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The fabrication of large, high-quality single crystals (SCs) of all-inorganic cesium lead bromide
(CsPbBr3) via accessible methods remains a significant challenge. This work presents a systematic
approach to optimize the antisolvent vapor-assisted crystallization (AVC) method, where the exper-
imental design is guided by a theoretical methods at each step. A synergistic 9:1 (v/v) DMSO/DMF
binary solvent was selected to balance solubility and kinetics, a choice rationalized by an analysis
of Gutmann’s donor numbers. Subsequently, ethanol was selected as a promising antisolvent by
evaluating its properties against key criteria of miscibility and diffusion rate using Hansen Solubil-
ity Parameters (HSP) and Fick’s law expressed in terms of saturated vapor pressure. Within this
rationally-defined chemical system, the "growth window" was experimentally mapped, identifying
an optimal precursor concentration of 0.35 M and a preliminary titration step to induce a controlled
metastable state. The optimized protocol consistently yields phase-pure, orthorhombic CsPbBr3
SCs up to 1 cm in size within one week at room temperature. The resulting crystals exhibit high
crystallinity and thermal stability up to 550 ◦C.

Keywords: lead halide perovskites, all-inorganic perovskites, single crystals, CsPbBr3, antisolvent vapor-assisted
crystallization (AVC)

I. INTRODUCTION

The well-known operational instability of hybrid
organic-inorganic lead halide perovskites (LHPs) with
the general formula ABX3 (where A = MA+ (CH3NH+

3 ),
FA+ (CH(NH2)+2 ); B = Pb2+; X = Cl−, Br−, I−) re-
mains a significant barrier to their commercialization.
Despite their outstanding optoelectronic properties, in-
cluding high light absorption coefficients, long charge car-
rier diffusion lengths, and remarkable defect tolerance,
the organic components in their structure can degrade
under exposure to moisture, heat, and prolonged illumi-
nation [1–7].

This vulnerability has motivated researchers to explore
all-inorganic perovskites, among which cesium lead bro-
mide (CsPbBr3) stands out as a particularly promising
candidate [8, 9]. CsPbBr3 combines excellent thermal
and chemical stability with outstanding optoelectronic
characteristics, such as a direct and tunable band gap
(∼2.3 eV), high carrier mobility, and significant radiation
hardness. These properties make it an ideal material for
a wide range of applications, from stable solar cells to
high-energy radiation detectors [2, 10–12].

To fully harness these intrinsic properties, the fabrica-
tion of large-area, high-quality single crystals (SCs) is of
paramount importance, as they are free of grain bound-
aries and possess a lower defect density compared to their
polycrystalline counterparts [13]. Over the years, sev-
eral methods have been developed for growing CsPbBr3

SCs. The Bridgman method, a high-temperature melt-
growth technique, has been successfully employed to pro-
duce large, high-quality ingots, enabling the fabrication
of high-performance radiation detectors [2, 14–17]. How-
ever, this method requires extremely high temperatures
(>600 ◦C), high vacuum, and sophisticated equipment,
making it costly and energy-intensive. Furthermore, the
large thermal expansion coefficient and structural phase
transitions of CsPbBr3 during cooling often induce ther-
mal stress, leading to crack formation and reduced crystal
quality [15, 18, 19].

Solution-based methods, which operate at significantly
lower temperatures, offer a more accessible and cost-
effective alternative. Inverse temperature crystalliza-
tion (ITC), which leverages the retrograde solubility
of CsPbBr3 precursors in certain polar aprotic sol-
vents like dimethyl sulfoxide (DMSO, C2H6OS) or N,N-
dimethylformamide (DMF, C3H7NO), has been widely
explored presently [4, 20–23]. Although the ITC method
is relatively fast, it has notable drawbacks. A key
limitation is its strong dependence on specific solvents
and, more importantly, the difficulty in controlling phase
purity. Due to the different solubilities of CsBr and
PbBr2, undesirable secondary phases, such as the cesium-
rich Cs4PbBr6 or the lead-rich CsPb2Br5, often co-
precipitate, degrading crystal quality and device perfor-
mance [20, 21]. The simple solvent evaporation (SE)
method is straightforward and inexpensive but typically
yields numerous small crystals and can suffer from non-
uniform growth kinetics if not carefully controlled, for in-
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stance, with an oil bath or humidity regulation [4, 24, 25].
Among solution-based techniques, antisolvent vapor-

assisted crystallization (AVC) has emerged as a partic-
ularly promising strategy due to its simple implementa-
tion, low cost, and room-temperature operation [18, 26–
29]. Rakita et al. [26] first demonstrated the growth
of millimeter-sized CsPbBr3 crystals using this method,
though they noted the persistent issue of byproduct
formation without careful precursor saturation. Later,
Zhang et al. [27] refined the technique by using a diluted
antisolvent to slow the diffusion rate and successfully
grew centimeter-sized crystals, albeit over a prolonged
period of 14 days. Ding et al. [28] also utilized the AVC
method to obtain high-quality crystals for fast-response
photodetectors. More recently, Su [18] showed that while
room-temperature AVC is feasible, the resulting crystals
can have significant surface defects, indicating a non-ideal
and poorly controlled growth mechanism.

It is notable that many of these advances have re-
mained largely empirical, often presenting successful
"recipes" without a systematic framework that ratio-
nalizes the choice of components and process parame-
ters based on fundamental principles of crystallization.
Crucially, a holistic understanding of how precursor sol-
vation, mass transport kinetics, and solvent-antisolvent
miscibility collectively govern the final crystal quality is
still lacking. Consequently, developing a rationally de-
signed protocol for the reliable and scalable production
of high-quality crystals via AVC remains an open chal-
lenge.

In this work, we demonstrate an approach that com-
bines a robust theoretical rationale with systematic ex-
perimental optimization. This synergy between theory
and experiment not only yields an improved, rapid proto-
col but also provides a clear framework for understanding
the interplay of key variables in the AVC process, offer-
ing a reliable and reproducible pathway for fabricating
high-performance CsPbBr3 SCs for their broader use in
advanced optoelectronic applications.

II. EXPERIMENTAL SECTION

A. Precursor Solution Preparation

Cesium bromide (CsBr, ≥99.8%) and lead(II) bromide
(PbBr2, ≥99.8%) were used as the starting materials.
The precursors were mixed based on the following stoi-
chiometric equation:

CsBr +K · PbBr2 → CsPbBr3 (1)

where K represents the excess coefficient of PbBr2. An
excess of PbBr2 is necessary to suppress the formation
of the Cs4PbBr6 byproduct phase [27]. In our work, K
= 1.5 was used. The mixture was dissolved in a binary
solvent system of dimethyl sulfoxide (DMSO, ≥99.98%)
and N,N-dimethylformamide (DMF, ≥99.98%) with a 9:1

volume ratio to prepare a stock solution. The solution
was stirred for 2 hours at 50 ◦C and subsequently filtered
through a 0.22µm PTFE syringe filter to remove any
undissolved particles, as depicted in Figure 1(a).

B. Synthesis of CsPbBr3 Single Crystals

Three types of precursor solutions were used for crys-
tal growth. The stock solution was divided into three
portions. The first portion, designated as Group (a),
was used as-prepared. The second and third portions
were combined and pre-treated by titrating with ethanol
(C2H6O, ≥98%) until the onset of turbidity. This turbid
solution was then re-filtered to obtain a clear, metastable
precursor, as shown in Figure 1(c). This pre-treated solu-
tion was then divided into two equal volumes, designated
as Group (b) and Group (c).

For the crystal growth stage, each of the three main
groups (a, b, and c) was further divided into six sub-
groups (1-6). This division was based on the composition
of the antisolvent placed in the larger growth container,
ranging from 100% ethanol (subgroup 1) to a 50/50 (v/v)
mixture of ethanol/DMSO (subgroup 6), with the DMSO
content increasing in 10% increments. This protocol re-
sulted in 18 distinct experimental conditions. To ensure
reproducibility, five equal aliquots from each condition
were dispensed into five separate vials, which were then
placed together inside the corresponding growth con-
tainer.

The vials for Group (a) and Group (b) were left un-
changed to study spontaneous nucleation, as illustrated
in Figure 1(b) and Figure 1(d), respectively. For Group
(c), one seed crystal (≈1mm3) was added to each of the
five vials to promote seeded growth (Figure 1(e)). The
growth of CsPbBr3 SCs occurred at room temperature
over one week. After the growth period, the crystals were
carefully extracted from each vial, washed with DMF,
and air-dried for 1 hour.

C. Characterization

The crystal structure of pulverized SCs was confirmed
by X-ray diffraction (XRD) using an Empyrean (PANa-
lytical) X-ray diffractometer with Co Kα radiation (λ =
1.7902Å). The elemental composition and stoichiome-
try of the crystals were determined by energy-dispersive
X-ray spectroscopy (EDX) using an S-3400 N (Hitachi)
Scanning Electron Microscope equipped with an Ultra
Dry silicon drift EDX detector (accelerating voltage of
20 kV, probe current of ∼28 nA, acquisition time of 100 s,
take-off angle of 35◦, with quantitative analysis based on
the Br-Lα, Cs-Lα, and Pb-Mα lines). UV-visible (UV-
VIS) absorption spectra were recorded in the range of
300 nm to 700 nm on a UNICO Spectro-Quest 2804 spec-
trophotometer at room temperature. For optical absorp-
tion measurements, a transparent SC was selected and
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Figure 1: Schematic illustration of the experimental procedure for the synthesis of CsPbBr3 SCs. (a) Preparation of
the precursor solution from CsBr and PbBr2 powders in a DMSO/DMF solvent mixture. (b) Crystal growth from

the as-prepared solution using the AVC method (Group a). (c) Pre-treatment of the precursor solution via titration
with ethanol and re-filtration to create a metastable state. (d) Crystal growth from the pre-treated solution using the
AVC method (Group b). (e) Seeded crystal growth from the pre-treated solution using the AVC method (Group c).

mechanically polished to a thickness of approximately
0.2–0.3 mm to allow for transmission measurements.
Thermogravimetric analysis (TGA) was performed on a
NETZSCH TG 209F1 Libra instrument to evaluate the
thermal behavior of the materials. A sample weighing
7.4479mg was placed in an Al2O3 crucible and heated
from 30 ◦C to 750 ◦C at a heating rate of 10 ◦Cmin−1.
The analysis was conducted in a dynamic argon atmo-
sphere with a flow rate of 100mLmin−1.

III. RESULTS AND DISCUSSION

This section details the stepwise development and op-
timization of the AVC protocol for CsPbBr3 SCs. Our
approach is built upon a synergy of theoretical analysis
and targeted experimentation, where each experimental
decision, from the selection of the chemical components
to the fine-tuning of process parameters, is informed by
underlying physicochemical principles. We begin by (1)
designing the optimal solvent system, then (2) select a
suitable antisolvent based on its physicochemical proper-
ties, (3) experimentally define the "growth window" for
high-quality crystallization, and (4) conclude with a com-
prehensive characterization of the crystals obtained via
the optimized protocol.

A. Rational Design of the Solvent System

The successful growth of centimeter-scale SCs from so-
lution is fundamentally predicated on the ability to pre-

pare a highly concentrated and stable precursor solution.
This imposes a dual, and often conflicting, set of require-
ments on the solvent system: it must possess sufficient
solvating power to dissolve large quantities of inorganic
salts (CsBr and PbBr2), yet it must also provide a con-
trollable kinetic pathway for crystallization to occur in a
slow and orderly fashion.

To navigate this challenge, we employed Gutmann’s
Donor Number (DN) as a quantitative descriptor of a
solvent’s Lewis basicity and, consequently, its ability to
coordinate with the Pb2+ cation [30, 31]. A compara-
tive analysis of two common polar aprotic solvents, DMF
and DMSO, reveals their individual limitations. DMF,
characterized by a moderate DN of 26.6 kcal/mol, fails to
provide the necessary solvating power for the inorganic
precursors. Conversely, DMSO possesses a high DN of
29.8 kcal/mol, enabling it to readily dissolve CsBr and
PbBr2 to form a high-concentration solution. However,
this strong coordinating ability leads to the formation
of exceptionally stable intermediate solvate complexes,
[Pb(DMSO)x]Br2 [32]. The thermodynamic stability of
these complexes translates into a high activation energy
(Ea) for the desolvation process, which is a critical rate-
limiting step for the integration of precursor ions into
the crystal lattice. Consequently, a pure DMSO solution
can become kinetically trapped, resisting crystallization
unless a large thermodynamic driving force triggers ex-
plosive, uncontrolled nucleation, yielding polycrystalline
material [33].

To decouple the requirements for high solubility and
controlled kinetics, we devised a synergistic binary sol-
vent strategy. The core principle is to use a solvent mix-
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ture where one component ensures high solubility while
the other modulates the kinetic barrier to crystalliza-
tion. Given that a high precursor concentration is non-
negotiable for growing large SCs, the solvent system must
be dominated by the high-DN component, DMSO. The
role of the second component, DMF, is to act as a kinetic
modulator. By introducing a minor fraction of the weaker
coordinating DMF, the composition of the solvate shell
around the Pb2+ ion becomes mixed. The Pb· · ·DMF
coordination bonds are energetically weaker than the
Pb· · ·DMSO bonds, potentially creating a lower-energy
pathway for the desolvation and nucleation cascade to
begin.

Guided by this analysis, we assumed that a binary sol-
vent system dominated by high-DN DMSO for solubil-
ity, with a minor fraction of lower-DN DMF acting as
a "kinetic modulator", would provide an effective bal-
ance. Consequently, a 9:1 (v/v) DMSO/DMF ratio was
selected as a rational starting point for experimental opti-
mization. This composition is intended to maintain high
precursor loading, while the DMF fraction is expected to
lower the kinetic barrier to nucleation. In such a way, this
combination is expected to prevent the system becomes
kinetically trapped [29, 34]. This theoretically-informed
choice of a synergistic solvent mixture is then carried for-
ward into all subsequent experiments.

B. Antisolvent Selection

Having established the optimal solvent system, the
next critical step is the rational selection of an antisol-
vent. The role of the antisolvent in the AVC method
is to induce a state of supersaturation by reducing the
solubility of the perovskite precursors. For the growth
of high-quality SCs, this process must satisfy two key
requirements: it should be (1) kinetically controlled to
favor growth over nucleation, and it has to be (2) spa-
tially uniform to ensure homogeneous supersaturation.
To guide our selection, we will first establish the physic-
ochemical principles governing these requirements before
systematically evaluating a range of potential candidates.

1. Criterion 1: Kinetic Control via Saturated Vapor
Pressure

The kinetic aspect is governed by the rate of mass
transport of the antisolvent from its reservoir into the
precursor solution. In the AVC setup, this rate is primar-
ily limited by the diffusion of antisolvent vapor. Accord-
ing to Fick’s first law, the molar flux of the antisolvent
vapor (Jav) is directly proportional to its partial pressure
gradient (dPav

dx ) [35, 36]:

Jav = − D

RT

dPav

dx
(2)

where D is the diffusion coefficient in the gaseous medium
(e.g., air), R is the universal gas constant, and T is the
absolute temperature. In our system, this gradient is
established between the antisolvent reservoir, where the
partial pressure is approximately equal to the saturated
vapor pressure P 0

sat, av, and the surface of the precursor
solution. Consequently, P 0

sat, av becomes the key param-
eter controlling the crystallization rate. An optimal ki-
netic window should be established for this parameter.
An excessively high P 0

sat, av (>30 kPa) leads to uncon-
trolled, "flash" crystallization. This value defines the
upper boundary of the window. Conversely, a vapor
pressure that is too low (<2 kPa) could lead to imprac-
tically long synthesis durations, hindering the method’s
efficiency. This value defines the lower boundary.

2. Criterion 2: Spatial Homogeneity via Hansen Solubility
Parameters

The second requirement, spatial homogeneity, depends
on the thermodynamic miscibility between the antisol-
vent and the precursor’s solvent matrix. To ensure
uniform crystallization and prevent localized precipi-
tation, the incoming antisolvent must mix effectively
with the binary solvent. This property can be quan-
titatively assessed using Hansen Solubility Parameters
(HSP), which deconstruct cohesive energy into three
components: dispersion (δd), polar (δp), and hydrogen
bonding (δh) [37, 38]. The compatibility between two
liquids is inversely related to their distance (Ra) in the
three-dimensional Hansen space, defined as:

R2
a = 4(δd1 − δd2)

2 + (δp1 − δp2)
2 + (δh1 − δh2)

2 (3)

For a mixed solvent system, such as our 9:1 (v/v)
DMSO/DMF, the effective HSP parameters (δmix) are
calculated as a volume-weighted average of the individ-
ual components’ parameters:

δmix =

n∑
i=1

ϕiδi (4)

where ϕi and δi are the volume fraction and the respec-
tive HSP component for the i-th solvent. A smaller Ra

distance between the antisolvent and the solvent mix-
ture indicates better miscibility and a higher likelihood
of achieving homogeneous supersaturation.

3. Systematic Evaluation and Final Selection

To make a rational selection, we systematically evalu-
ate a number of commonly used antisolvents. The HSP
values for all solvents were taken from the recent review
by Bautista-Quijano et al. [38], while the saturated va-
por pressures at 20 ◦C were obtained from Perry’s Chem-
ical Engineers’ Handbook [39]. The results, including the
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Table I: Physicochemical properties of common antisolvents and their calculated Hansen distance (Ra) to the 9:1
(v/v) DMSO/DMF solvent mixture.

Antisolvent Formula P 0
sat at 20 ◦C δd δp δh Ra

(kPa) (MPa1/2) (MPa1/2) (MPa1/2) (MPa1/2)
Ethanol C2H6O 5.9 15.8 8.8 19.4 12.7
2-Propanol C3H8O 4.4 15.8 6.1 16.4 12.7
1-Butanol C4H10O 0.7 16.0 5.7 15.8 12.6
Dichloromethane CH2Cl2 47.0 17.0 7.3 7.1 11.8
Chlorobenzene C6H5Cl 1.2 19.0 4.3 2.0 17.3
Diethyl ether C4H10O 58.7 14.5 2.9 4.6 17.8
Hexane C6H14 16.0 14.9 0 0 21.9

calculated Hansen distance (Ra) to our 9:1 DMSO/DMF
solvent mixture (δmix,d = 18.3, δmix,p = 16.1, δmix,h =
10.3), are summarized in Table I.

A systematic analysis of the data in Table I enables a
clear, multi-criteria selection of the optimal antisolvent.
Several candidates are immediately disqualified for fail-
ing to meet the fundamental criteria. Dichloromethane
and diethyl ether, with extremely high vapor pressures
(≈ 47.0 kPa and ≈ 58.7 kPa, respectively), are kinetically
unsuitable. Similarly, candidates with poor predicted
miscibility (evidenced by large Hansen distances) such as
hexane (Ra = 21.9) and chlorobenzene (Ra = 17.3), are
thermodynamically unfavorable. This filtering isolates
the alcohols as the most promising candidates. How-
ever, 1-butanol, with a very low vapor pressure of 0.7 kPa,
presents a practical challenge, as it would lead to an im-
practically long synthesis time. This analysis leads to
the selection of ethanol and 2-propanol as the prime con-
tenders. Both exhibit excellent and identical miscibility
(Ra = 12.7). The key differentiator, however, is their
kinetic profile. While 2-propanol’s lower vapor pressure
(4.4 kPa) leads to slower kinetics, ethanol’s higher vapor
pressure (5.9 kPa) strikes a superior balance. It is mod-
erate enough to ensure controlled crystallization, yet suf-
ficiently high to facilitate a time-efficient synthesis. The
choice of ethanol is also strongly supported by practi-
cal considerations. Its lower toxicity, reduced cost, and
widespread availability make it the ideal candidate for
developing a safe, scalable, and effective synthesis proto-
col.

Therefore, by systematically evaluating candidates
against the kinetic requirement for controlled mass trans-
port and the thermodynamic requirement for homoge-
neous miscibility, ethanol was selected as the optimal an-
tisolvent for subsequent experimental optimization.

C. Defining the "Growth Window"

With the chemical system rationally defined (a 9:1
DMSO/DMF solvent paired with an ethanol antisolvent),
the next crucial stage is to experimentally identify the op-
timal process parameters. While the theoretical frame-
work guides the selection of components, it does not pre-
dict the precise conditions required for high-quality SC

growth. The success of the synthesis now hinges on nav-
igating the delicate interplay between thermodynamics
and kinetics to operate within the so-called "growth win-
dow". This concept is visually summarized in Figure 2
and is derived from two cornerstone theories: Classical
Nucleation Theory (CNT) [40, 41], which describes the
energetic barriers to forming a new phase (Figure 2a),
and the LaMer model [42, 43], which maps the tempo-
ral evolution of concentration during crystallization (Fig-
ure 2b). The central idea is to operate within a narrow,
metastable range of supersaturation where the conditions
are favorable for the growth of existing crystals but in-
sufficient to trigger widespread, spontaneous nucleation.

The existence of this window is a direct consequence
of the fundamentally different dependencies of nucleation
rate (J) and crystal growth rate (Vg) on the supersatu-
ration ratio, S = C/Csat, where C is the current solute
concentration and Csat is the equilibrium saturation con-
centration. The nucleation rate exhibits a highly non-
linear, exponential dependence on supersaturation [44],
governed by the height of the energy barrier ∆G∗ shown
in Figure 2a:

J = A exp

(
−∆G∗

kBT

)
= A exp

(
− 16πγ3Ω2

3(kBT )3(lnS)2

)
(5)

where γ is the specific surface energy, Ω is the molecu-
lar volume, kB is the Boltzmann constant, and T is the
absolute temperature. This relationship implies a criti-
cal supersaturation threshold (Cmin in Figure 2b), above
which the nucleation rate increases explosively. In con-
trast, the crystal growth rate, often described by models
such as the Burton-Cabrera-Frank (BCF) theory for spi-
ral growth [45], follows a much slower dependence on the
relative supersaturation, σ = S − 1. In the low super-
saturation regime (σ ≪ 1), crucial for high-quality SC
growth, the general BCF relationship simplifies to a pure
quadratic dependence:

Vg ∝ σ2 tanh(
B

σ
)

σ≪1−−−→ σ2 = (S − 1)2 (6)

This kinetic disparity makes it possible to find a regime
where Vg is appreciable while J is negligible. While these
theories provide an essential qualitative framework, the
precise quantitative boundaries of the growth window for
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Figure 2: Theoretical framework for controlled crystallization. (a) Classical Nucleation Theory (CNT) plot showing
the change in Gibbs free energy (∆G) as a function of nucleus radius (r). The energy barrier for nucleation (∆G∗)
at the critical radius (rc) must be overcome for stable growth. (b) The LaMer diagram illustrating the evolution of
solute concentration (C) over time. Stage I is the induction period, Stage II is the burst nucleation event, and Stage
III is the diffusion-limited growth of existing nuclei. Successful SC growth requires maintaining the system within the
metastable zone between the saturation concentration (Csat) and the minimum concentration for nucleation (Cmin).

a specific chemical system must be determined empiri-
cally. Our experimental investigation was therefore de-
signed to systematically map out this regime by tuning
three key parameters: (1) the initial precursor concen-
tration, (2) the initial state of supersaturation, and (3)
the antisolvent diffusion rate.

1. Precursor Concentration

The initial precursor concentration is the most direct
parameter for controlling the system’s position relative
to the supersaturation curves shown in the LaMer dia-
gram (Figure 1b). According to this framework, a con-
centration that is too low will provide insufficient mate-
rial for substantial growth, while one that is too high will
cause the system to rapidly cross the nucleation threshold
(Cmin), leading to uncontrolled polycrystalline precipita-
tion. To experimentally locate the optimal concentration
within this theoretically-defined metastable zone, a series
of experiments was conducted with concentrations rang-
ing from 0.2 M to 0.5 M. As depicted in Figure 3, the
concentration has a profound effect on the outcome. At
low concentrations (0.2 M, Figure 3a), the total amount
of solute is insufficient to produce large-volume crystals,
resulting in a low yield of small SCs. As the concentration
increases to 0.3 M (Figure 3b), a noticeable improvement
in crystal size is observed. However, pushing the concen-
tration to 0.4 M and above (Figure 3c,d) introduces a
detrimental effect. A high initial concentration means
that even a small influx of antisolvent vapor can cause
the supersaturation ratio S to rapidly exceed the criti-
cal threshold for homogeneous nucleation. This pushes
the system deep into the exponential region of the nu-

cleation rate curve (Equation 5), triggering an avalanche
of secondary nucleation events. This manifests as the
formation of a large number of small, competing poly-
crystals and a visible degradation in the surface quality
and faceting of the larger SCs. Thus, a concentration of
0.35M was experimentally identified as the optimal bal-
ance, providing a sufficient supply of solute for growth
while maintaining a controllable level of supersaturation
that avoids excessive spontaneous nucleation. This con-
centration was used for all subsequent experiments.

2. Control of Initial Supersaturation and Nucleation
Pathway

Having fixed the concentration, we next investigated
the influence of the initial thermodynamic state of the so-
lution on the nucleation and growth pathway. Three dis-
tinct protocols were systematically compared (Figure 4):
Group (a), using the as-prepared, stable solution; Group
(b), using a pre-treated solution brought to a metastable
state via titration; and Group (c), using the pre-treated
solution with the addition of seed crystals.

The results unequivocally demonstrate the superiority
of the pre-treatment strategy. A visual comparison be-
tween rows (a) and (b) of Figure 4 reveals that crystals
from the pre-treated solutions (Group b) are consistently
larger, more transparent, and exhibit near-perfect crys-
tallographic faceting, with sample b–1 being the prime
example. This marked improvement can be rationalized
by the LaMer model (Figure 2b). In the standard pro-
tocol (Group a), the system starts in a stable, under-
saturated state. The influx of antisolvent vapor drives
the concentration across the saturation threshold (Csat)
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Figure 3: Photographs of CsPbBr3 SCs grown from
precursor solutions of varying concentrations: (a) 0.2 M,
(b) 0.3 M, (c) 0.4 M, and (d) 0.5 M. The solvent used
was a 9:1 DMSO/DMF mixture, and the antisolvent
was pure ethanol. The scale bar applies to all images.

and can cause it to "overshoot" the critical nucleation
concentration (Cmin), triggering a Stage II burst of un-
controlled nucleation. In stark contrast, the pre-titration
step in protocol (b) acts as a form of controlled "prim-
ing". It carefully elevates the initial concentration into
the narrow metastable zone between Csat and Cmin before
the main AVC process begins. The subsequent filtration
removes any accidentally formed nuclei. Consequently,
the slow, vapor-driven process commences with a clean,
homogeneously supersaturated solution, allowing for the
orderly Stage III growth of a few heterogeneously formed
nuclei without competition, which is the ideal condition
for fabricating large, high-perfection SCs.

The introduction of macroscopic (ca. 1mm3) seed
crystals in Group (c), which theoretically should pro-
mote growth on a designated site by lowering the energy
barrier via heterogeneous nucleation [46], did not confer
any additional advantage over Group (b). A plausible
explanation is that the initial supersaturation level in
the pre-treated solution was insufficient to drive growth
on the seed crystal. The pre-titration followed by filtra-
tion likely brought the system to a state very close to
the equilibrium saturation point (C ≈ Csat). While this
condition is ideal for preventing spontaneous nucleation,
it may not provide a sufficient thermodynamic driving
force (∆µ > 0) for the deposition of new layers onto the
seed. In this finely balanced, near-equilibrium state, ki-
netic barriers to growth on the crystal facets may not
have been overcome, or slight temperature fluctuations
could have even favored dissolution over growth.

3. Modulation of Antisolvent Diffusion Rate

In a final optimization step, we attempted to further
refine the process by slowing the kinetics of supersatu-
ration by modulating the antisolvent diffusion rate. Ac-
cording to Raoult’s law, adding a low-volatility compo-
nent (DMSO) to the volatile antisolvent (ethanol) should
decrease the partial pressure of ethanol in the vapor
phase, thereby reducing its flux. Surprisingly, the ex-
perimental results were in direct opposition to this ex-
pectation. Across all three groups, increasing the DMSO
fraction in the antisolvent reservoir led to a consistent
and dramatic reduction in both crystal yield and quality.
This counterintuitive outcome strongly suggests the pres-
ence of an inhibiting secondary mechanism. We propose
that this is due to the formation of a diffusion barrier
at the solution-gas interface. Although DMSO has a low
vapor pressure, a small amount could co-evaporate and
subsequently condense on the surface of the precursor so-
lution. Since DMSO is an excellent solvent for CsPbBr3,
this process would create a thin, stable, solvent-rich film
at the interface. This film would then act as a physical
barrier, effectively shielding the bulk precursor solution
from the incoming ethanol antisolvent vapor. The ineffi-
cient and non-uniform mass transport would cripple the
process of supersaturation, suppressing both nucleation
and growth.

In summary, this systematic experimental investiga-
tion, which was designed based on the principles of crys-
tallization theory, has allowed us to identify an opti-
mal set of parameters. The protocol corresponding to
sample b–1 – a 0.35M precursor solution, 9:1 (v/v)
DMSO/DMF solvent mixture, pre-treatment by ethanol
titration to a metastable state, and pure ethanol as the
antisolvent – provides the most reliable and effective
pathway for the reproducible synthesis of large, high-
quality CsPbBr3 SCs.

D. Characterization of Optimized CsPbBr3 Single
Crystals

To validate the efficacy of our theory-guided synthesis
protocol, the CsPbBr3 SCs obtained under the optimized
conditions (sample b–1) were subjected to a comprehen-
sive structural, compositional, thermal, and optical anal-
ysis.

1. XRD analysis

The crystal structure and phase purity were assessed
by powder X-ray diffraction (XRD). As shown in Fig-
ure 5(a), all synthesis protocols successfully yield phase-
pure orthorhombic CsPbBr3 (space group Pbnm), con-
firming the formation of the desired perovskite struc-
ture. However, a detailed analysis of the diffraction peak
profiles reveals subtle but significant differences in the
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Figure 4: Photographs of CsPbBr3 SCs obtained under 18 distinct experimental conditions. Rows (a-c) correspond
to different precursor solution treatments: (a) as-prepared solution, (b) solution pre-treated by titration and

re-filtration, (c) pre-treated solution with added seed crystals. Columns (1-6) correspond to different antisolvent
compositions, with the volume percentage of DMSO in the ethanol/DMSO mixture increasing from 0% in column 1

to 50% in column 6, in 10% increments.

crystallographic quality. Sample a–6, grown under the
slowest mass transport kinetics, exhibits consistently nar-
rower diffraction peaks across the entire angular range
compared to those from the optimized b–1 protocol. This
observation suggests that the near-equilibrium growth
conditions of protocol a–6 are highly conducive to achiev-
ing an exceptionally ordered atomic arrangement, mini-
mizing defects at the microscopic level. However, this mi-
croscopic perfection is achieved at the expense of macro-
scopic growth. As shown previously (Figure 3), the a–6
protocol fails to produce large, usable crystals. There-
fore, the b–1 protocol represents the optimal synthesis
pathway. It successfully balances growth kinetics and
lattice quality to achieve the primary goal of this work:
the reproducible fabrication of large, transparent, device-
quality single crystals.

2. EDX analysis

The elemental composition of the optimized crystal
was determined by EDX. The spectrum, shown in Fig-
ure 5(b), confirms the high elemental purity of the crys-
tal, with peaks corresponding only to Cesium (Cs), Lead
(Pb), and Bromine (Br). The quantitative results, sum-
marized in Table II, yield an atomic ratio of Cs:Pb:Br ≈
1.29:1.00:3.49.

This represents a notable deviation from the ideal
1:1:3 stoichiometry. While acknowledging the semi-
quantitative nature of EDX and its sensitivity to sur-
face topography, this significant Cs and Br enrichment
warrants discussion. One plausible explanation is the in-

Table II: Quantitative EDX analysis for the optimized
CsPbBr3 SC (sample b–1). The atomic ratio is

normalized to the lead content.

Element Weight Conc. (%) Atomic Conc. (%) Atomic Ratio

Br 42.43 ± 0.16 60.41 ± 0.22 3.49
Cs 26.04 ± 0.11 22.28 ± 0.09 1.29
Pb 31.53 ± 0.10 17.31 ± 0.06 1.00

Theoretical Ratio (CsPbBr3) 1 : 1 : 3
Experimental Ratio 1.29 : 1.00 : 3.49

corporation of Cs-rich secondary phase micro-inclusions,
such as Cs4PbBr6, which are known to form under similar
synthesis conditions. Although XRD confirms the bulk
phase purity, trace amounts of amorphous or nanocrys-
talline inclusions might not be detectable. Alterna-
tively, as our synthesis operates at the boundary of a
metastable growth window (K=1.5), it is also possible
that the growth conditions promote the formation of in-
trinsic point defects. Theoretical studies suggest that
defects like cesium interstitials (Csi) or lead vacancies
(VPb) can become thermodynamically favorable under
certain conditions [47], which could contribute to the
observed non-stoichiometry. Further investigation with
more quantitative techniques would be needed to defini-
tively distinguish between these possibilities, such as In-
ductively Coupled Plasma Mass Spectrometry (ICP-MS),
X-ray Fluorescence (XRF) or Transmission Electron Mi-
croscopy (TEM) with selected area electron diffraction
(SAED).
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Figure 5: Comprehensive characterization of an optimized CsPbBr3 SC (sample b–1). (a) Powder X-ray
diffractograms of the optimized crystal (b–1) compared to representative samples from other synthesis conditions,

highlighting its superior crystallinity. The reference pattern for the orthorhombic phase (COD ID: 1533062) is
shown at the bottom. (b) Energy-dispersive X-ray spectrum confirming the elemental purity. (c) Thermogravimetric
analysis curve showing high thermal stability. (d) UV-visible absorption spectrum and the corresponding Tauc plot

(inset) for the determination of the optical band gap.

3. TGA analysis

Thermal stability is a critical parameter for the long-
term operational reliability of optoelectronic devices.
TGA was performed to evaluate this property, with the
results shown in Figure 5(c). The TGA curve demon-
strates the excellent thermal stability of the synthesized
SC. No significant mass loss is observed from room tem-
perature up to approximately 550 ◦C, which indicates the
absence of trapped residual solvent molecules within the
crystal lattice and the intrinsic structural integrity of the
material. Above this temperature, a sharp, single-step
decomposition process begins, with an onset temperature
of rapid mass loss at Tm = 610 ◦C. This high decompo-
sition temperature confirms that the crystals are suitable
for applications requiring high thermal and operational
stability.

4. UV-VIS analysis

Finally, the optical quality of the optimized crystal was
investigated using UV-visible absorption spectroscopy.
The spectrum, presented in Figure 5(d), is character-
ized by a very sharp absorption edge located at approxi-
mately 560 nm and a flat, near-zero absorption baseline in
the sub-bandgap region. This steep onset is a hallmark
of a direct band gap semiconductor with a low density
of defect-induced states (Urbach tail), indicative of high
material quality. To precisely determine the optical band
gap (Eg), the Tauc relation for a direct allowed transition
was applied [48]:

(αhν)2 = A(hν − Eg) (7)

where α is the absorption coefficient, hν is the photon
energy, and A is a constant. The Tauc plot of (αhν)2
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versus hν is shown in the inset of Figure 5(d). By ex-
trapolating the linear portion of the curve to the energy
axis intercept, the optical band gap was determined to
be Eg = 2.20 eV. This value is in excellent agreement
with the band gaps reported for high-quality CsPbBr3
SCs in the literature [5, 12, 18, 26, 28], further validat-
ing the high optical and electronic quality of the material
synthesized via our rational design approach.

IV. CONCLUSION

In this work, we have presented a systematic methodol-
ogy for the synthesis of large, high-quality CsPbBr3 SCs,
where experimental design is consistently informed by
theoretical principles. Moving beyond purely empirical
approaches, our study demonstrates a synergy between
fundamental theory and targeted experimentation.

The process began by establishing a rational chemi-
cal space for experimentation. A synergistic 9:1 (v/v)
DMSO/DMF binary solvent was selected to balance the
requirements of high precursor solubility and controllable
crystallization kinetics, a choice rationalized by an analy-
sis of Gutmann’s Donor Numbers. Subsequently, ethanol
was selected from a pool of candidates by evaluating its
properties against key theoretical criteria of miscibility
and controlled mass transport rate using Hansen Solu-
bility Parameters and vapor pressure.

Within this rationally-defined chemical system, a sys-

tematic experimental optimization, guided by the qual-
itative principles of classical nucleation and growth the-
ories, was performed to map the optimal "growth win-
dow". This involved identifying a precursor concentra-
tion of 0.35M as an ideal compromise and implementing
a crucial preliminary titration step to guide the system
into a productive metastable state, thereby suppressing
uncontrolled homogeneous nucleation.

The resulting optimized protocol consistently yields
phase-pure, orthorhombic CsPbBr3 SCs up to 1 cm in
size within one week at room temperature. Compre-
hensive characterization confirmed the high quality of
these crystals, which exhibit excellent crystallinity, ro-
bust thermal stability up to 550 ◦C, a sharp absorption
edge located at approximately 560 nm, and an optical
band gap of 2.20 eV. This work provides a case study
in how fundamental principles of solution chemistry and
crystallization can be applied to move beyond purely em-
pirical optimization, offering a more systematic approach
to protocol design for producing high-quality perovskite
SCs, paving the way for their broader utilization in stable
and efficient optoelectronic devices.
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