tem-
peratures up to 100 °C. Moreover, various A-site (MA", FA", Ag",
GA") and X-site (Cl~, Br~, I") substitutions have been investigated
to develop high-quality single crystals with improved imaging
performance, as depicted in Fig. 16H.”*>?® Table 4 provides a
summary of the X-ray detection sensitivity and detection limit of
recently reported lead-free perovskite detectors.

(b) SC metal-free perovskite detector

Large divalent organic molecules, such as DABCO** (N-N'-
diazabicyclo[2.2.2]Joctonium) and MDBACO (methyl-N’-diaza-
bicyclo[2.2.2]octonium), have been introduced into perovskites
to replace Pb*", forming a hydrogen-bonded and intermole-
cularly connected structural framework known as molecular
perovskites or metal-free perovskites.">"'?>?87289 gong et al.'>*
reported the large-sized DABCO-NH,Br; single crystals
and developed an X-ray detector that had a sensitivity of

9964 | Chem. Soc. Rev, 2025, 54, 9939-9977

173 UC Gyuir - cm 2 at 50 V bias and a detection limit of

4.96 UGy,ir S atl0 V bias. Then, Cui et al.'®* synthesized
DABCONHX; (X = Cl, Br, I) single crystals and observed that,
under the same voltage, the DABCO-NH,I; SC detector achieved
a high sensitivity of 567 uC Gy,i; * cm™ > along with high-quality
imaging results, as illustrated in Fig. 17A-D. Structural tuning
at the A-site and B-site led to the development of MDABCO-
NH,I; single crystals in 2021, where DABCO** was replaced
with MDABCO>*, improving device performance and yielding a
sensitivity of 1997 pC Gy, * cm 2 (Fig. 17E).>*® Additionally,
SC DABCO-N,H;Br; was synthesized by replacing NH," with
N,H;', achieving dimensional regulation and enhancing device
stability, with a sensitivity of 1143 pC Gy,;; ' cm™ > and an ultra-
low detection limit of 2.68 uGy s ' at 10 V bias. The reduced-
dimensionality structure further contributed to enhanced cur-
rent stability (Fig. 17F), making the metal-free perovskites
highly promising for next-generation X-ray detectors.”*°

This journal is © The Royal Society of Chemistry 2025
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(A) Current density of HJ-13, HJ-19, and FAPbBrs single crystal devices at different X-ray dose rates, respectively. (B) The long-term operation

stability tests of FAPbBrs/FPEA),PbBr, detector in response to X-ray. Reproduced with permission from ref. 266, Copyright 2021, Wiley-VCH GmbH.
(C) Detection limit of the lateral and vertical 4-AMPY)(MA)sPb4l;3/MAPbBr3 devices under self-powered mode. (D) X-ray image of a tomato with a needle
stuck in it. Reproduced with permission from ref. 267, Copyright 2023, Wiley-VCH GmbH. (E) Detection limit of the (BA),MAPb,Br;/MAPbBrs X-ray
detectors at different bias voltages. (F) X-ray image of a blue berry with a needle stuck in it and a metal hairpin. Reproduced with permission from ref. 54,

Copyright 2024, American Chemical Society.

Lead-free SC perovskites avoid the use of the toxic lead,
which is especially important for biocompatible applications.
Moreover, some of lead-free SC perovskites exhibit excellent
structural stability, making them suitable for long-term opera-
tion in detection systems or extreme environments such as outer
space. However, they still lag behind mainstream lead-based
perovskites (e.g., MAPbBr;, MAPbI;, and FAPDI;) in key para-
meters, including carrier mobility-lifetime product (ut), energy
resolution, and dark current suppression and remain at an early
stage of research. With further advancements in material opti-
mization, device engineering, and structural design, their
potential for safe and environmentally friendly applications in
medical imaging and space exploration can be achieved.

6. Challenges and perspective

SC perovskites have emerged as promising candidates for
advanced optoelectronic applications, including photovoltaics
and radiation detection, owing to their superior optoelectronic
properties. Despite substantial progress, several challenges
remain, particularly in the scalable fabrication of large-area
SC thin films, long-term operational stability, and flexible
device integration. Therefore, a holistic approach that com-
bines high-quality crystal growth, device architecture optimiza-
tion, and defect passivation is essential to address these
challenges, enhance the performance of SC perovskite-based
optoelectronic devices, and accelerate their path toward
commercialization.

This journal is © The Royal Society of Chemistry 2025

6.1 Scalable fabrication

The fabrication of large-area SC perovskite thin films presents a
major challenge, hindering the progress of SC perovskite-based
applications. Despite various bulk SC perovskite growth
methods, including slow cooling, inverse-temperature crystal-
lization, anti-solvent approach, and solvent evaporation,
enabling the growth of bulk SC perovskites at the centimeter
scale, several issues remain in their practical applications: (1)
due to the excessive thickness of SC perovskites, they cannot be
directly used to fabricate vertical-structure PSCs. (2) The ran-
dom growth of centimeter-scale bulk SC perovskites fails to
meet the demands of lightweight and flexible optoelectronic
devices. (3) The growth process for bulk SC perovskites is time-
consuming and requires substantial raw materials. (4) Achieving
uniform sizes for bulk SC perovskites is also challenging,
rendering them unsuitable for large-scale applications. In addi-
tion, the space-limited ITC method—commonly used technique
for fabricating SC perovskite thin films—suffers from inherent
limitations, including residual solvents and inferior mechanical
adhesion at the perovskite-substrate interface, which degrade
electrical contacts and constrain device performance. It also
remains difficult with this approach to grow centimeter scale
or larger SC thin films.

Inspired by traditional silicon-based semiconductor slicing
technologies, early-stage studies on slicing methods for SC
perovskites have been explored but have received insufficient
attention due to their suboptimal performance. SC perovskite
wafers produced via a slicing method provide a promising
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Fig. 16

(A) SNR of the Cs,AgBiBrg device derived by calculating the standard deviation of the X-ray photocurrent. Reproduced with permission from ref.

112, Copyright 2017, Springer Nature. (B) Structural configuration of (BA),CsAgBiBr; that defines the 2D perovskite quantum-confined motif. Reproduced
with permission from ref. 282, Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Schematic planar structure of the (BA),CsAgBiBr;/
Cs,AgBiBrg detector. (D) /-V curves of the (BA),CsAgBiBr;/Cs,AgBiBre detector measured in the dark. Reproduced with permission from ref. 283,
Copyright 2021, American Chemical Society. (E) A planar-type photodetector device made on the (100) surface of (NH4)3Bizlg single crystal. (F) X-ray
sensitivities of the (NH4)3Bizlg devices in directions parallel and perpendicular to the (001) surface. Reproduced with permission from ref. 74, Copyright
2019, Springer Nature. (G) X-ray photocurrent response of the CszBisls PSC device under electric field of 50 V. mm~* when exposed to different X-ray
dose rates. Reproduced with permission from ref. 284, Copyright 2020, Springer Nature. (H) Photograph of a chicken drumstick and the corresponding
X-ray image measured by the 2D MABIlgBr3 SC linear array detector. Reproduced with permission from ref. 285, Copyright 2024, Wiley-VCH GmbH.

approach to address the existing issues associated with bulk SC
perovskite and thin films prepared by the aforementioned
methods. Therefore, it is worth investigating the fabrication
methods for high-quality SC perovskite wafers, as they are
crucial for developing the large-scale application of SC perovs-
kites. The key challenges in optimizing the performance of
optoelectronic devices based on SC perovskite thin films
derived from bulk crystal slicing can be classified into three
main aspects: (1) the mechanism of sliced defects in SC
perovskites, including variations in surface energy states, the
types of sliced surface defects, and the depth distribution of
these defects. (2) Efficient passivation approaches tailored to
the specific characteristics of the crystal-cut interfaces. (3)
Suitable techniques for integrating SC perovskite wafers onto
conductive glass substrates for vertical device fabrication.
Addressing these challenges holds great potential for achieving

9966 | Chem. Soc. Rev,, 2025, 54, 9939-9977

significant breakthroughs in the performance of SC perovskite-
based optoelectronic devices.

6.2 Long-term operational stability

Although SC perovskites exhibit lower bulk defect densities and
longer charge carrier lifetimes due to their minimal grain
boundaries, their stability in practical applications often falls
short of expectations. The stability issues of SC perovskite-based
devices primarily result from the presence of surface defects.
Due to limitations related to the size and geometry morphology,
traditional defect passivation techniques are less effective in
addressing surface defects in SC perovskites. Therefore, devel-
oping in situ passivation strategies will be crucial for effective
surface defect passivation. This approach requires the introduc-
tion of specific additives into SC perovskite precursors. For
instance, the additive molecules should have multifunctional

This journal is © The Royal Society of Chemistry 2025
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Table 4 X-ray detection sensitivity and detection limit comparison with the reported lead-free perovskite devices under different electric fields

Materials Sensitivity (LC Gy,i; ' em %)  Detection limit (nGy s™')  Peak energy (keV)  Electric field (V mm™")  Ref.
MA;Bi, I, 1.95 x 10° 83 40 60 119
(MAg 5Cso.3)3Bialo 130 12.8 40 128.6 291
Cs;Bi,ly 1.65 x 10° 130 40 50 284
Cs,Tel, 19.5 170 40 400 292
(Cs0.05N.02),AgBIBrg 1 — 70 10 293
(Cs0.08Nag,02),AgBIBr6 8 — 70 10 293
((Cso.08Rbg 02),AgBiBrg 32 — 70 10 293
Cs;Bi,Bry 1.71 x 10° 0.58 120 1 x 10° 294
(BA),CsAgBiBr, 206 6.40 x 10° 40 10 283
HMTA-NH,Br; 150 4.18 x 10° 40 50 289
DABCO-NH,Br; 173 4.96 x 10° 29 50 121
(DMEDA)Bil, 72.5 7.85 x 10° 50 300 295
(4,4-DFPD),AgSblIg 704.8 360 40 100 296
(CPA),AgBiBrg 0.8 — 70 10 297
(NH,);Bi, 1o 8 x 10° 55 22 2.2 74

Rb;Bi, 1, 159.7 8.32 50 300 298
FA3Bi,lo 598.1 200 45 200 116
PAZE-NH,I;-H,O 2.13 x 10° 248 20 200 299
PAZE-NH,Cl;-H,O 2.83 x 10° 341 20 200 299
PAZE-NH,Br;-H,0 3.71 x 10° 192 20 200 299
MA;Bi, I, 563 9.3 35.5 210 118
Cs;Bi,l, 4.38 x 10° 7.93 35 20 300
AG;Bi,ly 5.79 x 10° 2.6 70 100 286
BTA,MnBr, 5.56 x 10° 8.7 20 200 301
Cs,AgBiBrg + BiOBr 250 95.3 50 500 302
Cs,AgBiBry 105 59.7 30 25 112
MA;Bi,l, 1.31 x 10* 10.6 70 100 285
MA;Bi,I¢Br; 2.45 x 10* 4.3 70 100 285
MA;Bi,I;Brg 1.05 x 10* 15.8 70 100 285
((2-Habch);Cl(PtIs) 1 x 10° 2.4 40 —100 303
(R-MPA),AgBilj 46.3 85 50 0 304
MPAZE-NH,I;-H,O 740.8 0.14 40 20 305
MDABCO-NH,(PFg); 2.08 x 10° 16.3 40 10 306
Cs;Bi,ly_,Br, 1.33 x 10* 28.64 100 1 x 10° 307
Cs;Bi,l, 2.94 x 10* 0.36 40 40 131
CsAg,1; 515.49 1.47 x 10* 35 15 308
[(CH;);NHMnCl;2H,0 295 900 40 50 309

Note: (HMTA, hexamethylenetetramine), (DABCO, N-N'-diazabicyclo[2.2.2]octonium), (DMEDA, N,N’-dimethylethanediamine), (4,4-DFPD, 4,4-
difluoropiperidinium), (CPA, chloropropylammonium), (PAZE, piperazinium), (AG, aminoguanidinium) manganese bromide (BTA, benzyltri-
methylammonium), (BiOBr, bismuth oxybromide), (2-Habch, R-2-azabicyclo[2.2.1]heptan-2-ium), (R-MPA, R-B-methylphenethylammonium),
(MPAZE, methyl-piperazine), (MDBACO, methyl-N'-diazabicyclo[2.2.2]octonium).

groups that can interact with perovskite lattice to passivate
vacancy, interstitial, and anti-site defects. Besides, these additive
molecules do not incorporate into the perovskite lattice interior
but instead bond to the crystal surface during SC perovskite
growth. The in situ passivation approach using multifunctional
additives not only promotes defect passivation but also forms a
protective encapsulation layer on the perovskite surface, effec-
tively shielding the crystals from external stressors while main-
taining their structural integrity.

In addition, ion migration under operational conditions is
another factor that affects the stability of SC perovskite devices,
resulting from the relatively weak bonding energy between A, B,
and X-site atoms in the perovskite lattice. Enhancing the
bonding energy through a heteroatom doping strategy is ben-
eficial, as it contributes to suppressed ion migration and
improved structural stability of SC perovskites. In this approach
density functional theory (DFT) calculation plays an important
role in simulating the effects of various dopant atoms on the
structural stability of the perovskite lattice, thereby optimizing
the selection of dopants.

This journal is © The Royal Society of Chemistry 2025

6.3 Flexible applications

Flexible devices have gained significant attention as next-
generation applications in various fields, including foldable dis-
plays, biomedical imaging systems, and wearable technology.*'°
Perovskite-based flexible photoelectronic devices have been devel-
oped based on polycrystalline film.>'**'> However, the inherent
rigidity and fragility of SC perovskites pose challenges for their
integration into flexible applications.*’® To the best of current
knowledge and technologies, the development of flexible optoe-
lectronic devices using large-area SC perovskite films remains a
major challenge. Therefore, the investigation of SC perovskite
array configurations presents a practical approach to enable the
flexible applications. There are two mainstream strategies for
references: one, as previously reported, directly grows SC perovs-
kite arrays on a substrate, but it faces limitations in controlling
crystal size, spacing, and batch-to-batch reproducibility. The other
is a method that assembles as-prepared SC perovskite thin films
onto flexible substrates, enabling the fabrication of large-area
devices (Fig. 18). The second approach involves the preparation
of SC perovskite bulk or thin films, as discussed in Section 3 of
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Fig. 17

(A) Absorption coefficients of DABCO-NH4X5, several metal-free and metal-containing materials as a function of photon energy, from soft X-

rays to gamma radiation. (B) Current—voltage curves of DABCO-NH4lz crystal device under different irradiation conditions. (C) X-ray photocurrents of
DABCO-NH4X3 crystal devices under 50 V bias as a function of dose rate. (D) X-ray images realized with DABCO-NHlz SC detector. Reproduced with
permission from ref. 122, Copyright 2021, Elsevier Inc. Wiley-VCH GmbH. (E) X-ray sensitivity of the MDABCO-NHyls SC detector at 50 V (upper curve)
and 5V (lower curve) bias at dose rates from 26.3 uGy s~* to 167 uGy s~ (F) On—off response of the DABCON,HsBrs device at 5 V bias voltage for 100 s.
Reproduced with permission from ref. 290, Copyright 2023, Wiley-VCH GmbH.

this review. High-quality SC perovskite thin films with uniform
dimensions can be achieved through techniques such as physical
slicing or chemical etching, which can be assembled into SC
perovskite arrays, showing technical feasibility for practical
implementation.

6.4 Emerging SC perovskite applications

While SC perovskites have achieved significant progress in photo-
voltaics and high-energy radiation detection due to their superior

their potential in ultraviolet-to-infrared photodetection,**

single-photon counting,**° and light-emitting diodes.>***'” Beyond
the scope of this review, the structural diversity and compositional
tunability of SC perovskite materials offer broad potential across
next-generation optoelectronic platforms. Several emerging appli-
cations are outlined as follows:
(a) Nonlinear optics and integrated photonic applications
SC perovskites possess high optical transparency across a

broad spectral range and exhibit pronounced third-order opti-
318,319

optoelectronic properties, recent advances have also highlighted

‘w‘ Dimond wire ‘....._'-4“
o——

(a) SC perovskites
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-~ deposition
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(f) Device fabrication
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Fig. 18 Schematic illustration of the fabrication process for flexible SC perovskite devices, including (a) SC perovskite growth, (b) slicing, (c) preparation
of SC thin films, (d) bifacial surface healing, (e) array integration, and (f) device fabrication.
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nonlinear optical devices such as electro-optic modulators,
deflectors, switches, and other components in integrated
photonic systems. The large nonlinear coefficients of SC per-
ovskites enable efficient frequency conversion and all-optical
signal processing, while their ultrafast optical response and low
optical losses are beneficial for high-speed modulation and signal
transmission in photonic circuits. These unique properties
further highlight the potential of SC perovskites for high-speed
optical communication, signal processing, on-chip quantum
photonics, and nonlinear optical computing platforms.**°

(b) Artificial synaptic devices and neuromorphic applications

Synaptic devices simulate the signal transmission, collection,
and processing behaviors of biological synapses by integrating
photosensitive components with synaptic transistors, enabling
dynamic modulation of synaptic weights in response to optical
inputs. SC perovskites, with their high carrier mobility and
broadband spectral (ultraviolet to infrared) photoresponse, are
suitable for artificial optoelectronic synaptic devices. These
intrinsic material properties fulfill essential neuromorphic
requirements such as optical sensing, synaptic plasticity, and
device integration, indicating that the SC perovskite-based
synaptic devices hold great promise for next-generation technol-
ogies in visual pattern recognition, intelligent driving, and
neuromorphic computing systems.**!

7. Summary

In this review, we summarized the advantages of SC perovskites
over their polycrystalline counterparts and investigated various
methods for synthesizing and fabricating bulk crystals and thin
films. We then discussed their applications in solar cells and
high-energy radiation detection, highlighting the field’s develop-
ment trajectory, latest advancements, and existing challenges. To
address these challenges, we proposed potential avenues and
perspectives for improving SC perovskite fabrication and applica-
tions. Given their superior optoelectronic properties, overcoming
the current limitations—particularly those related to large-area
growth, thickness control, integration with device architectures,
and operational stability—will be critical for enabling perfor-
mance breakthroughs in SC perovskite-based optoelectronic
devices and advancing the future of perovskite technologies.
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