Published on 20 Juni 2023. Downloaded on 05.04.2026 02:22:51.

ChemComm

HIGHLIGHT

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2023,
59, 8758

Received 8th May 2023,
Accepted 20th June 2023

DOI: 10.1039/d3cc02241b

Growth mechanism of metal halide perovskite
single crystals in solution
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Mingquan Liao,® Mengling Xia,*® Yinsheng Xu,
Metal halide perovskite (MHP) single crystals (SCs) have been demonstrated to have significant potential in
photodetectors and photovoltaic devices due to their exceptional optoelectronic properties. The most
promising approach for large-scale fabrication of high-quality MHP SCs is the synthesis of MHP SCs in
solution. To explain the mechanism and guide the crystal growth process, the classical nucleation-growth
theory was established. However, it mainly focuses on zone melting systems and does not account for the
interaction between perovskite and solvent. In this review, we specifically focus on the difference in the
growth mechanism between MHP SCs in solution and traditional SCs synthesized by the melting method,
which includes a discussion of the dissolution, nucleation, and growth processes. We then summarize
recent advances in the preparation of MHP SCs based on the special growth mechanism of the perovskite
system. The purpose of this review is to provide comprehensive information to offer targeted theoretical
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1. Introduction

Metal halide perovskite (MHP) single crystals (SCs) have shown
dramatic achievements in photodetectors and photovoltaic
devices over recent years."* The unique antibonding orbital
and remarkable defect tolerance characteristic of perovskites
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guidance as well as unified understanding for the preparation of high-quality MHP SCs in solution.

prompt low trap-state densities (10’-10° cm™?) and long carrier
lifetimes (10°-10" ns), which are comparable with the photovoltaic-
quality silicon.>® As the core component of an optoelectronic
device, the inherent trait of MHP SCs rules the optoelectronic
performance of the device. For example, the crystal structure and
dimensions of MHP SCs directly determine the carrier mobility,
while the bulk and surface defects determine the carrier lifetime,
which directly affects the magnitude of the photocurrent in
photodetectors.”™?

Despite the great application potential, fabrication of MHP
SCs is still at the groping stage compared with the traditional
SCs, such as LuYSiOs:Ce (LYSO), BiyGe;0;, (BGO), Y3Al504,
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(YAG), etc. Currently, there are various techniques available for
fabricating MHP crystals, including melting-cooling growth,
chemical vapor deposition (CVD), and solution-based approaches.
Among these methods, the melting and cooling method is based
on the principle of subjecting the raw material to a predetermined
temperature gradient within a furnace. After melting in the
heating zone, the raw material undergoes crystallization as it
traverses the gradient zone and reaches the cooling zone.
While the melting and cooling method facilitates the growth of
large-sized crystals, it is primarily utilized for the preparation
of all-inorganic MHP crystals.>™*> As for the CVD method, the raw
material is vaporized at elevated temperatures and subsequently
deposited onto a substrate. By precisely adjusting the parameters
such as temperature, pressure, and reaction time, the deposition
of perovskite onto the substrate can be accurately controlled.
However, it is usually applied for the preparation of the perovskite
polycrystalline film.'>"” In recent years, the solution-based
approach has gained increasing popularity due to its inherent
advantages of cost-effectiveness and ease of operation. Consider-
ing the various compositions and structures of metal halide
perovskites, especially the organic-inorganic hybrid ones, the
solution synthesis of MHP SCs has great potential for large-scale
production.'®?* At present, MHP SCs are prepared with various
derivative solution-based methods, which is essentially the
oversaturation driving by temperature (e.g. inverse temperature
crystallization (ITC)****), precursor concentration (e.g. solvent
evaporation method*”®) or solvent polarity (e.g. antisolvent
vapor-assisted crystallization (AVC)*”®). By providing cost-effec-
tive and efficient approaches, these methods can facilitate the
production of high-quality MHP SCs and potentially accelerate the
commercialization of perovskite devices.

In order to guide the crystal growth process, classical
theories and models have been established earlier, which
mainly focus on zone melting systems without the involvement
of solvent.>*° Later, LaMer’s theories put forward the supple-
mentary understanding of general nucleation and growth
towards solution concentration, taking the role of solvents into
consideration.*"** However, the interaction between perovskite
and solvent, such as the complexation and decomplexation
processes between metal ions and polar solvents, has not been
taken into account. The complexation between solute and
solvent affects the dissolution process, while decomplexation
affects the subsequent nucleation rate and quantity. Therefore,
in our opinion, dissolution, nucleation and growth, associated
with the interaction between perovskite and solvent, are three
key factors toward precise control over reproducibility and
crystal quality of MHP SCs.

Growth of MHP SCs in solution has achieved great progress
including exploring new categories, unfolding new mechan-
isms, and developing new technologies. Although several
review articles have summarized the preparation principles
and methods of MHP SCs, they mainly focus on the nucleation
and growth mechanisms, the same as classical theories and
models, without summarizing the unique growth theories for
MHP systems, including the interaction between solvents and
solutes.***® In this review, we mainly describe the difference of
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growth mechanism between MHP SCs and traditional SCs by
the melting method, and provide additional elucidation on
precursor solution complexation. We hope that this review
could offer comprehensive information aiming a targeted the-
oretical guidance as well as a unified understanding for the
preparation of high-quality MHP SCs in solution.

2. Principles of nucleation and growth
2.1 Classical nucleation and growth

2.1.1 Nucleation. The process of nucleation of crystals is
closely linked to both thermodynamics and kinetics. To understand
the mechanism of nucleation, it is crucial to determine if it is
thermodynamically favorable and if it occurs at a sufficient rate.
In essence, these are the essential preconditions for gaining insight
into the nucleation process. Classical nucleation theory is based on
phase transitions without considering the interaction between
solute and solvent. The homogenous nucleation and heteroge-
neous nucleation processes are depicted in Fig. 1a. According to
classical theory, for a new spherical phase with radius r, the total
free energy change (AG;,) of the system can be expressed as:

4
AG; = AGs + AGy = nr*ygp — gnr3AGv 1

where AGy is the volumetric free energy per unit volume converted,
and ygg is the specific surface free energy between the nucleus and
the liquid. AGy and ygg are fixed values at a given temperature.
Eqn (1) reveals that the change in surface free energy (AGs) and the
change in volume free energy (AGy) are proportional to r* and 7*,
respectively. The interplay between surface and volume enthalpy
explains the alteration of the overall free energy in the system,
resulting in a critical nucleus radius (r.) that corresponds to the
maximum free energy of the system (Fig. 1b). At this point, the
increment of Gibbs free energy is equal to one-third of the surface
energy, that is, the difference in volume free energy between liquid
and solid can only compensate two-thirds of the energy needed to
form the critical surface of the crystal nucleus. The remaining one-
third is made up by fluctuations in energy present in the liquid
phase. Energy fluctuations require external energy input, such as
increasing solution concentration and increasing temperature, etc.
The surface energy becomes the predominant factor when r is less
than r.. Within this range, increasing the radius of the crystal
nucleus raises the total free energy of the system, making the
crystal nucleus unstable and easily dissolved in the solution. When
r is larger than r., the volume free energy dominates. In this range,
the free energy of the system is inversely proportional to the radius
of the crystal nucleus, and the crystal nucleus can stably exist and
grow up in the solution.

The nucleation barrier is reduced for the heterogeneous
nucleation compared to homogeneous nucleation due to the
reduced surface energy required. Heterogeneous nucleation
forms at the interfaces of different phases. In particular, the
nucleation sites emerge at the boundary between the liquid
and another substrate, as shown in Fig. 1a. In this scenario,
the formulation of interfacial enthalpy is altered, taking
into account the interface energies of the liquid-solid (LS),
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Fig. 1 (a) Nucleation and growth mechanisms in classical systems, (b) Gibbs energy change during the nucleation and growth process, and (c) growth
models of 1D, 2D and 3D crystals, respectively. The inset is a function diagram with In(t) as the independent variable in the IMA equation. The slope of the

curve is closely related to the dimension of the crystal.

liquid-core (LC), and core-solid (CS) interfaces. Assuming that the
shape of the crystal nucleus is a partial sphere with a radius r, the
area of the liquid-crystal nucleus interface is 4; ¢, and the contact
angle between the liquid and solid interface is 6, the enthalpy of
the system forming the new phase can be expressed as:*’

AGy, = VAGy + y1cArc — Tr?ypscos (2)

where Vis the volume of the crystal nucleus, and y;¢ and y s are
the interface energies of the liquid—crystal nucleus and liquid-
substrate, respectively. As per eqn (2), the enthalpy of the
system is dependent on the contact angle of the interface.
Upon solving the critical enthalpy of both homogeneous and
heterogeneous nucleation, AG;, = AG; f(0) can be obtained,
where f(0) is a coefficient that is solely related to the contact
angle. This relationship reveals that as the contact angle
decreases, the value of f(0) also decreases, which results in a
lower nucleation barrier. In other words, when the atomic
arrangement of the nucleus and nucleator are similar, better
wettability leads to more favorable nucleation. These findings
underscore the crucial role that the interface plays in nuclea-
tion, and the importance of considering it when investigating
liquid-solid phase transitions.

8760 | Chem. Commun., 2023, 59, 8758-8768

2.1.2 Growth. After the formation of a nucleus, crystals
grow at a specific rate under controlled supersaturation conditions.
The growth rate of crystals is believed to be strongly influenced
by both the interface structure and atomic migration, as
described by the theory of liquid-solid phase transitions. When
the crystal phase has the same composition as the parent
phase, the growth is primarily controlled by the interface.
Particles near the interface only need to undergo an interface
transition to attach to the surface of the crystal nucleus.
However, when the structural composition of the two phases
is different, solute atoms must diffuse to the interface between
the new phase and parent phase, undergo interface transition,
and then adhere to the surface of the new phase. In this
scenario, diffusion is the main factor controlling the crystal
growth. Based on the above discussion and further derivation,
the growth rate of the crystal nucleus in the corresponding
system can be determined. To more intuitively characterize the
total crystallization rate of crystals, researchers often use the
relationship between the fraction (x) of the volume of precipi-
tated crystals in the initial volume of the parent liquid and the
crystallization time (¢). The Johnson-Mehl-Avrami (JMA) equa-
tion is a general formula that is widely accepted by researchers.

This journal is © The Royal Society of Chemistry 2023
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It can be expressed as:*®
x=1—exp (—glU3t4> (3)

where [ is the nucleation rate and U is the crystal growth rate at
the interface of a single nucleus. Assuming that I and U are
constant, the JMA equation can be expressed as the general
formula (x = 1 — exp(—kt"). The value of n in this equation is
associated with the crystal’s dimension, as illustrated in Fig. 1c.
During the early growth stage, x(¢) changes only slightly and the
curve is relatively flat. In the middle stage, the volume contains
more nuclei, and the conversion rate increases sharply. In the
later stage, as the solute is depleted, x(¢) approaches 100%
and the curve plateaus. If the JMA equation is further simpli-
fied, a graph withIn(¢f) as the horizontal coordinate can be
obtained, as shown in the inset of Fig. 1c. The slope of the curve
corresponds to n, which remains constant in the early and
middle growth stages, indicating that the JMA equation is a
good fit for describing the crystal growth process. After the
solute is depleted completely, the curve deviates significantly,
suggesting that the JMA equation no longer provides an accu-
rate description of the crystallization process.

2.2 Perovskite nucleation and growth

2.2.1 Dissolution. The classical theory of nucleation and
growth primarily explains the process of pure crystals formation
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from the molten state to solidification. In the case of ionic
crystals, the crystal is made up of ions, while covalent crystals
are made up of molecules. These ions or molecules arrange
themselves at specific intervals, creating short-range ordered
and long-range disordered structures. When the energy input
exceeds the nucleation barrier (AG < 0), nucleation occurs, and
the molten state begins to solidify. However, the perovskite
solution system presents more complexities due to the inter-
action between the solute and solvent, compared to the classi-
cal system. Perovskites are generally completely ionized into
ions in aqueous or water/acid mixture solvents. Nonetheless, in
common polar organic solvents, such as N,N-dimethylfor-
mamide (DMF), dimethyl sulfoxide (DMSO), N-methylpyrro-
lidone (NMP), etc., they can exist in various forms, including
complexes or dissociated ions, non-dissociated molecules, or
molecular clusters, as shown in Fig. 2a. For example, MAPbI;
SCs were formed from dissociation of the intermediate complex
(MA")(PbI; ),DMF,.*° In a simplified model, we consider a
given solution system containing only one type of precursor
molecules (X), which can exist in the form of (i) free precursor
molecules “X”, (ii) “X-cluster” nucleus, and (iii) solvated
complex “X-xS”” where one X is intermolecularly bonded with
x solvent molecules (S) and has a complex binding energy.*®
The dynamics and equilibrium of these dissolution products
affects the nucleation barrier and solute diffusion during the
growth of MHP SCs.
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Fig. 2 (a) Nucleation and growth mechanism in the perovskite solution system, (b) LaMer's diagram approach to study the nucleation and growth of
perovskite crystal in solution, and (c) evolution of unsaturated, saturated and oversaturated zone versus temperature.
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2.2.2 Nucleation. The nucleation and growth processes of
MHP SCs involve two main components: solute transport and
interface adsorption. Similar to classical systems, the perovskite
solution system also exhibits a nucleation barrier, and the nuclea-
tion rate and number of crystals are influenced by the over-
saturation concentration of the solution. However, unlike
classical systems, perovskite systems exhibit distinct nucleation
and growth stages at different concentrations of the solution, as
illustrated in Fig. 2b and c. LaMer’s model has been utilized to
describe the formation of monodisperse solutions.*"** Based on
the saturation concentration (Cs) and minimum nucleation
concentration (Cp,), the solution can be divided into three
1reg1'ons.41 When the concentration is below Cs, the perovskite
system is stable and no nucleation occurs. In the range between
Cs and Cpypn, there are limited nucleation sites in the system.
Heterogeneous nucleation can occur, leading to a metastable
state. When the concentration surpasses Cp,in, the nucleation rate
becomes very rapid, resulting in an unstable state with a high
number of nuclei. Temperature significantly influences the
nucleation and growth of crystals in perovskite systems. The
thermal convection gradient can induce entanglement defects
and cracks in the perovskite SCs.'"*” Recently, new experimental
methods have been proposed to regulate the growth stage of
crystals.”>*>™** As depicted in Fig. 2, crystallization of the crystal
growth zone occurs solely on existing nucleating seeds. By limiting
the solution concentration to the optimal SC growth region using
a small temperature gradient, high-quality MAPDbBr; single crys-
tals with dimensions of 47 x 41 x 14 mm® have been prepared.>®
Another approach to regulate nucleation and growth during
crystallization is the introduction of antisolvents, which can
significantly affect the solution concentration and facilitate the
preparation of different kinds of crystals.

The nucleation rate is determined by the concentration of critical
nuclei in the parent phase per unit volume and the diffusion rate of
atom to the nuclei. The widely accepted Arrhenius-type equation can
well describe the formation rate of crystal nuclei (the number of
crystal nuclei formed in unit volume of metastable solution within
unit time).*> The nucleation rate J can be expressed as:

ksT

J = Aexp 4
where A is directly proportional to supersaturation, AG represents
the energy barrier that must be overcome for the formation of
critical crystal nuclei, kg is Boltzmann constant and 7'is the absolute
temperature. In addition to these factors, the participation of solvent
in perovskite precursor solutions can also affect the nucleation
barrier. Therefore, certain terminology related to nucleation and
growth in such solutions needs to be revised, and the nucleation
barrier has been modified accordingly to:*®

AGpu = fgm'3(cf — A+ kpTInNp) + 0 - 4mr?
~ 16m 7 )
3 (& +kpT - In(Ny))

The nucleation barrier can be characterized by the binding
energy ¢ of the precursor molecule in the cluster, the energy &,

8762 | Chem. Commun., 2023, 59, 8758-8768
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of the precursor molecule, the mole fraction N, of isolated A
molecule, the surface energy ¢ of the cluster (based on a sphere
model), and the nuclear radius . To enhance the accuracy of
this expression for the nucleation barrier, Wang et al. provided
a more comprehensive description of the nucleation barrier for
the MHP SCs system, expressed as:*°

2
16 51, 1
AGpuik =no §—Ec—éx+hkpTIn—— (6)

7S 'ZMl'*l
M, J Mg

where E. is the complex binding energy, and Mg and M, are the
total molar concentration of solvent and precursor molecules.
After modifying the nucleation barrier, classical nucleation
theory is combined. This theory suggests that the nucleation
of stable crystal nuclei can only occur when the radius of the
crystal nucleus is larger than the critical radius of the crystal
nucleus. The oversaturated solution can overcome the nucleation
barrier and spontaneously precipitate the stable crystal nucleus.
In the metastable region of perovskite solution system, although
the precursor solution is oversaturated, there is still not enough
energy to overcome the nucleation barrier. Since the rate of
nucleation in the metastable region is close to zero, there is no
additional nucleation. Therefore, there is potential in this region
to prepare large size perovskite single crystals. In addition, in
unstable regions, the nucleation rate of solution systems is very
fast, which can limit the size of the grown crystals and lead to the
formation of twin defects. These conclusions provide valuable
guidance for the preparation of MHP SCs, and further exploration
of the growth process can enhance our understanding of perovs-
kite solution systems.

2.2.3 Growth. Compared to classical nucleation theory, the
perovskite solution system for single crystal growth exhibits
concentration fluctuations near the growth interface, which
alternate between saturated and unsaturated conditions.*’*°
This phenomenon is attributed to the existence of two transi-
tion layers, namely the growth boundary layer and the diffusion
boundary layer, in front of the crystal boundary. As the solute
diffuses through the boundary layer to the growth interface
during the growth of MHP SCs, the solute surrounding the
single crystal is gradually depleted, resulting in a decrease in
solution concentration around the crystal. Due to the impact of
solution density and viscosity, solution convection experiences
a certain delay. Solute in the diffusion layer fails to immediately
reach the growth interface, leading to transient unsaturation at
the growth interface of perovskite crystals. This alternating
saturation and unsaturation phenomenon significantly influ-
ences crystal growth, and the solute concentration gradient is
closely related to crystal growth rate. In metastable systems, the
growth rate of crystals is governed by two factors: the transport
rate of solute to the crystal interface and the deposition rate of
solute at the interface. In the growth of MHP SCs, the rates of
molecular adsorption and detachment of solutes play a crucial
role in determining the crystal quality. To obtain high-quality
MHP SCs, the deposition rate and diffusion rate need to reach a

This journal is © The Royal Society of Chemistry 2023
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dynamic equilibrium. The growth rate (¥) of perovskite crystals in
solution systems can be described by the following equation:*°
AGe  —AG

Y= FukB—Texp T (7)

where I' represents the geometric factor, v denotes the trial
frequency, AG’ indicates the free energy difference between the
initial state and the activated state, and AG represents the free
energy difference between the initial state and the crystalline
state. As previously mentioned, crystal nucleation and growth
processes are often intertwined, and different nucleation pro-
cesses can affect crystal growth. LaMer’s diagram provides a more
detailed explanation of the growth process of single crystals,
which involves prenucleation, nucleation, and growth as three
stages of single crystal growth. To generate large perovskite single
crystals, it is necessary to regulate both the nucleation and growth
processes. Maintaining the solution concentration between Cg
and Cp,in enables random nucleation and complete growth of the
solution. According to the Ostwald ripening mechanism,’*"*
adding seed crystals at this stage can promote the growth of
larger particles while dissolving smaller particles, thereby inhibit-
ing nucleation and promoting the growth of single crystals.

An effective method for controlling the concentration of
perovskite precursor involves the use of a room-temperature
liquid diffusion separation-induced crystallization (LDSC) tech-
nique. This approach employs silicone oil to separate the
solvent from the perovskite precursor, allowing for a balance
between the accumulation and consumption of the precursor
during the nucleation and growth stages. The LDSC method
has proven to be highly successful in producing high-quality
perovskite single crystals, thereby providing further evidence
that maintaining the solution concentration within the meta-
stable region (between Cs and Cy;,) enables stable growth of
single crystals.>® This technique offers significant potential for
the growth of large, high-quality perovskite single crystals for
use in optoelectronic applications.

3. Understanding the formation
process of MHP SCs

It is highlighted that perovskite solution systems involve dissolu-
tion, which represents a significant departure from classical sys-
tems. The dissolution and growth processes involve complexation
and decomplexation, which require careful consideration. More-
over, in classical theory, it is well-known that the interface plays a
crucial role in crystal growth. The objective of this chapter is to
explore the effects of these factors on nucleation and growth in
perovskite solution systems, with the ultimate goal of providing a
comprehensive understanding of the MHP SC growth mechanism.

3.1 A specific description of the precursor state

As discussed earlier, perovskite solution systems comprise of
solute and solvent in various forms, where Pb*" acts as a Lewis
acid coordinated with a Lewis base. As shown in Fig. 3a, with
the increase in MAI concentration in Pbl, solution, the layered

This journal is © The Royal Society of Chemistry 2023
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perovskite precursor solution
N oI ©OPb

Fig. 3 (a) Schematic of the evolution of lead-iodine complexes after MAI
addition.>® Copyright 2019, Wiley-VCH Verlag. (b) Types of lead iodine
complexes that may occur in precursors with different MAI/Pbl2 mole
ratios.>> Copyright 2015, American Chemical Society.

structure of Pbl, is further broken down to form various lead-
iodine complexes,”® which results in a series of changes in
solution color with different species.>® The addition of excess
MAI can fill the empty coordination around Pb** and inhibit
the formation of defective structures and the increase in colloid
size (Fig. 3b).>> As a result, the MAI-rich perovskite solution
system can form an octahedral structure with high symmetry.>®
The choice of solvent also influences the crystal conversion,
and the solvation ability of the solvent can be quantified using
the Dn value.’” Solvents with high Dn have a stronger binding
with Pb®" and thus higher stability of intermediates, making it
difficult to separate Pb>* from the coordinated solvent and
affecting the crystallization kinetics of the perovskite solution
system.

Short-term and long-term stability of precursors is critical in
perovskite solution systems.’®*® On the one hand, aging of the
precursor affects the crystallinity of the MHP SCs. It has been
reported that with the increase of aging resistance time of
precursor solution, the colloid clusters in solution can maintain
a larger volume for a long time.®! Large colloidal clusters serve as
nucleation sites, promoting crystal growth and improving the
crystallinity of perovskite crystals.®" On the other hand, organic
solvents in the system can hydrolyze over time, leading to the
destruction of the perovskite crystal structure. For instance, DMF
hydrolyzed dimethylammonium ion (DMA') can replace MA"
ions in the perovskite lattice.®” Moreover, I~ in the precursor
solution is easily oxidized to I,, leading to an increase in the
vacant coordination number of Pb*" and an increase in defects
in the generated perovskite.®>®* Therefore, it is evident that the

Chem. Commun., 2023, 59, 8758-8768 | 8763
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precursor state is closely linked to the crystallization kinetics of
perovskite crystals. By adjusting the solution components or
external conditions, the perovskite solution system can remain
in the appropriate stage for single crystal growth for an extended
period, enabling the regulation of single crystal growth.

3.2 Control of complexation release crystallization

During the nucleation and growth of MHP SCs through the
solution method, the process of decomplexation is also
involved in addition to atomic diffusion and accumulation.
Complexation and decomplexation has been widely used to
slow down the crystallization rate of perovskite and control the
crystallization quality.®>°® In the case of MAPbI; SCs synthe-
sized through ITC, organic solvent molecules bind to the
octahedral lead iodine coordination. This leads to the for-
mation of (MA")(PbI;7),DMSO,, wherein the organic solvent
occupation regulates the nucleation and growth of perovskite
crystals. As depicted in Fig. 4a and b, when PbI2, MAI, and
DMSO are mixed, an intermediate complex (INT-7) is initially
formed. As the temperature increases to 100 °C, the organic
complex gradually dissociates from the lead iodine octahedron,
which helps to control nucleation.®® By regulating the
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nucleation and growth of perovskite in this way, the size and
dimensions of the crystals can be further adjusted.

After gaining an understanding of how organic solvents
impact perovskite crystal nucleation and growth, some
researchers have proposed using organic macromolecules in
the precursor solution of perovskite to control nucleation and
crystal growth. Initially, this method involved adding supple-
mentary additives to adjust the active layer performance of
perovskite solar cells.””””" In recent studies, this strategy has
also been implemented for the production of large-sized MHP
SCs.®>°%7 Typically, organic macromolecules or polymers with
specific functional groups are employed to regulate the nuclea-
tion and growth of MHP SCs. Examples of such functional
groups include the carbon-oxygen bond in polyether (ester)-
based molecules and the fluorine ion group,®® as well as the
carbon-nitrogen bond in polymethyl methacrylate-acrylamide
and 2-cyanoacrylate.®>”® These additives are broadly categor-
ized into three groups based on their functional groups: S-
donors, O-donors, and N-donors, with varying coordination
capabilities. The coordination strength of the donors with
Pb** follows the order: S-donor > O-donor > N-donor. Due
to the unique coordination properties of these ionic groups,
coordination complexes such as (MA"),(PbsIs> )DMSO, can be

Single crystals Initial crystals |
Ry
n W - Pb -
10mm 100 - 300 nm

OP @1 @ GBL % A structural unit of PPG

1
(a) (MA%),'S, Pb -1 —Pb i (b)’ 2-D Pbl, crystal = 1-D intermediate crystal —» 3-D pert?vlskite
o — ! crystal
oo 0 ]e- ' ' !
,pb/ /pb/ 100°C for 40 mins : B ‘ : MAl -DMSO | YDMSO, -MAl
N A I Anti-solvent Pb-1—Pb i \ t e’
INT-7 (fiber) PV :
. (MA*Pbl ") ! L>
(oriented crystal) 8 : DMSO, MAI
1
© GBL ()]
Initial crystals Single crystals
Heating L A
Pb T Wt
| Size <10 nm 1-2mm

Fig. 4 Complex transformation of the MAPbls perovskite single crystal (a) after adding organic solvent (DMSO).* Copyright 2015, American Chemical
Society. (b) Schematic diagram of the crystal structure during the transformation process.>® Copyright 2015, American Chemical Society. (c) Schematic
diagram of crystallization mechanism after adding additive (PGG).°® Copyright 2021, Springer Nature. (d) DPSI absorption differences on crystal planes

with different Pb2+ densities.®> Copyright 2021, Springer Nature.
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formed.>® Furthermore, the presence of certain groups and
carbon chain length characteristics in the additive contributes
to the hydrophobicity and stability of the active layer in perovskite
solar cells.”*””> As shown in Fig. 4c, the conventional solvent (e.g.
GBL) can form Pb-solvent complexes at room temperature, while
polypropylene glycol (PPG) that contains oxygen groups can
coordinate with Pb>".°® At low temperature, the solution primarily
exists in a complex form, and as the temperature increases,
dissociation between the groups of this complex occurs, leading
to improved ion diffusion efficiency in the precursor solution.
This efficient transfer of ions to the growth interface layer enables
the solution to quickly and stably reach a saturated state, which is
the fundamental principle behind polymer-assisted controlling
nucleation. The dissociation under higher temperature conditions
also serves as the driving force for crystal nucleation. Further-
more, studies have demonstrated that crystal faces with different
Pb*" densities grow at different rates, with crystal faces exhibiting
lower Pb*>" density growing faster but being more prone to
disappearing (Fig. 4d).®® This steric hindrance effect of the poly-
mer impedes the diffusion of ions to the perovskite surface,
leading to varying crystal face growth rates. Understanding these
mechanisms will aid in the selection of macromolecules and
provide more possibilities for preparing large-sized SCs.

3.3 Interfacial extra tensile elastic stress induced crystallization

Solute deposition during crystal growth is a necessary process
for the formation of crystal nuclei. The assembly of solute
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molecules or atoms is a complex process that involves inter-
facial dynamics.”®”” Crystal growth is essentially a transport
process that involves mass, heat, and momentum. A solute
boundary layer is assumed to exist on the surface of the crystal,
with an ideal fluid outside this boundary layer. Mass and heat
transport outside the boundary layer are mainly governed by
convection outside the boundary layer, while inside the layer,
convection and diffusion play a more significant role due to the
presence of large concentration and temperature gradients.
This theory provides a basis for understanding the interface’s
role in the growth of MHP SCs. Differs from the liquid-solid
interface in classical theory system, the surface tension gener-
ated by the solution-air interface plays a critical role in MHP
SCs nucleation and growth.*®”378% As depicted in Fig. 5a and b,
surface molecules experience strain owing to the presence of
surface tension. Consequently, crystals suspended at the
solution surface exhibit faster growth rates at the edges, result-
ing in a length-to-diameter ratio exceeding unity. The solvated
surface molecules exist in a strained state with low energy.
Crystal nuclei continue to grow on the surface of the solution
until they reach a size at which surface tension no longer
supports their buoyancy. Combined with eqn (5), the nuclea-
tion barrier of the solution-air interface layer can be expressed
as:*®

161 o’
AGsuface = —— - 8
Csurtuce 3 (b + equrf — €A + kBT - ln(NA))2 ( )

(a) (b)
surface  crystal plate
p A | o oFs
) high ° h ¢ %)
potential H (. =
{ I
a
“‘a © = ‘ ¢ ®
\ low preferential
potential lateral growth
¢
intermolecular
@ precursor (A) solvent (S) S interaction free A-molecules
(c) , - d (e)
Nucleation Thermodynamics stal-growth Reactign .
+ Water-air interface
g
surface]
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AG Y=T v—C.exp ¢
bu . B kpT kpT
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o ; P S
AG o 1AC e .4
o surfact € (41 T = X
30 bt AG',, \/ 5 Bulk solution
g “Eal L ° Yol y
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Fig. 5 (a) Schematic diagram of changes in molecular interaction energy in bulk solution (left) and surface layer (right).*® Copyright 2017, American
Chemical Society. (b) Schematic of the growth of a crystal in a floating state.*® Copyright 2017, American Chemical Society. (c) Nucleation barrier at
different interfaces.*® Copyright 2018, American Chemical Society. (d) Initial state free energy, excited state free energy and crystalline free energy at
different interfaces.*® Copyright 2018, American Chemical Society. (e) Crystal growth rates corresponding to nucleation barriers at different interfaces.*°

Copyright 2018, American Chemical Society.
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where &g, is the elastic energy of each molecule A in the
solution-air interface layer that is related to the surface tension.
As surface tension increases, &g,s also increases. By comparing
the nucleation barrier in bulk solution (eqn (5)), it can be
observed that the nucleation barrier in the surface layer is lower,
leading to a faster nucleation rate, which is further supported by
eqn (6). Fig. 5c and d illustrate that the surface energy at the
solution-air interface results in a higher initial energy of the
precursor molecules. Due to the smaller free energy difference
(AG’) between the initial state and the active state, and the larger
free energy difference (AGg) between the initial state and the
crystalline state, crystals grow much faster at the solution-air
interface than in the out-of-plane direction, thereby exhibiting
strong anisotropic growth rates (Fig. 5e)."*®' Utilizing surface
tension on the solution-air interface could facilitate the synth-
esis of low-dimensional MHP SCs.

Conclusions

MHP SCs have garnered significant attention as a new generation
of photoelectric materials due to their exceptional properties. The
solution method is a cost-effective and efficient approach for
obtaining MHP SCs, and this review delves into the nucleation
and growth mechanism, exploring the commonalities and differ-
ences between classical systems and perovskite solution systems.
Unique aspects of perovskite solution systems, such as intermo-
lecular complexation and decomplexation of precursor molecules,
have a profound influence on nucleation and growth. The size of
the colloid clusters is reflected in the deposition rate of the solute.
The addition of large molecules containing specific groups can
effectively modulate the ratio of the diffusion rate to deposition
rate, optimizing the system for ideal crystal growth. By manip-
ulating the components or external factors in the perovskite
solution system, the system can be maintained in a suitable
non-nucleated state for an extended period, facilitating the growth
of large-sized single crystals. Nevertheless, there are still many
aspects that need additional work, including but not limited to:

(1) Establishing comprehensive growth model of MHP SCs

The investigation of the growth mechanisms of MHP is still
in its nascent stage compared to the traditional oxide single
crystals. Although the LaMer’s diagram has been employed to
elucidate the nucleation and growth processes, the interaction
between perovskite and solvent remains inadequately illu-
strated. Besides, molecular dynamics, phase-field, and thermal
field simulations have been sufficiently applied in investigating
the growth mechanisms of conventional crystals, such as SiC
and NaCl. ANSYS Fluent, focusing on the sedimentary growth
of the vapor phase, has been used to calculate heat and mass
transfer during the growth process of MHP. However, there
remains a dearth of studies on the theoretical simulations
within perovskite solution systems, particularly in the realm
of theoretical simulations pertaining to nucleation and growth
processes. To provide a more comprehensive understanding of
the growth mechanism in MHP, the development of a thorough
theoretical model is urgently required.
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(2) Real-time monitoring of the growth process of MHP SCs

Conventional real-time monitoring methods predominantly
concentrate on crystal size and visual characteristics. However,
when investigating the mechanism of MHP SCs, elucidating the
nucleation and growth processes within the perovskite solution
system, encompassing the underlying pathways of crystal for-
mation and the structure of colloidal clusters, poses significant
challenges for direct confirmation. Consequently, the advance-
ment of a technique capable of real-time monitoring of solute
diffusion and deposition processes has potential to expedite
the progress in MHP SC development.

(3) Exploring new solvent and additives for the growth of
MHP SCs

The conventional solution-based method presents challenges
in achieving the growth of large-sized MHP SCs, and the process
itself is time-consuming, significantly restricting the potential
applications of MHP SCs. Moreover, even slight temperature
fluctuations within the solution can result in undesirable out-
comes, such as nucleation disorders and crystal defects. To
address this issue, various passivation strategies have been
proposed, as outlined in Section 3.2. However, the currently
employed additives still fail to effectively control the crystal growth
process. Therefore, there is an urgent demand for exploring more
suitable new solvent and functional additives to facilitate the
production of large-sized MHP SCs with minimal defects.

(4) Post-processing of MHP SCs

MHP SCs exhibit the absence of grain boundaries (GBs),
which effectively mitigates non-radiative recombination at
interfaces. While the elimination of GBs can diminish bulk
phase defects in MHP SCs, the presence of surface defects, such
as dangling bonds and dislocations, can significantly affect the
optical and electrical properties of the MHP SCs. Furthermore,
the residual organic solvents tend to accumulate on the crystal
surface and can strongly interact with water molecules in
humid environments, resulting in poor surface morphology.
Consequently, effective post-treatment processes are of utmost
importance to mitigate the impact of surface defects. Post-
treatment has been a very important research direction in
commercial single crystal, such as monocrystalline silicon
and cadmium zinc telluride, but it has not been paid attention
to in MHP SCs. Notably, the polishing method, including
chemical polishing and mechanical polishing, and the selec-
tion of suitable polishing agents represent critical steps war-
ranting meticulous attention in the post-treatment process.
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