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hts and optimization strategies for
perovskite single-crystal thin film growth

Jingyi Sun,a Runda Li,a Yang Gui,a Xinyi Shao,a Jingjing Xue*ac and Rui Wang *bde

Perovskitematerials, with their tunable band gaps, high optical absorption, and excellent carrier mobility, are

key candidates for lasers, LEDs, photodetectors, and solar cells. Polycrystalline thin films dominate current

applications but suffer from efficiency and stability losses largely due to grain boundaries. Perovskite single-

crystal thin films (SCTFs) offer optimized carrier diffusion and reduced recombination losses, though

challenges in achieving high-quality SCTFs remain. Fabrication techniques and device applications of

SCTFs have been widely explored, yet the crystallization mechanisms that critically influence film quality

and device performance offer significant opportunities for further investigation. This review aims to

provide a comprehensive analysis of SCTF nucleation, growth dynamics, and structural optimization,

highlighting the role of external factors like substrate properties and solution chemistry. By advancing the

understanding of these mechanisms, we hope to guide efficient SCTF fabrication and inspire innovations

in high-performance, stable perovskite-based optoelectronics.
1. Introduction

Perovskite materials have garnered immense attention in recent
years due to their unique structure and outstanding optoelec-
tronic properties.1 Perovskite materials exhibit tunable band
gaps, high optical absorption coefficients, and large carrier
mobility. These features allow for extensive tunability, estab-
lishing perovskite material as a research hotspot in lasers,2,3

light-emitting diodes (LEDs),4,5 photodetectors,6 and solar
cells.7 While polycrystalline perovskite thin lms (PCTFs) have
achieved remarkable success in practical applications, their
performance is limited by the presence of numerous grain
boundaries. These boundaries act as defect sites, leading to
non-radiative recombination and charge trapping, ultimately
resulting in energy loss and reduced device efficiency and
stability.8–10 For instance, grain boundaries have been shown to
decrease the carrier lifetime to less than 100 ns in PCTFs,
compared to several microseconds in single-crystal counter-
parts. Moreover, charge trapping at grain boundaries can lower
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the open-circuit voltage of solar cells by over 200 mV, signi-
cantly impacting device performance.11,12

In contrast, single-crystal perovskites, with their grain-
boundary-free structure and lower defect density, offer higher
theoretical efficiency potential.1,13 Single crystal perovskites
exhibit carrier mobilities exceeding 1000 cm2 V−1 s−1, an order
of magnitude higher than the typical 10–20 cm2 V−1 s−1

observed in PCTFs. This improved mobility facilitates more
efficient charge transport, reducing non-radiative recombina-
tion and enhancing photogenerated current. For example,
recent studies on perovskite single-crystal thin lms demon-
strate external quantum efficiencies exceeding 90%, a value
difficult to achieve with PCTFs due to charge losses at grain
boundaries.14,15 Additionally, Perovskite SCTFs show signi-
cantly better long-term stability, maintaining over 90% of their
initial performance aer 1000 hours of operation, compared to
polycrystalline lms, which oen degrade under similar
conditions.16,17 It is notable that most reported single-crystal
perovskites are fabricated as bulk crystals several millimeters
thick, which signicantly exceed the carrier diffusion length,
leading to pronounced recombination losses that hinder their
performance in optoelectronic applications.18 Additionally, bulk
crystals pose challenges in thickness control and fabrication
complexity, making it difficult to achieve large-area uniform
coverage, further restricting their utility in practical devices.
Perovskite single-crystal thin lms combine the advantages of
single-crystal and polycrystalline thin lms, retaining the grain-
boundary-free structure of single crystals while offering the
processability and scalability typically associated with poly-
crystalline lms, thus overcoming the challenges posed by the
excessive thickness of bulk crystals.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Several methods have been developed to fabricate perovskite
SCTFs, including cavitation-triggered asymmetric crystalliza-
tion,19 slicing of bulk single crystals20 and space-conned
inverse temperature crystallization.21–24 Recently, in situ
growth of perovskite SCTFs on hole transport layers (HTLs) has
emerged as a promising strategy. This approach facilitates
tighter interfacial contact, reduces charge transport losses, and
improves charge separation efficiency.25 However, since perov-
skite crystals exhibit isotropic growth in solution, limiting
thickness inherently restricts lateral growth.4,26 Consequently,
achieving high-quality SCTFs with a high area-to-thickness ratio
(ATT) on HTLs remains a critical challenge that requires further
exploration.

Nucleation dynamics, crystal growth behaviors, and various
external factors—including substrate surface properties, solu-
tion chemistry, and thermal conditions—play critical roles in
determining the quality and morphology of SCTFs. Achieving
high-quality SCTFs necessitates an in-depth understanding of
these growth mechanisms. However, while many reviews on
perovskite SCTFs have highlighted advancements in fabrication
methods and device applications, detailed discussions on the
fundamental growth mechanisms deserve further exploration.
Since both nucleation and subsequent crystal growth directly
inuence the structural and morphological characteristics of
SCTFs, these processes critically affect the efficiency and
stability of optoelectronic devices. Understanding these growth
mechanisms not only helps identify and address limiting
factors but also offers theoretical guidance for optimizing
parameters and methodologies, enabling higher-quality SCTFs
and addressing key challenges in perovskite device perfor-
mance and long-term stability.

Herein, in this review, we discuss the crystallization mech-
anisms of high-quality perovskite SCTFs, summarizing the
latest progress in crystal nucleation, growth dynamics, and
structural optimization, including thickness and orientation
control. We highlight the critical role of factors such as satu-
ration control, nucleation site modulation, and chemical
composition optimization in determining lm quality. By
providing theoretical support for the efficient fabrication of
SCTFs, we hope to provide new insights for developing high-
performance, stable perovskite-based optoelectronic devices.

2. Nucleation

The nucleation stage preceding the growth of perovskite SCTFs
determines the initial conditions for crystal formation. The goal
of this stage is to achieve precise control over the nucleation
process, ensuring that crystals exhibit high quality from their
initial formation, which ultimately impacts the morphology and
optoelectronic performance of the thin lms. The unique ionic
nature and chemical properties of the solution of perovskites
result in signicant differences in their nucleation process,
both kinetically and thermodynamically.27,28 These properties
set perovskites apart from other materials and contribute to the
rapid crystallization process under mild conditions. The
following equations help describe key aspects of the nucleation
process in perovskites.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Supersaturation (DC) plays a critical role in nucleation,
dened as the difference between the actual concentration of
solute and its equilibrium concentration:

C ¼ C � C0

C0

(1)

where C and C0 are the actual and equilibrium solute concen-
trations, respectively. As temperature increases, perovskites
experience inverse solubility behavior, meaning that their
solubility decreases with rising temperature. This leads to
higher supersaturation, which facilitates nucleation. For
instance, in inverse temperature crystallization, the tempera-
ture is gradually increased, enhancing the supersaturation and
thus promoting more uniform nucleation, which improves lm
quality and uniformity.

The relationship between supersaturation and the nucle-
ation energy barrier is expressed by:

Gv ¼ �kBT ln

�
C

C0

�
(2)

where kB is the Boltzmann constant, T is the temperature, and
DGv represents the volume free energy change that determines
the difficulty of nucleation. In perovskites, the surface energy
(g) and ion migration (e.g., PbI2 complexes with organic
solvents like DMF or DMSO) signicantly inuence DGv. These
factors reduce surface tension at the nucleation interface,
lowering the nucleation energy barrier and promoting faster
nucleation at lower supersaturation compared to other mate-
rials. However, this also introduces the challenge of excessive
nucleation, which leads to a higher density of grain boundaries,
negatively impacting lm quality.

The inverse solubility of perovskites complicates this process
further: as temperature increases, solubility decreases, leading
to higher supersaturation. This property enables temperature
regulation for controlled nucleation. For instance, inverse
temperature crystallization gradually increases supersaturation
with rising temperature, leading to more uniform nucleation
and improved lm quality.29

The nucleation process also depends on the critical nucleus
radius (rc), which determines whether a nucleus will grow or
dissolve. The critical radius is given by:

rc ¼ 2g

DGv

(3)

where g is the surface energy, and DGv is the volume free energy
change. A smaller rc favors nucleation, but it can also increase
the number of small nuclei, which may lead to more grain
boundaries. Therefore, controlling the nucleation density and
ensuring uniform growth is crucial for high-quality lms. In
perovskites, lower interfacial energy and higher supersaturation
reduce rc, promoting nucleation. However, smaller nuclei may
increase grain boundaries, requiring a balance between nucle-
ation density and uniform growth.

The nucleation rate, which determines how quickly stable
nuclei form in a supersaturated solution, can be expressed in
different ways, depending on the aspects being emphasized.
Chem. Sci., 2025, 16, 6188–6202 | 6189
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First, we can describe the nucleation rate J0 in terms of the
initial kinetics:

J0 = N* × N1 × u* × G (4)

Where N* represents the equilibrium concentration of critical
nuclei, N1 denotes the monomer concentration in the solution,
u* is the frequency of monomers attaching to nuclei, and G is
the Zeldovich factor. This equation emphasizes the dynamic
factors inuencing nucleation, particularly during the early
stages, such as monomer concentration and attachment
frequency. In the case of perovskites, surface energy and ion
mobility—which are inuenced by the chemical composition of
the precursor solution—play a critical role in determining the
number and stability of nucleation sites.30–32 To calculate the
total energy barrier G for nucleation, we use the equation:

G ¼ 16pg3

3ðDGvÞ2
(5)

where g is the surface energy, and DGv is the volume free energy
change. In perovskites, typical PbI2 and organic cations form
complexes in solution, altering the local chemical environment
to reduce the surface tension at the nucleation interface. This
reduction in interfacial energy lowers the nucleation energy
barrier, facilitating nucleation under milder conditions
compared to other materials.28,33,34 This feature allows perov-
skites to nucleate rapidly at low supersaturation, facilitating
efficient thin-lm preparation. However, the reduced nucle-
ation energy barrier may also lead to excessive nucleation,
increasing grain boundaries and negatively affecting lm
optoelectronic properties.

The second expression for nucleation rate provides a more
generalized description that incorporates both thermodynamic
and kinetic factors, and can be described as follows:

J ¼ A$exp

�
� DG

kBT

�
(6)

where A is a prefactor and DG represents the total Gibbs free
energy barrier for nucleation, which accounts for both bulk
thermodynamic driving forces (DGv) and surface energy
contributions. This equation generalizes the nucleation rate by
considering the total energy barrier, which includes both the
bulk thermodynamic driving forces (DGv) and surface energy
contributions. It offers a more comprehensive understanding of
the nucleation process, particularly in relation to temperature
and energy conditions. It is important to note that the nucle-
ation rate is governed not only by the supersaturation (as seen
in eqn (2)) but also by the overall energy barrier, which is
a combination of thermodynamic and kinetic factors.

The distinctiveness of perovskites is also evident in the
inuence of ion migration on nucleation dynamics. For
example, complexes of PbI2 with solvents like DMF or DMSO
adjust g and DGv, while regulating ion release rates to impact
nucleation and growth.34,35 By optimizing the chemical
composition, concentration, and temperature of the solution,
the nucleation process can be nely tuned, enabling efficient
growth of high-quality perovskite SCTFs.
6190 | Chem. Sci., 2025, 16, 6188–6202
These factors—supersaturation, nucleation energy barrier,
nucleation rate, and critical nucleus radius—are central to
understanding the nucleation process of perovskites. By opti-
mizing these parameters, one can control the density of
nucleation sites and ensure that crystals grow in a uniform,
defect-free manner. The following sections will explore how
these theoretical principles can be applied to component
regulation, dopant strategies, and growth optimization
methods, offering practical insights into the production of
high-quality perovskite SCTFs.
2.1 Control of saturation states

The nucleation and growth of high-quality perovskite SCTFs are
profoundly inuenced by the states of saturation and super-
saturation within the precursor solution. Precise control over
these states not only governs nucleation rates but also directly
determines the crystallinity and uniformity of the resulting thin
lms. Maintaining a quasi-saturated state during crystal growth
helps regulate the nucleation speed, ensuring uniform growth
while minimizing the risk of excessive nucleation that leads to
uneven crystal development and increased structural defects,
which can severely degrade the optoelectronic properties of
SCTFs.

As is shown in eqn (1) and (2), key aspects of nucleation, such
as supersaturation (DC) and the energy barriers associated with
nucleation (DGv), were discussed. The control of saturation
states, including the manipulation of supersaturation levels, is
a critical strategy for optimizing the nucleation process in
perovskite SCTFs, and allows for the creation of quasi-saturated
solutions during crystal growth. By carefully regulating these
parameters through temperature and solvent control, the
nucleation rate can be ne-tuned to achieve uniform growth,
minimizing defects and ensuring high-quality lms.

Temperature-dependent solubility of perovskite components
plays a critical role in this context. For instance, the solubility of
methylammonium lead iodide (MAPbI3) at 60 °C is approxi-
mately 1.7 M, whereas FA0.6MA0.4PbI3 (FA+ is formamidinium
cation) reaches a higher maximum solubility of 2.1 M around
50 °C.36 This discrepancy arises from the higher solubility of FAI
compared to MAI in PbI2 solution, allowing solutions contain-
ing FAI to maintain a quasi-saturated state at higher concen-
trations.37 This feature facilitates nucleation at lower
temperatures, enabling the preparation of low-defect SCTFs. By
selecting appropriate organic cations, the solution's saturation
state and solubility curve can be tuned to reduce the occurrence
of oversaturation during cooling, which optimizes nucleation
temperature and minimizes defect formation.

Controlled supersaturation can also be achieved through
bottom-up saturation techniques, where the bottom layer of the
solution remains saturated while the upper layer becomes
supersaturated due to cooling, inducing crystallization, as
depicted in Fig. 1b.38 This approach enables a gradual super-
saturation process that regulates crystal growth rates and
reduces nucleation density, yielding larger single-crystal
regions. Dynamic adjustments to precursor vapor concentra-
tions provide an even more rened method for controlling the
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc08145e


Fig. 1 (a) Schematic diagram of saturated solvent vapor assisted method.42 (b) Bottom-up saturation techniques to induce crystallization.38 (c)
Schematic of the nucleation and growth process of the FAPbBr3 SCTFs by room temperature gradient crystallization method.46
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relationship between vapor pressure and solution saturation,
signicantly enhancing lm uniformity.39,40

Solvent properties such as polarity, evaporation rate, and
solubility play pivotal roles in determining supersaturation
dynamics, which in turn affect nucleation rates and crystal
distribution. The proper solvent design and evaporation control
can ensure a gradual transition to a quasi-saturated state,
reducing localized nucleation rates. Commonly used DMF, for
example, exhibits spatially uneven evaporation rates under
specic conditions, with edge regions oen reaching saturation
earlier at elevated temperatures. Gradual heating strategies can
mitigate this by suppressing rapid solvent evaporation,
promoting uniform supersaturation across the substrate
surface.28,41 Additionally, placing the growth environment in
saturated DMF vapor can further balance evaporation rates and
prevent premature edge nucleation, ensuring more consistent
crystal growth across the thin lm, as depicted in Fig. 1a.42

Moreover, the development of solvent systems with
controllable evaporation rates or the inclusion of functional
additives can optimize the nucleation process for perovskite
SCTFs. Incorporating long-chain organic molecules or amphi-
philic additives slows solvent evaporation while guiding crystals
to grow along preferred directions.27,39,40 Recent studies on
mixed solvent systems, such as DMF combined with DMSO,
have demonstrated signicant improvements in lm crystal-
linity and defect suppression, underscoring the potential of
© 2025 The Author(s). Published by the Royal Society of Chemistry
advanced solvent engineering to enhance perovskite lm
quality.
2.2 Regulation of nucleation sites

The distribution of nucleation sites in perovskite crystals
directly impacts the growth sequence and the number of grain
boundaries, making precise control of nucleation sites critical
for achieving uniform growth and large-size crystals in perov-
skite SCTFs. As previously discussed, the nucleation rate J0 and
the nucleation energy barrier DGv directly inuence the
formation of nucleation sites. By controlling the solubility and
supersaturation of the precursor solution, we can regulate the
nucleation rate and the formation of stable nucleation sites.
The relationship between DC and DGv, expressed by eqn (1) and
(2) highlights the thermodynamic and kinetic factors that drive
nucleation. Localized heating can conne solubility to specic
regions, ensuring that nucleation and growth primarily occur in
these predesignated hot zones, enabling precise control over
nucleation in specic areas.21,41,43

However, despite the benets of localized heating, achieving
uniform nucleation across larger areas with more complex
structures remains challenging. To address this, it is necessary
to manage not only the temperature but also the overall
supersaturation and nucleation barriers across the entire
substrate, as described in eqn (4) and (5). These equations show
how the nucleation rate, inuenced by both the monomer
Chem. Sci., 2025, 16, 6188–6202 | 6191
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concentration and the Gibbs free energy barrier DG, governs the
nucleation process and can be adjusted by ne-tuning the
precursor solution's properties.

Thus, the control over nucleation site distribution is intri-
cately linked to both the thermodynamic and kinetic parame-
ters discussed in the previous formulas, and localized heating
serves as an effective strategy to inuence these parameters and
optimize lm growth.

In controlled microenvironments, further optimization of
nucleation density and growth direction can be achieved by
regulating temperature and saturation state dynamics. Inverse
temperature crystallization, for instance, promotes the vertical
alignment of nuclei relative to the substrate during the heating
phase,44,45 potentially introducing grain boundaries with
random orientations and degrading overall crystal quality. To
address this issue, it is possible to form a single nucleus by
lowering the heat source temperature, limiting nucleation
density, and promoting the growth of large size single crystal
lms.42 The GHN-RTG (room temperature gradient crystalliza-
tion) method depicted in Fig. 1c takes advantage of micro-
supersaturation to optimize the nucleation process.46 Micro-
supersaturation refers to a state where the precursor concen-
tration slightly exceeds its equilibrium solubility, but not to the
extent that spontaneous crystallization occurs. This condition
creates fewer nucleation sites, ensuring that the nucleation is
spatially conned to specic regions. In the GHN-RTG method,
Fig. 2 (a) Schematics of fluid flow and illustration of the growth process
anglemeasurements and reproducibility counts of single crystals size on P
mechanism of MAPbI3 films on TiO2/FTO and PTAA/ITO substrates.58

6192 | Chem. Sci., 2025, 16, 6188–6202
the temperature gradient induces localized supersaturation,
which allows for the controlled formation of a small number of
stable nuclei. Once these nuclei are formed, immediate cooling
is applied to slow down the growth process and ensure that the
growth proceeds uniformly from these few, stable nuclei.

By controlling nucleation density through micro-
supersaturation, the GHN-RTG method minimizes the forma-
tion of random grain boundaries, ensuring that crystal growth
occurs primarily from these fewer, stable nuclei. This method
also reduces the supersaturation of the precursor solution,
leading to the dissolution of smaller crystals through Oswald
ripening, which refers to the phenomenon where smaller crys-
tals dissolve and the dissolved material is redeposited onto
larger crystals, leading to an increase in the size of the larger
crystals and the elimination of smaller ones. This process
ensures that only the larger, more stable crystals continue to
grow, thereby improving the overall quality of the single
crystal lm.

Microchannel-based uid control represents an innovative
method for optimizing nucleation. The chaotic ow of solution
over a substrate oen leads to random molecular distribution
and spontaneous nucleation. In contrast, the laminar ow
within microchannels facilitates controlled nucleation distri-
bution and growth direction. As depicted in Fig. 2a, the high
solvent ow rate in microchannels enables rapid replenishment
of solutes as they are consumed, signicantly improving crystal
of perovskite crystals within the closed 3D microchannel.47 (b) Contact
TAA-coated ITO glass andMeO-2PACz-coated ITO glass.55 (c) Growth

© 2025 The Author(s). Published by the Royal Society of Chemistry
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growth efficiency and size.47 Despite its effectiveness in
controlling nucleation and mass transfer, the design and
manufacturing costs of microchannels may limit their scal-
ability for industrial applications, particularly when consid-
ering the complexity and expense of producing large-area
microchannel substrates.

On the other hand, space-conned growth methods, which
involve restricting the growth space to control the size and
distribution of crystals, offer a different set of advantages and
challenges. While space connement can lead to high-quality
single crystals with minimized defects, scalability remains
a critical issue. The ability to uniformly control the space and
the interaction between precursors across larger areas is diffi-
cult to achieve, potentially limiting its use for large-scale
production. Moreover, the integration of space-conned
methods into continuous production systems, as well as the
uniformity of the controlled environment, must be optimized to
ensure high throughput and consistent quality.

Both techniques could benet from advancements in
substrate stability and the compatibility of inducers with
precursor solutions. Microchannel methods, for instance,
might see improvements through the integration of external
eld controls, such as light, electric, or magnetic elds, to
enhance precision in nucleation. Similarly, space-conned
growth could be enhanced by incorporating external elds to
ne-tune nucleation rates, and combining microchannel
designs with macro-scale nucleation controls could further
stabilize the growth of large-area single-crystal lms.48,49

Furthermore, ensuring the durability of substrate modications
or patterning processes is essential, especially considering the
sensitivity of perovskite materials to heat and humidity. The
development of more robust, adaptable substrates and scalable
fabrication processes will be critical for overcoming the chal-
lenges of both methods in industrial applications.
2.3 Substrate wettability

The surface properties of substrates, whether hydrophilic or
hydrophobic, signicantly inuence the crystal morphology,
grain size, and lm uniformity of perovskite thin lms.
Substrate surface energy and wettability not only determine the
spreading and diffusion behavior of precursor solutions but
also directly affect the distribution, rate, and quality of nucle-
ation sites. As indicated by eqn (2), the surface energy (g) of the
substrate inuences the nucleation energy barrier (DGv), where
higher surface energy generally lowers DGv, facilitating nucle-
ation. Therefore, tuning substrate surface properties is an
effective strategy to regulate the nucleation process of perov-
skite thin lms.

Hydrophilic substrates exhibit strong interactions with
precursor solutions, enhancing the spreading of solutions on
the substrate and promoting the uniform dispersion of
precursor molecules, which facilitates nucleation and typically
leads to a high nucleation density.22,50 High surface energy also
accelerates ion diffusion and lowers the nucleation barrier,
increasing the nucleation rate.51 However, excessive nucleation
points can result in random grain orientations or even
© 2025 The Author(s). Published by the Royal Society of Chemistry
polycrystalline lms, thereby reducing crystal uniformity and
single-crystal quality.52 Simultaneously, precursor ions may be
captured by the hydrophilic surface, slowing ion diffusion and
crystal growth rates.10,53,54 In specic cases, the introduction of
self-assembled molecular layer modications (e.g., MeO-2PACz
in Fig. 2b)55 to hydrophilic substrates can maintain their
hydrophilic properties, enhance interface adhesion, stabilize
crystal structures, and promote the growth of large-grain single
crystals.

In contrast, hydrophobic substrates exhibit poorer wetta-
bility, which suppresses excessive nucleation and facilitates
lateral crystal growth along the substrate surface.52,56 Lower
surface energy limits the over-expansion of solutions, resulting
in reduced nucleation density.22 This is consistent with the
concept from eqn (4), where a higher nucleation rate (J0) is
inuenced by stronger interactions between the substrate and
the precursor molecules, resulting in a larger number of stable
nuclei. During single-crystal growth, as precursor concentration
decreases and the solution around nuclei becomes unsaturated,
ions must diffuse rapidly to replenish the saturated solution
and sustain crystal growth.57 On hydrophobic substrates like
PTAA or PTFE, fewer nucleation points and faster ion diffusion
contribute to improved uniformity and larger crystal sizes,
enhancing lm quality.36,57 Additionally, the lower friction
between the hydrophobic surface and precursor solutions
further promotes the crystal growth rate, as depicted in
Fig. 2c.58–60 By applying hydrophobic surface modications to
substrates, nucleation distribution can be reduced, nucleation
density controlled, and larger lateral crystals encouraged.61

Furthermore, functional layers such as self-assembled mono-
layers or P3HT58 can effectively tune surface energy and improve
nucleation quality.

While hydrophilic substrates enhance nucleation rate, they
may lead to smaller or randomly oriented grains. Hydrophobic
substrates, on the other hand, help control nucleation density
and promote the formation of larger grains and lateral crystal
growth. Choosing suitable substrate properties requires
balancing factors such as lm size, nucleation rate, and appli-
cation scenarios. This balance is captured by the concept of
critical nucleus radius (rc) from eqn (3). By adjusting surface
energy and controlling nucleation density, one can inuence
the rc, allowing for better regulation of crystal size and grain
boundaries. For instance, hydrophobic substrates may be
advantageous for large-area single-crystal lms, while mildly
hydrophilic or functionally modied hydrophilic substrates
may be more effective for rapid nucleation or localized direc-
tional growth. By tuning hydrophilic and hydrophobic charac-
teristics and applying selective chemical modications, it is
possible to achieve high-quality, low-defect perovskite SCTFs
suitable for large-area fabrication.
2.4 Component strategies

The appropriate ionic doping can signicantly inuence the
nucleation barrier, the distribution of active sites, and the
structural stability of perovskite single-crystal lms during the
nucleation stage. Chlorine doping, for instance, has been
Chem. Sci., 2025, 16, 6188–6202 | 6193
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shown to enhance nucleation uniformity by increasing the ionic
mobility and stabilizing the chemical coordination of Cl− at
iodide sites. This interaction reduces random nucleation and
promotes more ordered crystal orientation.62,63 The underlying
mechanism involves the reduction of nucleation barriers due to
the electronic structure of the Cl− ion, which inuences the
local charge distribution at the nucleation site, making it easier
for perovskite precursor ions to aggregate into a crystal struc-
ture. The higher ionic mobility of Cl− allows for faster rear-
rangement of ions at the nucleation site, which in turn leads to
more uniform nucleation events.

The small ionic radius and high stability of Cs+ make it an
effective replacement for methylammonium (MA+) cations.64 In
terms of nucleation, Cs+ affects the lattice strain and electro-
static potential within the perovskite crystal lattice. This
modication leads to a lowering of the nucleation barrier by
alleviating strain in the crystal structure. This reduction in
lattice distortion creates a more favorable environment for
stable nucleation to occur, which is crucial for large-scale
single-crystal growth. Cs+ also helps stabilize the nucleation
sites, which ensures a higher density of stable nucleation
points, leading to the growth of uniform and defect-free
crystals.

Building on the role of Cs+ and Cl− doping, other ions offer
additional benets for regulating the nucleation process. In
contrast, Pb2+ to Sn2+ substitution not only reduces the toxicity
of the material but also introduces signicant changes in the
electronic environment around the nucleation sites. Sn2+ has
a lower charge density compared to Pb2+, which leads to
a modication of the electrostatic eld around the nucleation
site. This alteration lowers the nucleation barrier by facilitating
the formation of more stable nuclei.65,66 However, Sn2+ also
introduces additional defects, such as vacancies, which must be
controlled carefully to avoid disrupting the uniformity of
nucleation. This trade-off between stability and defect forma-
tion makes the use of Sn2+ as a dopant more complex, requiring
precise control of doping concentrations to achieve an optimal
balance between stable nucleation and defect minimization.

Similarly, Bi3+ doping stabilizes crystal structures by adjust-
ing the nucleation barrier through its interaction with the
perovskite lattice. The electronic conguration of Bi3+, similar
to that of Pb2+, allows it to stabilize the nucleation sites and
centralize nucleation events. This results in fewer but more
stable nucleation sites, which promote the growth of larger,
more uniform crystals. The reduction in the nucleation barrier
due to Bi3+ doping helps to control the density of nucleation
sites, leading to a more controlled and predictable crystalliza-
tion process.67–72

The impact of dopants on nucleation mechanisms is not
limited to ionic size or electronic conguration alone. Func-
tional dopants, such as Mn2+ and Sb3+, have been explored for
their ability to regulate nucleation while introducing magnetic
and spin characteristics. Mn2+ doping has been shown to
suppress carrier recombination pathways, which indirectly
inuences nucleation by affecting the charge transfer dynamics
in the perovskite crystal. Similarly, Sb3+ doping optimizes the
bandgap and energy-level alignment, which indirectly impacts
6194 | Chem. Sci., 2025, 16, 6188–6202
the nucleation process by stabilizing the charge distribution in
the crystal.73–75 These functional doping strategies not only
expand the application scope of perovskite materials but also
enable precise control of nucleation sites, facilitating doping
optimization in complex systems. The adjustment of nucleation
barriers through the careful selection and incorporation of
dopants can help optimize the crystallization process, ensuring
the growth of high-quality, large-area single crystals with
minimal defects.

Beyond doping strategies, additive approaches such as
polymer additives, have also emerged as important tools for
regulating the nucleation process. By controlling the nucleation
dynamics by inuencing the viscosity, solubility, and surface
tension of precursor solutions, polymer additives lead to more
uniform nucleation and the formation of high-quality single
crystals. These additives act synergistically with dopants to ne-
tune the nucleation barrier and promote better control over the
crystallization process, offering a complementary strategy to
doping techniques.

Recent studies have demonstrated the effectiveness of
polymer-assisted strategies in addressing both surface trap states
and phase instability in perovskite single crystals. Polymer
ligands such as PEG, PPG, PVA, and PAA have been shown to
signicantly enhance the stability of organic–inorganic hybrid
perovskite (OIHP) growth solutions by coordinating with Pb2+

ions. This coordination stabilizes the solution under high
supersaturation conditions and reduces nucleation rates,
enabling high-quality, large-size crystal growth. The polymer's
oxygen groups facilitate interactions with Pb2+, reducing impu-
rity nucleation and enabling faster, controlled growth of OIHPs.76

Poly (methyl methacrylate) (PMMA) has been used to
passivate surface defects and inhibit phase segregation in
FAMACs perovskites. The Lewis basic units in PMMA effectively
passivate surface traps, while the hydrophobic units prevent
moisture ingress, thus stabilizing the crystal structure and
preventing phase transitions typically observed in FA-Cs
perovskite systems.77 Moreover, polystyrene (PS) has been
shown to signicantly inuence the nucleation of MAPbI3
perovskite crystals. The interaction between PS and lead iodide
(PbI2) in precursor solutions facilitates the formation of a cross-
linked polymer-perovskite network, which promotes nucleation
and slows down crystal growth, leading to improved crystal
quality.78 PS also provides a thin hydrophobic layer on the
surface of perovskite crystals, protecting them from environ-
mental degradation factors such as moisture, air, and light.

The combined effects of dopants and additives play a crucial
role in controlling the nucleation and growth dynamics of
perovskite single crystals. Dopants inuence the nucleation
barrier through various mechanisms, including electrostatic
modications, lattice strain relief, and electron density adjust-
ments, to create a more stable environment for nucleation,
improving the quality and uniformity of the resulting crystals.
Additionally, polymer additives offer complementary
approaches by stabilizing crystal surfaces, preventing phase
instability, and reducing defects. Together, these strategies
enable precise control over the crystallization process, ensuring
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the growth of high-quality, defect-free perovskite single crystals
suitable for large-scale applications.
3. Growth dynamics

Perovskite SCTFs are strongly inuenced by the ionic charac-
teristics and solution-processing properties of the material.
Aer nucleation, the crystal growth rate (RT) becomes a critical
factor in determining the lm's quality and uniformity. The
growth rate is closely related to the solution's supersaturation
(DC), as described by the equation:

RT = k × DC (7)

Where k is the growth rate constant and DC represents the
supersaturation. High supersaturation typically accelerates
crystal growth by promoting nucleation, but excessive super-
saturation accelerates disordered growth and defect formation,
particularly in perovskites, where weak electrostatic interac-
tions in the crystal structure increase susceptibility to point
defects and distortions. The ionic nature of perovskites allows
effective growth even at low supersaturation levels, dis-
tinguishing them from traditional covalent or metallic
crystals.79

During isothermal growth, the growth rate is also inuenced
by the solution's concentration (C) and temperature (T). Their
relationship is expressed as:

C = k0 × e−DH/RT (8)

Where k0 is a constant, DH represents the enthalpy of dissolu-
tion, and R is the gas constant. For perovskites, elevated
temperatures generally increase solubility, promoting a stable
supersaturation state. However, their thermal sensitivity means
excessive temperatures can lead to premature nucleation and
degraded crystal quality. Thus, precise temperature control is
critical to avoid thermal stability issues while ensuring uniform
crystal expansion.

The choice and characteristics of solvents are especially
crucial in perovskite single-crystal growth. The ionic nature of
perovskite precursors makes solvent polarity and complexation
properties pivotal. For instance, highly polar solvents like
DMSO and DMF form stable complexes with lead halides,
slowing down rapid crystal growth. This complexation behavior
reduces local supersaturation, facilitating a more uniform
crystal expansion in the early stages of growth.
3.1 Chemical composition

The chemical composition of perovskite precursors not only
determines their compatibility with alternative cations but also
signicantly affects their crystallization dynamics and opto-
electronic properties. Adjusting the proportion of different
precursor components offers a powerful means to modulate
crystal growth rates and material stability, enabling tailored
fabrication of high-quality SCTFs for diverse applications.

A-site organic cations, such as FA+ andMA+, play crucial roles
in these processes. FA+, with its high thermal stability and lower
© 2025 The Author(s). Published by the Royal Society of Chemistry
volatility, is preferable for applications requiring enhanced
stability. Conversely, MA+, due to its higher volatility, is less
suitable under harsh conditions but can accelerate nucleation
through higher supersaturation during the initial growth
stages.36 A strategic introduction of FA+ and MA+ in sequential
stages—using a higher proportion of MA+ during nucleation
and gradually transitioning to FA+ during crystal growth—can
balance nucleation rates and crystallization stability. Advanced
approaches, such as incorporating thermosensitive or photo-
sensitive cations, may enable dynamic control of ion ratios in
response to environmental stimuli, offering a novel optimiza-
tion pathway yet to be fully explored in perovskite research.

Halide ions, such as iodide (I−) and bromide (Br−), signi-
cantly impact crystal growth rates and directionality. Partial Br−

incorporation has been shown to widen the bandgap,80 yet its
role in single-crystal nucleation and ion redistribution remains
underexplored. Gradual modulation of I− and Br− concentra-
tions during different growth phases could establish composi-
tional gradients, enabling bandgap tuning while mitigating
transport limitations caused by uniform halide distributions.81

Furthermore, pseudohalides such as thiocyanate (SCN−) have
emerged as promising substitutes for traditional halides like I−

and Br−. SCN− demonstrates potential in enhancing solution
processability, material stability, and bandgap engineering,
thus expanding the functional landscape of perovskites.82,83

Optimizing the chemical composition of perovskite SCTFs
involves achieving a dynamic balance between nucleation and
growth, structural stability, and bandgap tailoring for specic
optoelectronic functionalities. Mixed-cation and mixed-halide
systems have shown remarkable improvements in perovskite
lm performance84,85 but face integration challenges, such as
uneven crystallization and adverse stress responses. A
combined approach of solution processing and vapor deposi-
tion, where one component dominates in the initial solution
while another is introduced during vapor-phase growth, could
rene compositional uniformity and growth directionality.
Gradient compositional tuning, implemented in distinct
nucleation and growth stages, may also reduce defect densities
and enhance nucleation uniformity, paving the way for
advanced single-crystal perovskite applications.
3.2 Solvent selection

The polarity of a solvent directly inuences the solubility of
precursors in perovskite synthesis, thereby affecting ion
behavior and solution supersaturation. Polar solvents like DMF
and DMSO dissolve perovskite precursors effectively, enabling
uniform ion dispersion, which facilitates ordered nucleation
and crystal growth.81,86 However, rapid evaporation of these
solvents can result in uneven precursor distribution, affecting
nucleation density and growth rate, leading to irregular or
polycrystalline lm surfaces.

In addressing the trade-offs, the best combination of solvent
properties typically involves balancing the solubility and evap-
oration rate. Employing solvents that have a higher polarity and
slower evaporation rates, such as a DMF–DMSO mixture, and
optimizing their ratios can reduce evaporation rates while
Chem. Sci., 2025, 16, 6188–6202 | 6195
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maintaining solubility, enabling stable crystal growth.87 In
addition, incorporating high-boiling-point co-solvents, such as
GBL (g-butyrolactone)or NMP (N-methyl-2-pyrrolidone), can
further slowdown the solvent evaporation rate, prolonging the
precursor drying time and facilitating more orderly nucleation
and growth.88,89 However, a lower evaporation rate may delay the
crystallization process, which could lead to excessive solvent
retention and potentially disrupt the crystal structure if not
carefully managed. To mitigate this, solvents with slightly lower
polarity, such as chlorobenzene or toluene, can be added to the
mixture to regulate evaporation while still maintaining good
solubility.53,90 Fine-tuning the solvent composition by mixing
these solvents can strike a balance between ensuring effective
precursor dissolution and preventing uneven evaporation.
High-boiling-point solvents may also introduce residual solvent
issues, affecting the nal lm's stability and morphology.
Therefore, ne-tuning the solvent composition and optimizing
processing conditions, such as spin-coating speed and post-
annealing temperature, are necessary to mitigate these trade-
offs. Furthermore, adjusting ambient conditions, such as
temperature, humidity, and gas ow rate, can play a crucial role
in solvent evaporation dynamics, allowing for additional
control over the crystallization process.

Moreover, additives can play a crucial role in modifying
solvent properties to optimize crystal growth. For example,
introducing hydrogen-bonding additives, such as urea or thio-
urea, can slow down the evaporation rate by increasing solvent
viscosity while also inuencing the interaction between
precursor species, leading to more uniform lm formation.91–93

Similarly, polymer additives, such as polyethylene glycol (PEG)
and polyvinylpyrrolidone (PVP), have been shown to modulate
nucleation kinetics by controlling precursor–solvent interac-
tions, thereby preventing the formation of inhomogeneous
grains.94–97 Another effective strategy involves antisolvent-
assisted crystallization, in which antisolvents such as chloro-
benzene, toluene, or ethyl acetate are introduced to induce
rapid nucleation while suppressing uncontrolled crystalliza-
tion.98,99 This method is widely used to improve perovskite lm
uniformity and grain size, although careful tuning of the anti-
solvent addition timing is required to avoid excessive phase
segregation or lm defects. By carefully selecting and opti-
mizing solvent systems, additive strategies, and environmental
conditions, researchers can mitigate the trade-offs between
solvent properties and achieve high-quality perovskite single
crystals with minimal defects.

The choice of solvent also impacts ion diffusion during
crystal growth. Solvent polarity and molecular structure dictate
interactions with precursor ions, inuencing diffusion rates
and nucleation behavior. Solvents like PbAc2, ethanol, and
isopropanol exhibit strong coordination with perovskite
precursor ions (Pb2+, I−), altering solubility and ion migration
dynamics.27,100–102 Selecting solvents with moderate interaction
strength can prevent undesirable reactions, ensuring controlled
nucleation and growth.

Adjusting solubility and growth rates is essential for high-
quality thin lms. Adding antisolvents, such as hexane or iso-
propanol, can rapidly reduce solubility, inducing orderly
6196 | Chem. Sci., 2025, 16, 6188–6202
perovskite crystal growth. This strategy minimizes nucleation
rates, prevents premature crystallization, and allows slow
crystal growth, reducing polycrystalline formation.103

Controlling the precursor solution's volume and delivery
method further affects lm quality. Excess solution can lead to
polycrystalline growth, while insufficient solution coverage
results in uneven lms.58 Techniques like capillary ow depo-
sition utilize capillary forces to regulate solution ow and
distribution, minimizing waste and ensuring uniform lm
growth.59 Slow ow rates improve solution stability, reducing
uneven nucleation and enhancing crystal quality.
3.3 Temperature control

The control of temperature during perovskite single-crystal thin
lm growth plays a critical role in balancing nucleation and
crystal growth rates. Excessively rapid heating or high temper-
atures can accelerate nucleation, leading to the formation of
numerous small grains and subsequently reducing the overall
crystal quality. Conversely, overly low temperatures can mini-
mize defects but slow the growth process, making it challenging
to achieve large-area lms.104,105 Gradual temperature increase
strategies provide a balanced approach, enabling the simulta-
neous formation of high-quality and large-area crystals while
minimizing the generation of small grains.

Gradual heating allows sufficient time for monomers in the
precursor solution to achieve thermal equilibrium, promoting
a more uniform crystal distribution and minimizing particulate
defects. This approach facilitates the growth of high-quality,
large-area perovskite crystals.25,58 Additionally, stable heating
with lower rates minimizes temperature-induced uctuations
that oen lead to defects or polycrystalline formations.

A moderate temperature reduction during the heating
process can lower the supersaturation of the precursor solution,
effectively dissolving smaller crystals and promoting the growth
of larger, more complete crystals. In GHN-RTG technique,
minor cooling can regulate the nucleation process, preventing
excessive nucleation and avoiding the formation of grain
boundaries or irregular crystals.46

Temperature gradients can further enhance the process by
inducing convection between the substrate and the solution.38

This ensures a continuous supply of precursor materials,
inuences solution ow patterns, and aligns the crystal growth
direction. Precise temperature distribution, particularly with
multi-zone temperature setups, maintains lower solution
supersaturation while ensuring ion transport and material
supply during crystallization. However, rening temperature
control to prevent local supersaturation or uneven heating
remains critical for improving single-crystal thin lm quality.
4. Film morphology and structure

In practical photovoltaic applications, the macroscopic prop-
erties of perovskite thin lms—such as overall morphology,
thickness control, and uniformity over large areas—directly
impact device performance and require systematic optimiza-
tion. Key to this problem is promoting lateral crystal growth,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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allowing the retention of single-crystal quality while adapting
lm thickness and orientation to meet the photovoltaic device's
requirements for efficient charge-carrier pathways. With such
a comprehensive approach, lms can achieve superior opto-
electronic performance, laying the groundwork for large-scale
deployment of perovskite photovoltaic technologies. This
section explores how to regulate the macroscopic structure and
morphology of SCTFs to meet the demands of photovoltaic
devices, focusing on enhancing power conversion efficiency and
long-term stability.
4.1 Crystal orientation

The crystallographic orientation of perovskite SCTFs has
a direct impact on the migration pathways of electrons and
holes. Therefore, during the growth process of perovskite
SCTFs, adjusting growth conditions, especially through post-
treatment methods such as thermal annealing or introducing
interface layers, can effectively control the crystal orientation.
Studies have shown that perovskite thin lms with (100) or (110)
orientations exhibit higher carrier mobility, facilitating efficient
electron and hole transport, reducing carrier recombination,
and ultimately improving the photovoltaic conversion efficiency
of devices.106,107 Controlling crystal orientation to grow lms
along preferred directions such as (100) or (110) has become an
important strategy to enhance the efficiency of perovskite
photovoltaic devices. Yang et al. synthesized perovskite SCTFs
using a space-constrained method, successfully obtaining lms
Fig. 3 (a) Schematic of the fabrication of MAPbI3 SCTF between PTFE-c
by precursor ratio control. XRD patterns confirm orientations, with inset p
cross-sectional images and XRD patterns of MAPbI3 film grown on TiO
module and local heating with homothermal aluminum block for MAPbB
grown by the space-confined method with and without CTAC.122 (e) Sc
without and with MAI treatment.124

© 2025 The Author(s). Published by the Royal Society of Chemistry
with different orientations by adjusting the precursor concen-
tration (Fig. 3a).108

During the growth of perovskite thin lms, charge transport
layers (e.g., TiO2, PTAA) signicantly inuence crystal orienta-
tion, and introducing interface layers is an effective way to
optimize orientation. For instance, MAPbI3 lms grown on TiO2

exhibit a polycrystalline orientation along the (110) direction,
whereas those grown on PTAA exhibit single-crystal orientation
along the (400) plane, as depicted in Fig. 3b.58 These differences
arise from the chemical and crystallographic compatibility
between the charge transport layer and the perovskite material,
which subsequently affects the growth direction of the lm.
Selecting appropriate charge transport layers and precisely
tuning their structures can effectively guide perovskite lms to
grow in preferred directions, reducing disordered grain
boundaries and promoting efficient charge transport.

Despite signicant progress in optimizing the crystal orien-
tation of perovskite SCTFs, many unresolved questions remain
about its profound impact on overall lm performance. In
particular, achieving ideal orientation with consistent lm
quality during large-scale production remains challenging.
Exploring multi-level synergistic regulation strategies, such as
combining thermal annealing with interface layer design, could
optimize orientation during both growth and post-treatment
stages. Beyond traditional interface materials like TiO2 and
PTAA, zinc tin oxide (Zn2SnO4) and its composites (e.g.,
Zn2SnO4–SnO2) have shown potential for optimizing perovskite
orientation.109–111 These materials offer excellent band
oated glasses, showing preferred (001) and (100) orientations achieved
hotographs of films and crystal structure views.108 (b) SEM surface and

2/FTO and PTAA/ITO respectively.58 (c) Schematic diagram of growth
r3 SCs.21 (d) Schematic illustration of FA0.2MA0.8PbI3 thin single crystals
hematic diagram of device structures and energy levels for SC-PSCs
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alignment and crystallographic compatibility, reducing inter-
facial defects and promoting crystal growth in specic direc-
tions. Additionally, hybrid structures combining perovskite
nanocrystals and 2D materials are considered promising
options, as they guide crystal growth along preferred orienta-
tions, improve lm quality, and enhance photovoltaic perfor-
mance.112 Furthermore, building on interface materials and
post-treatment methods, combining various optimization
approaches could simultaneously enhance optoelectronic
performance and lm stability, laying a stronger foundation for
the large-scale application of future photovoltaic devices.

4.2 Thickness control

To grow large-area, thin perovskite single-crystal lms,
researchers focus on regulating growth parameters such as
temperature, solution concentration, composition, and spatial
design while enhancing optoelectronic performance and device
stability. A promising approach involves conned space growth
techniques, such as sandwich structures or micron-scale gaps.
These methods limit solution diffusion in the vertical direction
and promote lateral crystal growth. For instance, a growth space
using polytetrauoroethylene (PTFE) boundary frames can
control lm thickness by adjusting the PTFE layer thickness, as
depicted in Fig. 3c.21 However, vertical geometrical constraints
oen reduce precursor solution transport efficiency, restricting
the continuous supply of solute to nucleation points and
limiting lateral crystal size.113 To address this, hydrophobic
spacers or temperature gradient application can optimize the
conned growth environment.47

For lm thickness control, the capillary-driven immersion
growth method has shown signicant advantages. Two clean
substrate plates are sandwiched and immersed in precursor
solutions, where capillary action ensures even solution distri-
bution. Thickness can be nely tuned based on substrate
spacing to nanoscale or microscale levels.38 Furthermore,
growth inhibitors like oleic acid (OA) effectively suppress
vertical growth, promoting enhanced lateral expansion.114

Although thinner lms reduce carrier migration pathways
and improve photovoltaic efficiency, they exacerbate surface
recombination effects. To mitigate this, optimizing solution
concentration, substrate surface properties, and temperature
gradients during fabrication is crucial. Such optimizations
reduce defect density while maintaining high lm uniformity
and excellent optoelectronic performance. Incorporating differ-
ential space-limited crystallization (DSLC) techniques with
hydrophobic structures in the growth space can regulate solvent
evaporation rates and ensure uniform lateral crystal growth.57

4.3 Surface treatment

During the growth process of perovskite SCTFs, residual solu-
tion or solvent oen affects the surface uniformity and stability
of the lm, which in turn negatively impacts the performance of
photovoltaic devices. Particularly in solution-based growth
methods, residual precursor solution or solvent can cause
surface defects, increase the likelihood of carrier recombina-
tion, and reduce the electronic transport efficiency and stability
6198 | Chem. Sci., 2025, 16, 6188–6202
of the device.27,115,116 Therefore, effectively removing these resi-
dues and applying surface treatments can not only improve the
surface quality of the lms but also passivate surface defects,
optimize the interface characteristics between the lm and the
electrode, and ultimately enhance the photoelectric perfor-
mance and long-term stability of the lms.

To address this issue, surface engineering techniques such
as surface cleaning, plasma treatment, and slow drying have
become common approaches for removing residual solu-
tions.117 Plasma treatment can effectively eliminate solvent
molecules on the surface while improving the surface structure
of the lm. This can enhance its hydrophilicity or hydropho-
bicity, thereby promoting uniform crystal growth and
improving surface quality. Additionally, slow drying helps
remove excess solution from the crystal surface and prevents
the formation of unnecessary polycrystals or impurities, main-
taining the integrity of the perovskite crystal.

Passivation treatment methods that introduce long-chain
organic molecules or oxide coatings can effectively passivate
surface defects and interfaces, signicantly improving the
photoelectric performance of perovskite lms.118–121 Due to the
ionic nature of perovskite materials, the crystal surface oen
exhibits certain hydrophilicity, which can lead to residual
solution on the surface and the formation of polycrystals.
Amphiphilic compounds such as CTAC (cetyl-
trimethylammonium chloride) utilize their hydrophilic groups
to interact electrostatically with the perovskite surface, while
the hydrophobic groups remain on the exterior. This structure
enhances the hydrophobicity of the single-crystal lm surface,
facilitating the spontaneous removal of growth solution and
reducing the formation of polycrystals, as depicted in Fig. 3d.122

In the surface treatment of perovskite SCTFs, beyond the
aforementioned chemical processes, further enhancement of
photovoltaic device performance can be achieved by adjusting
the interfacial characteristics between the lm and the elec-
trode. In perovskite solar cells, the contact between the anode
and the surface of the perovskite thin lm oen exhibits
a signicant work function mismatch, which can result in
interfacial energy level misalignment and hinder effective
electron transport.123 To address this issue, a simple surface
treatment involves spin-coating a diluted MAI solution on the
lm to modify the ratio of MAI to PbI2, as depicted in Fig. 3e.124

This approach optimizes surface conductivity and aligns inter-
facial energy levels. Moreover, this straightforward process not
only improves the contact between the lm and the electrode
but also repairs surface damage caused by residual solution. It
passivates the surface defects associated with methyl-
ammonium cations, enhances carrier transport, suppresses
non-radiative recombination, and further improves the lm's
stability and photoelectric performance.

5. Conclusions and perspective

Perovskite SCTFs, with their high crystallinity and low defect
density, exhibit immense potential in photoelectric perfor-
mance, making them an ideal material for photovoltaic devices.
The relatively simple fabrication process and low production
© 2025 The Author(s). Published by the Royal Society of Chemistry
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costs further endow them with signicant commercial advan-
tages for future photovoltaic applications. This review system-
atically analyzes the impact of nucleation control, growth
dynamics, and post-processing techniques on SCTF quality and
performance. It aims to provide theoretical guidance for
manufacturing SCTFs in photovoltaic applications. By exploring
the inuence of key factors on thin-lm quality at a mechanistic
level, the review seeks to optimize the performance and stability
of perovskite photovoltaic devices, advancing their broad
application and commercialization.

Achieving uniform nucleation is fundamental to growing
high-quality SCTFs. By precisely tuning solution saturation,
substrate surface treatment, and chemical composition, the
density and distribution of nucleation sites can be effectively
controlled, promoting the formation of large-grained, low-
defect single-crystal structures. The introduction of real-time
monitoring technologies can provide deeper insights into in
situ nucleation behavior, enabling dynamic adjustments during
the nucleation stage for more exible control of nucleation rates
and crystal orientation.

Factors such as temperature, solvent selection, and substrate
properties play critical roles in the growth dynamics of SCTFs.
Optimizing the combination of these parameters facilitates the
production of uniform, dense perovskite SCTFs while mini-
mizing defect density. However, striking a precise balance
among these factors remains a signicant challenge. To address
this, further development of growth techniques that integrate
temperature gradients and solvent evaporation rates is recom-
mended, aiming for large-area uniform thin-lm growth.

Enhancing the crystal orientation and passivating surface
defects of SCTFs oen relies on post-processing techniques
such as annealing and interface engineering. Introducing
passivation layers and selective interface passivation techniques
not only reduces defect density in the thin lm but also
improves carrier transport efficiency, thereby boosting the
performance and environmental resilience of photovoltaic
devices. Despite these advancements in material performance,
the commercial application of SCTFs still faces several chal-
lenges. While techniques such as conned-space crystallization
andmicrochannel-assisted growth have demonstrated potential
for large-area thin-lm production, further optimization is
required to improve efficiency in scaled-up manufacturing
processes. Moreover, stability issues under long-term opera-
tional conditions—such as humidity, temperature uctuations,
and UV exposure—remain critical problems to be addressed.
Future research should focus on developing durable encapsu-
lation techniques, stable interfacial materials, and chemically
robust inorganic/organic hybrid perovskite materials to
enhance the aging resistance of SCTFs and accelerate their
widespread adoption in practical photovoltaic applications. In
particular, scaling up methods such as space-conned growth,
which could enable controlled crystallization in large-area
panels, and inorganic passivation strategies, which improve
stability, offer signicant potential for commercialization and
large-scale deployment.

Perovskite SCTFs represent a promising frontier in photo-
voltaic and optoelectronic research, combining the structural
© 2025 The Author(s). Published by the Royal Society of Chemistry
advantages of single crystals with the scalability of thin-lm
technologies. This review has highlighted the intricate inter-
play of nucleation dynamics, growth kinetics, and post-growth
optimization in determining SCTF quality. Key insights
include the role of precise nucleation control in reducing
defects, the impact of growth dynamics on achieving uniform
and large-area lms, and the critical importance of post-growth
processing in enhancing stability and optoelectronic perfor-
mance. To further improve the commercialization potential of
SCTFs, future research must prioritize scalable growth tech-
niques and explore methods such as space-conned growth and
inorganic passivation for large-area, high-performance panels.

The full potential of SCTFs requires addressing several
interconnected challenges. These include rening growth
methodologies to ensure consistency across large areas, engi-
neering robust compositions and doping strategies for
enhanced performance, and developing reliable encapsulation
and interfacial solutions to mitigate environmental degrada-
tion. Moreover, leveraging advanced in situ monitoring tech-
niques could provide a deeper mechanistic understanding and
real-time optimization of the growth process. By integrating
these approaches, further research can not only overcome the
current limitations but also expand the applicability of SCTFs in
practical devices.
Data availability

No primary research results, soware, or code have been
included and no new data were generated or analysed as part of
this review.
Author contributions

Conceptualization, R. W., and J. X.; writing – original dra, J. S.;
writing – review & editing, R. L., Y. G., X. S. and R. W.;
supervision, R. W. and J. X.
Conflicts of interest

The authors declare no competing interests.
Acknowledgements

R. W. acknowledges the grant by National Natural Science
Foundation of China (Grant No. 62474143). J. X. and R. W.
acknowledge the grant (LD24E020001) by Natural Science
Foundation of Zhejiang Province of China. J. X. acknowledges
the grant by the Natural Science Foundation of Zhejiang Prov-
ince of China (LR24F040001), National Natural Science Foun-
dation of China (Grant No. 62274146). R. W. acknowledges the
support of Key R&D Program of Zhejiang (2024SSYS0061).
References

1 A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, J. Am.
Chem. Soc., 2009, 131, 6050–6051.
Chem. Sci., 2025, 16, 6188–6202 | 6199

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc08145e


Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:3

7:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2 C. M. Raghavan, T.-P. Chen, S.-S. Li, W.-L. Chen, C.-Y. Lo,
Y.-M. Liao, G. Haider, C.-C. Lin, C.-C. Chen, R. Sankar,
Y.-M. Chang, F.-C. Chou and C.-W. Chen, Nano Lett., 2018,
18, 3221–3228.

3 Q. Liao, K. Hu, H. Zhang, X. Wang, J. Yao and H. Fu, Adv.
Mater., 2015, 27, 3405–3410.

4 Z. Lian, Q. Yan, Q. Lv, et al., Sci. Rep., 2015, 5, 16563.
5 Y. Fang, Q. Dong, Y. Shao, Y. Yuan and J. Huang, Nat.
Photonics, 2015, 9, 679–686.

6 H. Wei, Y. Fang, P. Mulligan, W. Chuirazzi, H.-H. Fang,
C. Wang, B. R. Ecker, Y. Gao, M. A. Loi, L. Cao and
J. Huang, Nat. Photonics, 2016, 10, 333–339.

7 Q. Dong, J. Song, Y. Fang, Y. Shao, S. Ducharme and
J. Huang, Adv. Mater., 2016, 28, 2816–2821.

8 Q. Jiang, Y. Zhao, X. Zhang, et al., Nat. Photonics, 2019, 13,
460–466.

9 E. Aydin, M. De Bastiani and S. De Wolf, Adv. Mater., 2019,
31, 1900428.

10 G. E. Eperon, V. M. Burlakov, P. Docampo, A. Goriely and
H. J. Snaith, Adv. Funct. Mater., 2014, 24, 151–157.

11 J.-W. Lee, S.-H. Bae, N. De Marco, Y.-T. Hsieh, Z. Dai and
Y. Yang, Mater. Today Energy, 2018, 7, 149–160.

12 Z. Chu, M. Yang, P. Schulz, D. Wu, X. Ma, E. Seifert, L. Sun,
X. Li, K. Zhu and K. Lai, Nat. Commun., 2017, 8, 2230.

13 Y. Liu, Z. Yang, D. Cui, X. Ren, J. Sun, X. Liu, J. Zhang,
Q. Wei, H. Fan, F. Yu, X. Zhang, C. Zhao and S. (Frank)
Liu, Adv. Mater., 2015, 27, 5176–5183.

14 S. Pandey, J. Ko, B. Park, J. Byun andM.-J. Lee, Chem. Eng. J.,
2023, 466, 143019.

15 A. Simbula, V. Demontis, F. Quochi, G. Bongiovanni and
D. Marongiu, ACS Omega, 2024, 9, 36865–36873.

16 C. Li, H. Sun, S. Gan, D. Dou and L. Li, Mater. Futur., 2023,
2, 042101.

17 T. Danielyan, A. Asatryan, A. Sahakyan and H. Khachatryan,
J. Power Sources, 2025, 630, 235995.

18 Y. Dang, D. Ju, L. Wang and X. Tao, CrystEngComm, 2016,
18, 4476–4484.

19 W. Peng, L. Wang, B. Murali, K. Ho, A. Bera, N. Cho,
C. Kang, V. M. Burlakov, J. Pan, L. Sinatra, C. Ma, W. Xu,
D. Shi, E. Alarousu, A. Goriely, J. He, O. F. Mohammed,
T. Wu and O. M. Bakr, Adv. Mater., 2016, 28, 3383–3390.

20 Y. Liu, J. Sun, Z. Yang, D. Yang, X. Ren, H. Xu, Z. Yang and
S. (Frank) Liu, Adv. Opt. Mater., 2016, 4, 1829–1837.

21 H. Yu, F. Wang, F. Xie, W. Li, J. Chen and N. Zhao, Adv.
Funct. Mater., 2014, 24, 7102–7108.

22 Z. Chen, Q. Dong, Y. Liu, C. Bao, Y. Fang, Y. Lin, S. Tang,
Q. Wang, X. Xiao, Y. Bai, Y. Deng and J. Huang, Nat.
Commun., 2017, 8, 1890.

23 Y. Liu, Y. Zhang, Z. Yang, D. Yang, X. Ren, L. Pang and
S. (Frank) Liu, Adv. Mater., 2016, 28, 9204–9209.

24 X.-D. Wang, W.-G. Li, J.-F. Liao and D.-B. Kuang, Sol. RRL,
2019, 3, 1800294.

25 X. Tang, Z. Wang, D. Wu, Z. Wu, Z. Ren, R. Li, P. Liu, G. Mei,
J. Sun, J. Yu, F. Zheng, W. C. H. Choy, R. Chen, X. W. Sun,
F. Yang and K. Wang, Adv. Sci., 2022, 9, 2104788.

26 Z. Gu, Z. Huang, C. Li, M. Li and Y. Song, Sci. Adv., 2018, 4,
2390.
6200 | Chem. Sci., 2025, 16, 6188–6202
27 M. Jung, S.-G. Ji, G. Kim and S. I. Seok, Chem. Soc. Rev.,
2019, 48, 2011–2038.

28 H. Hu, M. Singh, X. Wan, J. Tang, C.-W. Chu and G. Li, J.
Mater. Chem. A, 2020, 8, 1578–1603.

29 Z. Liu, L. Wang, X. Liu, X. Xie and P. Chen, Nanoscale, 2024,
16, 7670–7677.

30 Z. Li, C. Xiao, Y. Yang, S. P. Harvey, D. H. Kim,
J. A. Christians, M. Yang, P. Schulz, S. U. Nanayakkara,
C.-S. Jiang, J. M. Luther, J. J. Berry, M. C. Beard, M. M. Al-
Jassim and K. Zhu, Energy Environ. Sci., 2017, 10, 1234–
1242.

31 Y. Zhao, W. Zhou, Z. Han, D. Yu and Q. Zhao, Phys. Chem.
Chem. Phys., 2021, 23, 94–106.

32 B. Roose, RSC Adv., 2021, 11, 12095–12101.
33 S. Masi, F. Aiello, A. Listorti, F. Balzano, D. Altamura,

C. Giannini, R. Caliandro, G. Uccello-Barretta, A. Rizzo
and S. Colella, Chem. Sci., 2018, 9, 3200–3208.

34 W. Shao, H. Wang, F. Ye, C. Wang, C. Wang, H. Cui,
K. Dong, Y. Ge, T. Wang, W. Ke and G. Fang, Energy
Environ. Sci., 2023, 16, 252–264.

35 Z. Zhang, X. Yue, D. Wei, M. Li, P. Fu, B. Xie, D. Song and
Y. Li, RSC Adv., 2015, 5, 104606–104611.

36 A. Y. Alsalloum, B. Turedi, K. Almasabi, X. Zheng,
R. Naphade, S. D. Stranks, O. F. Mohammed and
O. M. Bakr, Energy Environ. Sci., 2021, 14, 2263–2268.

37 A. Y. Alsalloum, B. Turedi, X. Zheng, S. Mitra,
A. A. Zhumekenov, K. J. Lee, P. Maity, I. Gereige,
A. AlSaggaf, I. S. Roqan, O. F. Mohammed and
O. M. Bakr, ACS Energy Lett., 2020, 5, 657–662.

38 Y. Chen, Q. Ge, Y. Shi, J. Liu, D. Xue, J. Ma, J. Ding, H. Yan,
J. Hu and L. Wan, J. Am. Chem. Soc., 2016, 138, 16196–
16199.

39 D. M. Sanni, A. S. Yerramilli, E. Ntsoenzok, S. A. Adeniji,
O. V. Oyelade, R. K. Koech, A. A. Fashina and T. L. Alford,
J. Vac. Sci. Technol., A, 2021, 39, 032801.

40 K. Song, X. Zou, H. Zhang, J. Cheng, C. Zhang, B. Liu,
X. Wang, X. Li, Y. Wang, B. Ren and J. Li, Crystals, 2022,
12, 60.

41 J. Kumar, P. Srivastava and M. Bag, Front. Chem., 2022, 10,
842924.

42 C. Li, F. Chen, K. Wang, Q. Yao, J. Zhang, Q. Zhao,
Q. Huang, H. Zhu and J. Ding, J. Mater. Chem. C, 2022,
10, 14580–14589.

43 C. Liu, Y.-B. Cheng and Z. Ge, Chem. Soc. Rev., 2020, 49,
1653–1687.

44 S. Sanchez, L. Pfeifer, N. Vlachopoulos and A. Hagfeldt,
Chem. Soc. Rev., 2021, 50, 7108–7131.

45 Z. Wang, C. Shan, C. Liu, X. Tang, D. Luo, H. Tang, Z. Song,
J. Wang, Z. Ren, J. Ma, H. Wang, J. Sun, N. Zhang,
W. C. H. Choy, Y. Liu, A. K. K. Kyaw, X. W. Sun, D. Wu
and K. Wang, Cell Rep. Phys. Sci., 2023, 4, 101363.

46 C. Lu, R. Wang and S. Xu, Matter, 2023, 6, 2537–2539.
47 Y. Sun, X. Liu, W. Deng, X. Zhang, Z. Lu, Z. Chang, X. Fang,

D. Wu and J. Jie, Adv. Funct. Mater., 2022, 32, 2112758.
48 Z. Zhang, W. Kim, M. J. Ko and Y. Li, Nano Convergence,

2023, 10, 23.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc08145e


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:3

7:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
49 L. Zeng, S. Chen, K. Forberich, C. J. Brabec, Y. Mai and
F. Guo, Energy Environ. Sci., 2020, 13, 4666–4690.

50 W. Xu, Z. Lan, B. L. Peng, R. F. Wen and X. H. Ma, J. Chem.
Phys., 2015, 142, 54701.

51 K. K. Varanasi, M. Hsu, N. Bhate, W. Yang and T. Deng,
Appl. Phys. Lett., 2009, 95, 094101.

52 H. Di, W. Jiang, H. Sun, C. Zhao, F. Liao and Y. Zhao, ACS
Omega, 2020, 5, 23111–23117.

53 N. J. Jeon, J. H. Noh, Y. C. Kim, W. S. Yang, S. Ryu and
S. I. Seok, Nat. Mater., 2014, 13, 897–903.

54 A. A. Zhumekenov, V. M. Burlakov, M. I. Saidaminov,
A. Alo, M. A. Haque, B. Turedi, B. Davaasuren,
I. Dursun, N. Cho, A. M. El-Zohry, M. De Bastiani,
A. Giugni, B. Torre, E. Di Fabrizio, O. F. Mohammed,
A. Rothenberger, T. Wu, A. Goriely and O. M. Bakr, ACS
Energy Lett., 2017, 2, 1782–1788.

55 K. Almasabi, X. Zheng, B. Turedi, A. Y. Alsalloum,
M. N. Lintangpradipto, J. Yin, L. Gutiérrez-Arzaluz,
K. Kotsovos, A. Jamal, I. Gereige, O. F. Mohammed and
O. M. Bakr, ACS Energy Lett., 2023, 8, 950–956.

56 Y.-H. Deng, Z.-Q. Yang and R.-M. Ma, Nano Convergence,
2020, 7, 25.

57 H.-H. Sung, C.-C. Kuo, H.-S. Chiang, H.-L. Yue and
F.-C. Chen, Sol. RRL, 2019, 3, 1900130.

58 R. K. Battula, G. Veerappan, P. Bhyrappa, C. Sudakar and
E. Ramasamy, Surf. Interfaces, 2023, 36, 102475.

59 L. Han, C. Liu, L. Wu and J. Zhang, J. Cryst. Growth, 2018,
501, 27–33.

60 C. Sendner, D. Horinek, L. Bocquet and R. R. Netz,
Langmuir, 2009, 25, 10768–10781.

61 X. Cheng, S. Yang, B. Cao, X. Tao and Z. Chen, Adv. Funct.
Mater., 2020, 30, 1905021.

62 Y. Ma, L. Zheng, Y.-H. Chung, S. Chu, L. Xiao, Z. Chen,
S. Wang, B. Qu, Q. Gong, Z. Wu and X. Hou, Chem.
Commun., 2014, 50, 12458–12461.

63 H. Yu, F. Wang, F. Xie, W. Li, J. Chen and N. Zhao, Adv.
Funct. Mater., 2014, 24, 7102–7108.

64 H. Choi, J. Jeong, H.-B. Kim, S. Kim, B. Walker, G.-H. Kim
and J. Y. Kim, Nano Energy, 2014, 7, 80–85.

65 D. P. McMeekin, G. Sadoughi, W. Rehman, G. E. Eperon,
M. Saliba, M. T. Hörantner, A. Haghighirad, N. Sakai,
L. Korte, B. Rech, M. B. Johnston, L. M. Herz and
H. J. Snaith, Science, 2016, 351, 151–155.

66 N. K. Noel, S. D. Stranks, A. Abate, C. Wehrenfennig,
S. Guarnera, A.-A. Haghighirad, A. Sadhanala,
G. E. Eperon, S. K. Pathak, M. B. Johnston, A. Petrozza,
L. M. Herz and H. J. Snaith, Energy Environ. Sci., 2014, 7,
3061–3068.

67 R. Begum, M. R. Parida, A. L. Abdelhady, B. Murali,
N. M. Alyami, G. H. Ahmed, M. N. Hedhili, O. M. Bakr
and O. F. Mohammed, J. Am. Chem. Soc., 2017, 139, 731–
737.

68 Y. Zhou, Z. Yong, K. Zhang, B. Liu, Z. Wang, J. Hou, Y. Fang,
Y. Zhou, H. Sun and B. Song, J. Phys. Chem. Lett., 2016, 7,
2735–2741.

69 A. L. Abdelhady, M. I. Saidaminov, B. Murali, V. Adinol,
O. Voznyy, K. Katsiev, E. Alarousu, R. Comin, I. Dursun,
© 2025 The Author(s). Published by the Royal Society of Chemistry
L. Sinatra, E. H. Sargent, O. F. Mohammed and
O. M. Bakr, J. Phys. Chem. Lett., 2016, 7, 295–301.

70 R. Wang, X. Zhang, J. He, C. Ma, L. Xu, P. Sheng and
F. Huang, J. Alloys Compd., 2017, 695, 555–560.

71 X. Miao, T. Qiu, S. Zhang, H. Ma, Y. Hu, F. Bai and Z. Wu, J.
Mater. Chem. C, 2017, 5, 4931–4939.

72 H. Hasegawa, K. Kobayashi, Y. Takahashi, J. Harada and
T. Inabe, J. Mater. Chem. C, 2017, 5, 4048–4052.

73 Q. Ye, W. Hu, J. Zhu, Z. Cai, H. Zhang, T. Dong, B. Yu,
F. Chen, X. Wei, B. Yao, W. Dou, Z. Fang, F. Ye, Z. Liu
and T. Li, Energy Environ. Sci., 2024, 17, 5866–5875.

74 S. Mukherjee, S. Ghosh, D. Biswas, M. Ghosal, K. De and
P. K. Mandal, Nanoscale, 2023, 15, 15.

75 S. Parveen and P. K. Giri, Nanoscale Adv., 2022, 4, 995–1025.
76 L. Ma, Z. Yan, X. Zhou, Y. Pi, Y. Du, J. Huang, K. Wang,

K. Wu, C. Zhuang and X. Han, Nat. Commun., 2021, 12,
2023.

77 Y. Zhu, Y. Liu, B. Jin, Y. Shi, Z. Wu, J. Cao, H. Li and C. Wu,
Macromol. Mater. Eng., 2022, 307, 2200452.

78 R. Saraf, A. Mathur and V. Maheshwari, ACS Appl. Mater.
Interfaces, 2020, 12, 25011–25019.

79 Z. Yang, Y. Deng, X. Zhang, S. Wang, H. Chen, S. Yang,
J. Khurgin, N. X. Fang, X. Zhang and R. Ma, Adv. Mater.,
2018, 30, 1704333.

80 Md. H. Miah, M. U. Khandaker, Md. B. Rahman, M. Nur-E-
Alam and M. A. Islam, RSC Adv., 2024, 14, 15876–15906.

81 Y. Zhang, Y. Liu, Z. Xu, H. Ye, Q. Li, M. Hu and S. Liu, J.
Mater. Chem. C, 2019, 7, 1584–1591.

82 P. Kanhere, S. Chakraborty, C. J. Rupp, R. Ahuja and
Z. Chen, RSC Adv., 2015, 5, 107497–107502.

83 K. A. Bush, K. Frohna, R. Prasanna, R. E. Beal, T. Leijtens,
S. A. Swier and M. D. McGehee, ACS Energy Lett., 2018,
3, 428–435.

84 F. Xu, T. Zhang, G. Li and Y. Zhao, J. Mater. Chem. A, 2017, 5,
11450–11461.

85 W. Wu, Y. Liu, J. Yao and X. Ouyang, Materials, 2023, 16,
3796.

86 Y. Liu, Y. Zhang, Z. Yang, H. Ye, J. Feng, Z. Xu, X. Zhang,
R. Munir, J. Liu, P. Zuo, Q. Li, M. Hu, L. Meng, K. Wang,
D.-M. Smilgies, G. Zhao, H. Xu, Z. Yang, A. Amassian,
J. Li, K. Zhao and S. Liu, Nat. Commun., 2018, 9, 5302.

87 V. Stancu, A. G. Tomulescu, L. N. Leonat, L. M. Balescu,
A. C. Galca, V. Toma, C. Besleaga, S. Derbali and
I. Pintilie, Coatings, 2023, 13, 378.

88 X. Cao, L. Zhi, Y. Jia, Y. Li, K. Zhao, X. Cui, L. Ci, D. Zhuang
and J. Wei, ACS Appl. Mater. Interfaces, 2019, 11, 7639–7654.

89 N. K. Bansal, S. Porwal and T. Singh, Surf. Interfaces, 2024,
44, 103738.

90 X. Liu, C. Xu and E.-C. Lee, ACS Appl. Energy Mater., 2020, 3,
12291–12297.

91 X. Yang, H. Xiang, J. Huang, C. Zhou, R. Ran, W. Wang,
W. Zhou and Z. Shao, J. Colloid Interface Sci., 2022, 628,
476–485.

92 G. Qu, Y. Qiao, J. Zeng, S. Cai, Q. Chen, D. Wang, D. Khan,
L. Huang, B. Xu, J. Chen, T. El-Assaad, Y.-G. Wang,
D. V. McGrath and Z.-X. Xu, Nano Energy, 2023, 118, 108974.
Chem. Sci., 2025, 16, 6188–6202 | 6201

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc08145e


Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:3

7:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
93 M. Li, R. Sun, J. Chang, J. Dong, Q. Tian, H. Wang, Z. Li,
P. Yang, H. Shi, C. Yang, Z. Wu, R. Li, Y. Yang, A. Wang,
S. Zhang, F. Wang, W. Huang and T. Qin, Nat. Commun.,
2023, 14, 573.

94 D. Chen, W. Shuo, M. Xu, et al., Beilstein J. Nanotechnol.,
2019, 10, 2374–2382.

95 Y. Yang, H. Tian, S. Napolitano and B. Zuo, Prog. Polym. Sci.,
2023, 144, 101725.

96 Y. Mei, M. Sun, H. Liu, X. Li and S. Wang, Org. Electron.,
2021, 96, 106258.

97 J. Xi, G. Zhao, X. Sun, S. Zhang, X. Du, J. Li, H. Yang,
R. Wang, Z. Lu and G. Zou, Chem. Nanomater., 2025, 11,
e202400478.

98 B. Zhang, D. Liu, P. Chen, W. Liu, J. Zhao, H. Li and H. Liu,
J. Alloys Compd., 2021, 855, 157396.

99 B. W. Kim and S. H. Im, ACS Nano, 2024, 18, 28691–28699.
100 B. Tian, P. Zhang, T. Liu, W. Chu, Y. Long, P. Xu, Y. Jiang,

J. Zhang, Y. Tang, X. Sun, R. Nie, X. Zhao, W. Guo and
Z. Zhang, Energy Environ. Sci., 2024, 17, 9601–9610.

101 B. Yang, J. Suo, D. Bogachuk, W. Kaiser, C. Baretzky, O. Er-
Raji, G. Loukeris, A. A. Alothman, E. Mosconi,
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