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ABSTRACT: The microstructure of solid coatings produced by
solution processing is highly dependent on the coupling between
growth, solute diffusion, and solvent evaporation. Here, a quasi-2D
numerical model coupling drying and solidification is used to predict
the transient lateral growth of two adjacent nuclei growing toward
each other. Lateral gradients of the solute and solvent influence the
evolution of film thickness and solid growth rate. The important
process parameters and solvent properties are captured by the
dimensionless Peclet number (Pe) and the Biot number (Bi),
modified by an aspect ratio defined by the film thickness and distance
between nuclei. By variation of Pe and Bi, the evaporation dynamics
and aspect ratio are shown to largely determine the coating quality.
These findings are applied to drying thin films of crystallizing halide perovskites, demonstrating a convenient process map for
capturing the relationship between the modified Bi and well-defined coating regimes, which may be generalized for any solution-
processed thin film coating systems.

■ INTRODUCTION
Models relating solid microstructure to the kinetics of
nucleation and growth have undergone minimal changes
since the early works of LaMer, Avrami, Volmer, Weber, and
others.1−6 While these models provide qualitative insight into
the growth rates of phase-change systems, their quantitative
application is very limited.7,8 Furthermore, the models were
originally formulated for bulk phase change materials and
therefore do not have the necessary physics to explain the
growth rates in confined geometries, i.e., thin films. The lack of
broad applicability makes the predictive selection of material
and process conditions for high quality films from first-
principles challenging.
As thin film technology grows in application, there is a need

for physics-based film growth models that incorporate
evaporation to predict the final film growth and morphology.
For example, the past decade has seen a surge in research and
development of solution-based processing schemes for perov-
skite thin film technologies.9 However, the complex interplay
between the process parameters and the final film performance
is not well understood. This lack of understanding has arguably
hindered the successful implementation of film processing
methods and resulted in costly trial and error methods to
establish suitable process parameters and solute/solvent
formulations.10,11 It follows that large-area films made by
continuous coating methods necessary for commercial
implementation have lagged considerably behind the perform-
ances obtained in small-scale, batch-processed (especially spin-
coated) research samples.

A poorly coated film may be characterized by incomplete
substrate coverage or an irregular thickness of the final dried
film. Though much work has been done on the formation and
microstructure of grain boundaries, quantitatively predicting
large scale microstructure in drying and solidifying thin films
remains an important challenge in enabling continuous coating
strategies.12,13 Predictive modeling in thin films typically begins
by considering diffusion-driven growth in the bulk, i.e., Fick’s
first and second laws. However, treatment of these equations is
usually local to the solid boundary, such that the transport of
solute through the bulk fluid is effectively semi-infinite, thus
neglecting the effects of confinement and solute depletion by
nearest neighbors or transient solute concentration through
evaporation.9,14 Phase-change models, such as Avrami’s
equation, capture the macroscopic evolution of a system but
do not account for multiple growth dimensions such as lateral
and vertical growth. In a thin film, the wet film height will vary
significantly with evaporation and, by definition, vertically
confine the growing solid domain. The thin film confinement
has been shown to affect growth rates in polymer systems such
as isotactic polystyrene.15 Without quantitative theories that
accurately describe the general physics underlying evaporation
and solidification in thin films, we lack fundamental relation-
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ships by which to select materials and process parameters for
the next generation of scalable thin film processing methods.
In this study, we introduce a novel quasi-2D transient model

that couples growth kinetics, solute diffusion, solvent
evaporation, and interdomain competition for solute. The
model assumes that growth is governed by kinetics at the
nucleated solid surface, while solute transport is regulated by
1D diffusion from the surrounding bulk. The model’s quasi-2D
nature arises from the explicit incorporation of the spatial
variation of liquid film height into the diffusion equation, with
the assumption that solute and solvent diffusion is vertically
fast (thus the concentration only varies laterally and with
time). More specifically, evaporation from the top of the film is
a function of the solvent concentration distribution in solution,
leading to nonuniform evaporative fluxes along the interface.
Nonuniform evaporative fluxes result in variations in solute
concentration that directly affect growth kinetics and the
resulting solid’s surface topography. To account for the moving
solid front, the model employs a finite difference moving mesh
routine. The model is formulated with two dimensionless
parameters, a modified Bi and a Pe, which are used to predict
the transient growth behavior, bulk conditions, and the
resulting solid profile from a nucleated center. The results
are presented in dimensionless form to generalize the results.

■ METHODS
Quasi-2D Physics of Solid Growth and Drying in a Thin

Confined Volume. The schematic in Figure 1 underlines the
important physics of the quasi-2D diffusion and evaporation model.
Figure 1 at t0 displays the initial liquid film consisting of a binary
mixture of solute and solvent confined by a solid surface at x = 0 that
spans the height of the wet film and a symmetry plane in the bulk at x
= b. Solute is treated as a single species with a single diffusion
coefficient and the model ignores any effects due to electrostatics,
intermediate species, or viscosity. However, the former effects are
indirectly incorporated into the linear growth velocity (v0) of the
growing solid domain. In this way, the model is left as general as
possible and agnostic to specific chemical pathways or intermediate
species. The latter effect of viscosity directly affects the diffusion
coefficient; however, the change in viscosity is assumed to be
sufficiently small with time that changes in the solute diffusion
coefficient can be ignored. At the solidifying boundary xxtal(t) (initially
at x = 0) with height y = hxtal, solute transfers from the liquid side of
the boundary to the solid side at a rate that is assumed to be governed

by first-order kinetics, i.e., proportional to the degree of super-
saturation. A concentration gradient in solvent and solute arises from
the depletion of solute at the solidifying boundary, which drives the
diffusion of solute from the bulk liquid toward xxtal. Simultaneously,
solvent is removed in the y-direction vertically by evaporation through
the top of the film at a rate proportional to the local solvent
concentration. As solidification and drying proceed, the location of
the solidifying interface advances toward the far boundary of the
domain, i.e., xxtal(t → ∞) = b. The model assumes that only solvent
evaporates and that the evaporation rate is calculated along the film
position as a function of the local solvent concentration, such that the
wet film height is allowed to vary with position x, i.e., h(x, t).

We also neglect convective effects due to gradients that may
develop in height, surface tension (Marangoni and “coffee ring”), or
temperature (Rayleigh−Benard).16,17 These assumptions are reason-
able for sufficiently thin films where the evaporation rate is such that
instabilities cannot develop appreciably and for steady-state coatings
(such as roll-to-roll) where dewetting is avoided. This assumption is
justified experimentally by Ahmadian-Yazdi and Eslamian, who have
shown that in the context of perovskite films thinner than 80 μm
Marangoni type instabilities can be ignored.18 Thus, the model and
discussion in this work are restricted to thin films that remain stable
during the drying process.

We assume that all concentration gradients in the y-direction are
zero, i.e., the diffusion in the y-direction is very fast compared to
evaporation. This assumption is justified by calculating the mass
transfer Bi (Bi = τD,y/τevap = Hβ̅/D), where D is the diffusion
coefficient, H is the wet-film thickness, and β̅ is the average
evaporation velocity. The transient solution for vertical diffusion
(leading to vertical concentration gradients) is typically ignored when
Bi ≪ 1, which is the case for many common volatile solvents used in
thin film coatings (see Table S1, Supporting Information).19 Using
coating conditions typical of slot-die coated films on a substrate near
100 °C, i.e., a wet film thickness of H = 5 μm, τevap ≈ 1 s, and a
diffusion coefficient of (D = 10−9 m2/s) gives Bi = 0.025, which we
assume to be sufficiently small to ignore vertical diffusion effects.20

Overall, the model and results presented here are restricted to wide
thin films far from any three-phase contact lines with Bi ≪ 1, such
that Marangoni and Rayleigh−Bernard instabilities can be ignored
and vertical diffusion is unimportant.

Transport Equations in the Confined Fluid. The solute
concentration as a function of space (x) and time (t) is determined by
the solute species volume balance. Additionally, a total volume
balance (solute and solvent) is also used to solve for the height of the
film. The equations are then recast in terms of the solute volume
fraction, ϕA. Details of the derivation are provided in the Supporting

Figure 1. Schematic depicting relevant physics of coupled solidification and drying in a thin film. (a) A top−down representation of the
solidification pathway in a thin film corresponding to nucleation (initial condition), growth, and termination. (b) A side view corresponding to the
quasi-2D model formulated here, depicting the solid−liquid interface (xxtal) approaching the symmetry plane at (x = b).
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Information (Section S.1). Changes in solute volume fraction and
height of the liquid film in one dimension are given by
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where D is the binary diffusion coefficient, ES,V is the evaporative
volume flux with units of [m3/(s m2)], h is the wet film thickness, pvap
is the solvent vapor pressure, R is the gas constant, and T is the
temperature of the vapor phase. If partial molar volumes are constant,
there is also only one binary diffusion coefficient, i.e., DA = DS.

19 It is
assumed that the liquid and vapor phases are isothermal and remain at
the same temperature throughout the entire system for the duration
of solidification and drying, i.e., the heat of solidification and
evaporative cooling are not considered. Note that the second term on
the right-hand side of eq 1 arises due to the nonuniform evaporation
of solvent at the wet film height, h. The evaporative flux is defined
following the work of Ternes et al. and is proportional to the mass
transfer coefficient (β) and an evaporative driving force.20 Raoult’s
law is used as the first approximation of the solution vapor pressure.
Note that the right-hand side denominator [1 + ϕA (V̅S/V̅A − 1)]
comes from converting Raoult’s Law expressed in mole fraction of
solvent to volume fraction of solute. In the dilute limit of ϕA → 0 or
the single species limit of V̅S/V̅A → 1, eq 2 takes the familiar form of
ES,V = κ(1 − ϕA) where κ is a mass transfer coefficient. In the
concentrated limit of ϕA → 1, then eq 2 takes the form of ES,V = κ′(1
− ϕA) where κ′ is a mass transfer coefficient modified by the species’
molar volume ratio, i.e., κV̅A/V̅S. β is a function of the rate of air flow
in the vapor phase and is assumed to be constant. The exact value of β
will depend on the specific experimental drying conditions and
solvent species; however, the magnitude is limited to a range of 2
orders in magnitude, i.e., natural convection to highly forced
convection.21,22

It is useful to recast the time derivatives into a moving mesh for
convenience of the numerical solution, such that the mesh node, n,
can follow an arbitrary motion, in this case, the solidifying boundary.
The following “moving mesh” formulation is defined
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where ζi defines the fractional position of node i such that ζ1 = 0 ≤ ζi
≤ ζN = 1, N is the total number of nodes in the domain, i is the node
number, xi is the position of the node along the domain, and vix is the
velocity of the node i in the x-direction. The choice is made in eqs 3
and 4 that the nodes are always spaced uniformly. Thus, the final
equations to be solved are given by
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where d/dt is a time derivative following the motion of the nodes as
opposed to the partial derivatives in eqs 1 and 2.
Scaling. The following natural scaling parameters have been

chosen: x̂ = x/b, ĥ = h/h0, and t ̂ = t/τD,x, where τD,x = b2/D, i.e., the
characteristic lateral diffusion time scale. Substitution into eqs 6 and 7
gives
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All relevant coefficients relating to solvent properties and
evaporative physics were combined into a dimensionless modified
mass transfer Bi (Bi*), where Bi* = BiΛ2 = (βh0αS/D)(b2/h02). Bi* is
proportional to the ratio of the evaporation time scale normal to the
air−liquid interface (τevap = h0/β) with the time scale of solute
diffusion toward the solidifying surface parallel to the substrate (τD,x =
b2/D). Bi is the traditional mass transfer Biot number, defined as the
ratio of the vertical solute diffusion time scale (τD,y = h02/D) to the
evaporation time scale at the surface. αs is defined as the solvent
vapor−liquid phase expansion coefficient, which is a ratio of the
solvent liquid molar volume to the solvent vapor molar volume
(V̅Spvap/RT). In this work, we include αs within Bi* for convenience.
Λ is an aspect ratio defined by the half-distance between adjacent
nuclei over the initial wet film height. When taken as a ratio of
horizontal to vertical diffusion time scales over the initial bulk fluid,
Λ2 = τD,x/τD,y = b2/h02. Λ2 arises naturally from the non-
dimensionalization of the transport equations and modifies the
traditional Bi. Note that in addition to the assumption above, i.e., Bi
≪ 1, this model assumes Λ must be large enough that the time scale
for horizontal diffusion between nuclei is significantly larger than the
vertical time scale for diffusion through the wet film thickness, and
vertical concentration gradients are negligible. v̂ is the dimensionless
velocity of the solidifying boundary, defined as v̂ = vxtal/v0 where v0 is a
characteristic velocity. Nondimensionalizing the convective term
introduces a dimensionless Pe, defined as Pe = v0b/D. The
characteristic velocity of the system may be selected depending on
the desired numerical scaling or the choice of solidification growth
model. In this work, the instantaneous initial velocity of the solidifying
interface is used unless stated otherwise, i.e., v0 = v(xxtal, t = 0). The Pe
is the ratio of the solidifying velocity time scale (τv = b/v0) between
adjacent nuclei to the horizontal diffusion time scale (τD,x), which are
both defined parallel to the substrate.

To summarize
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The two derived dimensionless groups, Bi* and Pe, may be used to
compare the relative magnitudes of drying and solidification processes
in the thin film. While simple to define, the terms used to define Bi*
and Pe represent complex, coupled, and/or nonlinear constitutive
relationships that depend directly and/or indirectly on process
parameters such as temperature and drying air velocity but also on
formulation-specific properties like nucleation and solidification rates.

Boundary and Initial Conditions. The following initial
conditions are specified at t ̂ = 0

= =x tIC: ( , 0)A A
0

(10)

= =h x tIC: ( , 0) 1 (11)
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where ϕA
0 is the initial volume fraction of solute in the liquid phase.

For simplicity, eq 10 specifies that the initial solute volume fraction in
the liquid phase is uniform at ϕA

0 over the entire substrate. Note that
the model imposes a uniform film height at t ̂ = 0, which is typical of
the condition observed in the bulk of a wide coated film far from the
three-phase contact line. For example, this assumption would be
consistent with continuous coating techniques such as roll-to-roll slot-
die coating of perovskite films, where the film is processed in a
continuous steady state. At the symmetry boundary far from the
solidifying interface (x̂ = 1 is the halfway point between adjacent
nuclei), the following symmetry boundary conditions are applied

=
=x

BC: 0
x

A

1 (12)

=
=

h
x

0
x 1 (13)

At the solidifying interface, eq 14 is derived from a volume balance
of the solute at the moving interface

= |
=x

PevBC: ( )
x x

x
A

xtal A
solid

A
xtal

xtal
(14)

v̂xtal is the velocity of the solidifying boundary relative to the substrate
and ϕA

solid is the volume fraction of the solute in the solid. Here, it is
assumed that ϕA

solid = 1 meaning that the volume occupied by a
molecule of solute is the same when it is dissolved in a solvent as
when it has solidified. The velocity of the solid interface can then be
expressed as a function of the liquid solute volume fraction at the
interface (ϕA,xtal) and the diffusion of solute to the interface from the
bulk.

A rate equation is used to determine the velocity of the solidifying
interface. Assuming first-order kinetics, the velocity of the solidifying
boundary in 1D is defined as follows

=v k x t( ( , ) )xtal g A xtal A
sat

(15)
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A
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A
sat

(17)

=v 10 (18)

kg is the first-order rate constant, ϕA (xxtal, t) is the volume fraction of
solute in the liquid phase at the solidifying boundary, and ϕA

sat is the
solute volume fraction saturation, which is typically solute/solvent
and temperature-dependent. The right difference (ϕA(xxtal, t) − ϕA

sat)
represents the degree of supersaturation. Both vxtal and kg have units of
[m/s]. Furthermore, the simplification of the solidification kinetics
into a simple rate equation enables useful interpretation of known
macroscopic kinetics without detailed knowledge of specific pathways
or growth mechanisms.23,24 More complex growth models may be
used in place of the first-order rate law, such as a power law or
Michaelis−Menten kinetics. For simplicity, only a first-order rate law
was considered here. However, it will be shown that the growth of
finite solid domains is only weakly dependent on the solidification
kinetics, which means that a first-order rate law may be sufficient to
approximate most cases.
Solution Method. Numerical solutions were obtained using the

variable-step continuous implicit solver ODE15s in MATLAB.25 The
left-hand sides (time derivatives) of eqs 8 and 9 were solved using the
state-dependent mass matrix (moving mesh) method.26 The right-
hand sides (spatial derivatives) were formulated as a set of explicit
differential algebraic equations (DAEs) and discretized via finite
differences. Solution convergence was defined by a relative tolerance
of εrel = 10−10 and an absolute tolerance of εabs = 10−9. Over the 1D
domain (0 ≤ x̂ ≤ 1), a mesh of 200 nodes provided a reasonable

balance between solution accuracy and computational efficiency over
the range of simulated conditions and was used for all presented
results unless stated otherwise. All models were terminated when
99.9% of the initial solute volume was transferred from the liquid film
into the growing solid. Further details regarding the numerical
solution are provided in the Supporting Information (Section S.2).

Semi-Infinite Growth Model. In contrast to the finite domain
model presented above, an alternative semi-infinite growth model was
formulated to highlight the differences of unconfined growth without
competition over solute by neighboring nuclei. For the semi-infinite
case, the numerical mesh was fixed to a moving reference frame such
that the width of the domain remained constant and both the left-
hand boundary and right-hand boundary were moving at the same
velocity equal to the solidification velocity (see Supporting
Information, Section S.4). In this semi-infinite solution, the symmetry
boundary conditions (eqs 12 and 13) remained the same; thus, the
domain width needed to be extended such that the solute gradients
generated by the growing solid did not interact with the opposite
boundary. It was determined that a dimensionless width of 10 was
sufficient to approximate a semi-infinite bath (see Supporting
Information, Section S.3). Note that the growth of a single solid
domain in an infinite bath is the semi-infinite diffusion−convection
problem, which has a known analytical solution in the absence of
drying.19

Model Validation. Two limiting cases were used to verify the
numerical accuracy of the model: (1) Pe = 0, which represents solvent
drying without solidification and (2) Bi* = 0, which represents solute
solidification without drying.

Drying without Solidification, Pe = 0 Limit. In the absence of
solidification (i.e., Pe = 0), only the wet film height changes due to
evaporation, since no solid forms. Thus, eq 9 may be rewritten in
terms of the wet film height by recognizing that the overall volume
fraction of solute is inversely proportional to the uniform decrease in
wet film height, i.e., ϕA = ϕA

0 ĥ0/ĥ

= * +h
t

Bi
h

h h

V
V

d
d

1 A
0

0

A
0

0

S

A

1i

k
jjjjjj

y

{
zzzzzz (19)

For convenience, we define ĥs = ϕA
0 ĥ0V̅S/V̅A as the uniform dry film

thickness scaled by the ratio of solute and solvent molar volumes.
Integrating and solving explicitly for ĥ gives
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(20)

where W is the Lambert W function or product logarithm. When t ̂ →
∞, the time-dependent argument of W goes to zero and W(0) = 0.
The height of the wet film approaches the theoretical dry film
thickness, i.e., ĥ(t ̂ → ∞) = ϕA

0 ĥ0. This simplification allows for an
analytical expression for film height and solute volume fraction, which
is detailed in the Supporting Information (Section S.5).

Figure 2 shows the analytical solution for both the change in the
average wet film height (ĥ) and the change in solute volume fraction
(ϕA) over time with the corresponding numerical model results. The
wet film height approaches ĥ = 0.25 as t ̂ → ∞, which is the average
uniform dry film thickness predicted by the initial conditions ϕA

0 =
0.25 and ĥ0 = 1. The solute volume fraction approaches ϕA = 1 as t ̂ →
∞, which represents the total aggregation of available solute in the
domain. In this limit, all solutions are shown to collapse to a single
curve when the time is scaled by the Bi*.

Solidification without Drying, Bi* = 0 Limit. In the limit of no
drying, i.e., Bi* = 0, eqs 8 and 9 reduce to the case of diffusion-driven
solidification in the bulk. The model assumes that the solid height is
always equal to the wet film height at the interface during
solidification. In the limit of Bi* = 0, the constant wet film height
results in a rectangular solid, i.e., ĥxtal(x̂, t)̂ = 1, see Figure 3a. The rate
at which the solid interface advances through the bulk is dependent
on solidification kinetics (Pe) and diffusion.
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Similar to the limit of Pe = 0, an analytical expression for
nondiffusion-limited growth was derived (eq 21, details provided in
the Supporting Information, Section S.6). Here, a lumped parameter
approach was taken that assumes fast diffusion in the liquid film, such
that the solute volume fraction throughout the wet film is treated as
an average value across the domain
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As t ̂ → ∞, the location of the solid−liquid interface grown without
drying reaches the limit x̂xtal(t ̂ → ∞) = (ϕA

0 − ϕA
sat)/(1 − ϕA

sat). In this
case, time may be scaled by Pe in order to produce a master curve for
the case where diffusion is very fast and gradients do not develop in
the bulk. As the solidification rate increases (increasing Pe), the scaled
solutions begin to deviate as solute transport to the solidifying surface
is limited by diffusion.

The well-known LaMer model for diffusion-driven growth provides
an additional comparison with our numerical and analytical results.
The LaMer model was originally formulated in a seminal work to
describe particle growth from solution, and the 1D case is detailed in

the Supporting Information (Section S.7) for completeness.1 Here, ϕA
0

= 0.25 and ϕA
sat = 0.1, which is within the range of supersaturation

predicted by theory and experiments.28 As an approximation of
growth into a semi-infinite bulk, the LaMer model predicts that
growth approaches a limit defined by the degree of supersaturation
(ϕA

0 − ϕA
sat). However, in a confined system, the bulk domain is finite

and shrinks as the solid interface grows. Thus, the position of the
interface actually approaches (ϕA

0 − ϕA
sat)/(1 − ϕA

sat) as t ̂ → ∞.
Figure 3c shows that, at short times, LaMer’s model represents the

upper limit for the initial growth rate. LaMer’s model, though
originating from Fick’s law, actually neglects diffusion across the bulk
by imposing boundary conditions corresponding to saturation at the
growing particle interface and a flux equal to the growing particle rate
at the far boundary. Therefore, the fast diffusion lumped parameter
solution and LaMer’s model only remain accurate at shorter initial
times as diffusion increasingly limits solute transport to the interface
(and solute concentration gradients through the bulk are negligible).
In other words, the LaMer model only accurately predicts growth at
early times when solute diffusion to the growing interface is faster
than the depletion of solute near the interface by the growing solid.

These two limiting cases served as a model validation to ensure that
the model was capable of capturing the important physics of drying
and growth. In both cases, our model was able to accurately capture
the expected result. We now look at the less intuitive results of mixed
solid growth and drying.

■ RESULTS AND DISCUSSION
The results and discussion are organized as follows: first, a base
case result is described so that the complex effects of solute
diffusion, solidification rate, and decreasing wet film height on
the solid profile can be examined in detail. By estimating
substrate coverage based on the end point of the profile
relative to the domain boundary, the predicted solid profiles
give a first approximation of quality in a real coating.
Specifically, in Figure 4c, the termination of this curve at a
value x̂ < 1 indicates the presence of a void from the point of
termination up to the start of the next solid across the
boundary. Finally, these results are combined to construct a
generalized process map and case study that provides a
quantitative guide to designing solution-based thin film coating
processes.

Detailed Example Case. Figure 4 displays a typical set of
model results detailing the effects of coupled solidification and
drying on the solute volume fraction, wet film height,
deposited solid profile, and growth velocity. Both solidification
and evaporation were chosen to be similar in magnitude (Pe =
1 and Bi* = 1) and the initial conditions correspond to a
uniform film with ϕA

0 = 0.25 and ϕA
sat = 0.1. At short times,

Figure 4a shows that the solute concentration near the solid−

Figure 2. Wet film height over time for the numerical (circles) and
analytical solution (solid line), which also match the solution derived
by Ternes et al. for the case where only drying is considered.20,27 The
secondary axis (orange) displays concentration over time, which is
uniform throughout the wet film during drying due to the uniform
initial condition. Initial solute volume fraction is 0.25. Residuals
comparing the numerical and analytical solution are presented in the
Supporting Information (Section S.3).

Figure 3. (a) Solid profile formed without drying [Bi (0) = 0]. Dashed line separates solid (left) and liquid bulk (right). (b,c) Comparison of solid
interface position over time between the analytical solution (eq 21, solid line), the 1D Cartesian LaMer diffusion-driven growth model (dashed
line), and numerical results as Pe is increased. Pe = 0.01 (circles), Pe = 0.1 (triangles), Pe = 1 (squares), and Pe = 10 (diamonds).
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liquid interface rapidly approaches ϕA
sat, while the concen-

tration far from the interface remains near ϕA
0 (increasing

slightly due to evaporation) initially. Recall that the
constitutive growth rate chosen in eq 15 is linear so the
concentration of the interface is reflected by the solid interface
velocity in Figure 4d [v̂xtal ∝ (ϕA,xtal − ϕA

sat)]. At t ̂ = 0.248
(orange curve), the velocity of the interface reaches a
minimum as the growing solid depletes solute at a rate that
is balanced by the replenishment of solute via diffusion and
evaporation. The constant growth rate is reflected by the linear
increase in the interface position over time in Figure 4f. As t ̂ =
0.804 (green curve), the wet film height decreases so that
evaporation begins to appreciably concentrate the solute and
accelerate the growth of the solid. In this regime, dĥ/dt ̂ is
constant (Figure 4e); however, the relative effect of
evaporation on solute concentration increases (compared to
diffusion and growth) as the wet film height decreases (the
evaporation term in eq 8 is proportional to ϕA/ĥ).
At t ̂ = 1.209 (purple), evaporation drives the growth rate to

a maximum velocity and the majority of the predicted solid
profile has been established (Figure 4c). The velocity reaches a
maximum nearly four times greater than the initial growth rate.
For the conditions presented in this work, up to a 6-fold

difference in growth rate from the initial growth velocity is
achievable. This may be shown from a simple calculation based
on the known solute solubility and reaction rate laws, i.e., v̂max/
v̂0 = (ϕA

xtal − ϕA
sat)/(ϕA

0 − ϕA
sat). Here, ϕA

xtal = 1, ϕA
sat = 0.1, and

ϕA
0 = 0.25, thus v̂max/v̂0 = 6. Such a significant variation in

growth rate could affect the chemical and physical attributes of
a real solid, including composition partitioning, defects, and
grain size distribution.
Importantly, the substrate coverage and connectivity of

neighboring solids are approximated by the final position and
height of the solid (Figure 4c, green). The predicted solid
profile in Figure 4c is a parametric plot of the height (Figure
4e) and position (Figure 4f) of the interface over time and
represents a cross-section of the solid’s topography over the
substrate (ĥ = 0). The conclusions presented in this study
largely rely on constructing similar solid profiles to predict the
average degree of substrate coverage based on the end point of
the solid profile relative to the x̂ = 1 symmetry boundary. It is
worth noting that a corresponding axisymmetric model,
corresponding to eqs 8 and 9 can be derived and solved
(not shown here) to better approximate a spherulite-like
domain. However, the symmetry plane at x = b no longer
become physically relevant in the axisymmetric case. In reality,

Figure 4. Example results from a semi-infinite quasi-2D drying and solidification model. (a) Solute volume fraction in the liquid as a function of
position. (b) Dimensionless wet film height as a function of position. Successive curves denote separate numerical solutions over time for parts
(a,b). (c) Solid interface height as a function of position, which estimates a deposited solid profile. (d) Velocity of the interface over time. (e)
Height of the wet film at the solid interface over time. (f) Position of the solid interface over time. Thick lines and circled points correspond to the
same time points: t ̂= 0 (blue), t ̂= 0.248 (orange), t ̂= 0.804 (yellow), t ̂= 1.209 (purple), and t ̂= 1.232 (green). All results are for the case where Pe
= 1, Bi* = 1, ϕA

0 = 0.25, and ϕA
sat = 0.1.

Figure 5. Comparison between predicted solid profiles for finite (solid blue) or a semi-infinite (orange dashed) model for a characteristic Pe = 1 for
(a) Bi* = 0.1, (b) Bi* = 1, and (c) Bi* = 10.
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there would be other nuclei located at discrete angles, θ.
Nonetheless, the results were computed considering the 1D
axisymmetric versions of the model equations and boundary
conditions to determine if the trends in Figure 4 are general for
different geometries. Interestingly, the results of the axisym-
metric model (Supporting Information, Section S.8) show the
same trends as the Cartesian model and only differ slightly in
the solid profiles. Thus, we expect that these results are
translatable to more realistic solid growth scenarios that
involve radial growth. The remainder of the paper uses these
process−structure relationships to examine how substrate
coverage and differences in solid thickness profiles emerge
from differences in the drying and solidification behavior of
thin films.
Confined Growth Limits Coverage at Low Bi*.

Confined growth occurs when two adjacent growing solids
deplete interstitial solute over a length scale greater than half
their separation distance, such that the growth rates of two
neighboring solids are a function of their proximity. To
illustrate this point, a direct comparison between the
previously described finite model and the semi-infinite model
was made. The semi-infinite growing solid has access to an
unlimited quantity of solute in the bulk transported through
the boundary at x̂ = 1, while the finite solid is limited by the
initial solute present in the domain. Figure 5a shows that at low
Bi*, the solid profile of the finite model significantly diverges
from the semi-infinite solution, illustrating the necessity of
including interdomain competition in order for the model to
manifest the phenomenon of depletion and void formation.
When Bi* is small, the length scale for horizontal diffusion
exceeds the midpoint between adjacent growing solids and the
growth is confined. Note that at early times, the semi-infinite
and finite profiles overlap as evaporation is the same in both
cases and the initial growth depletes the local solute from
supersaturation to saturation. At Bi* ≪ 1, τD,x ≪ τevap such
that evaporation does not appreciably concentrate the solute in
the bulk and gradients across the domain are minimized. The
finite and semi-infinite profiles diverge around x̂ ≈ 0.2 in
Figure 5a. For the finite model, solid growth depletes solute
and the solute concentration in the liquid film between
adjacent domains decreases to near saturation. Thus, the solid
in the finite growth model can continue to grow only when
evaporation increases the solute concentration above satu-
ration. In contrast, the semi-infinite model allows the solid to
grow continuously since the solute is replenished via diffusion
far from the solid−liquid interface.
A depletion zone is defined by the presence of the bare

substrate after complete evaporation, as shown in Figure 5a.

This occurs due to the confined volume between solid
domains, which limits the number of molecules available for
growth. At Bi* = 0.1, the confined solid terminates (99.9%
solute consumed) at approximately x̂ = 0.6, leaving nearly 40%
of the substrate uncoated. The initial growth of the finite solid
produces a tall, “plateau-like” shape since solid growth is faster
than the decrease in the height of the liquid interface, depleting
the bulk of the solute and leading to a sharp drop-off in solid
height. Depletion zones are defined by the length of the
uncoated substrate and are found to be significant when Bi* ≪
1. Confined solid growth leading to depletion zones is
expected to form highly disconnected coatings with poor
substrate coverage.
At Bi* = 10 (Figure 5c), the finite growth model shows no

effects of confinement, which is denoted by the overlap
between semi-infinite and finite model solutions. At all times
during growth, the depletion depth from the growing solid
front is very small since the solute in the bulk is sufficiently
concentrated through solvent evaporation and τevap ≪ τD,x.
Therefore, at sufficiently high Bi*, the spacing between
neighboring solid domains does not play a role in the shape
and thickness profile, and the thickness of the solid domain
approaches the theoretical average thickness (ĥavg = ĥ0ϕA,0)
near the symmetry boundary (x̂ = 1). Under these conditions,
the solute concentration far from the solid interface approaches
ϕA ≈ 1 due to high evaporation rates and the system is “melt-
like” as the degree of supersaturation exceeds what may be
considered reasonable for most salt-based solute−solvent
systems and is more similar to highly concentrated polymers
or solidifying melts.
As Bi* increases, the “disconnected” solid profile becomes

increasingly “connected” to its adjacent neighbor at the
symmetry plane and the uncoated depletion zone diminishes.
This transition occurs within a narrow range of intermediate
Bi* values (0.1 < Bi* < 10). Within the transition regime, the
solid profile shape is sensitive to both Bi* and Pe. Solid profiles
produced at either high or low Bi* (Bi* ≥ 10 and Bi* ≤ 0.1)
are relatively insensitive to order of magnitude changes in Pe.
This is further described in Figure 6.
At low Bi*, the growth of the solid domain is driven by the

initial supersaturation and solidification kinetics. For Bi* = 0.1,
an inflection point occurs at the knee of the curve
corresponding to a transition into a drying-driven growth
regime, at approximately x̂ = 0.18 and ĥ = 0.9. As Bi* increases,
the inflection point appears earlier in the thickness profile
corresponding to an overall shift toward drying-dominated
growth. This shift corresponds to the minimum in growth
velocity over time, where the initial solidification rate is fast

Figure 6. Domain thickness profiles comparing the effect of changing Pe at Bi* for the (a) Bi* = 0.01 disconnected coating regime, (b) Bi* = 1
transition regime, and (c) Bi* = 100 uniform coating regimes.
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until the local solute at the interface is depleted and the
velocity does not increase again until evaporation drives the
concentration of solute in the bulk. For Bi* = 10, nearly the
entire solid profile is controlled by evaporation. Under these
conditions, the growth velocity is always increasing due to
evaporation, increasing supersaturation at a rate that exceeds
the consumption of solute at the solidifying boundary. As Bi*
becomes large (e.g., at Bi* = 10), a local minimum in the solid
profile emerges around x̂ ≈ 0.2 due to extremely rapid local
drying at the solidification interface. The height of the wet film
is reduced more rapidly near the solidifying interface due to
the greater solvent concentration compared to the bulk wet
film far from the solidifying boundary. At high Bi*, the
assumption that the height of the growing domain is always
equal to the height of the wet film at the interface produces an
initial “spike” at x̂ = 0 to ĥ = 1. Since this is the simplest
approximation possible with a quasi-2D model, it is likely that
this artifact would not be present with a 2D growth model
nucleated in the bulk or at the substrate surface, which may in
fact produce dimpled domains at high Bi*. In a real system,
solution is likely also present above the growing solid, at both
early times when the size of a nuclei is less than the height of
the wet film xxtal < h0, and during growth since the saturation
volume fractions are often less than 0.25. While a 2D model
would certainly improve the quantitative solid profile
predictions, the overall coverage of the solid is not expected
to be significantly different between the 2D model and the
results presented here. The reason for this is that the vertical
growth of the solid is limited to an early time since depletion of
the solute above the solid would happen relatively quickly.
Thus, most of the solid coverage is determined by the
horizontal growth of the solid domain.
Uniform solid films are produced at high Bi*, which can be

achieved through engineering of the drying rate (β), nucleation
rate and time (b), solvent properties (αS, pvap), or coating
parameters (h0). However, the relationship of these parameters
is not always intuitive. For example, one might posit that an
increasing nucleation rate might lead to more uniform films.
However, a higher nucleation rate will lead to more closely
spaced nuclei and smaller b, which would decrease Bi* and
lead to a worse quality film. This occurs because closely spaced
nuclei increase the effect of confinement (Bi* ∝ b2), leading to
more incomplete coverage through competition over solute
between adjacent solid domains. In real systems, it is likely that
the strong coupling between common variables (such as
temperature and drying air velocity) that are used to increase

the nucleation rate also simultaneously lead to faster
evaporation rates (higher Bi*) that may improve film quality.
This interplay between nucleation rate and evaporation rate is
most important when Bi* ≈ 1, i.e., the transition regime, which
is sensitive to changes in Pe or Bi*. These results signify the
importance in developing nucleation models that take into
account process parameters such as temperature and
concentration.

Pe Only Affects Morphology in the Transition
Regime. The previous section showed that Bi* significantly
affects the solid profile and determines whether adjacent
domains are connected or disconnected. Figure 6 shows that
for the finite model, solidification kinetics characterized by Pe
have only a small impact on solid thickness profiles. At very
fast or slow evaporation rates (Bi* ≥ 100 and Bi* ≤ 0.01),
orders of magnitude changes in Pe have nearly negligible
effects on the predicted solid profile, and important features
such as the depletion zone width and thickness approaching
the symmetry plane remain unchanged. Only within the
transition regime (Figure 6b, 0.1 ≤ Bi* ≤ 10) are changes in Pe
found to significantly impact the solid profile and connectivity.
In this work, the range of Pe, 0.1 ≤ Pe ≤ 10, was chosen for its
relevance to crystallizing salt systems, which tend to have fast
(mm/s) linear growth rates.29,30 We observe from Figure 6
that for low and high values of Bi*, there is little to no effect of
Pe on the overall shape of the solid. However, when Bi* = 1,
see Figure 6b, the effect of Pe is very pronounced. For Pe = 1
and 10, the solids show thin connected regions across the
entire domain. However, for Pe = 0.1 (slow kinetics compared
to diffusion), the shape of the solid profile is very similar to
Figure 6c with a uniform film (thickness hxtal = ϕA

0 ĥ0)
connecting adjacent domains. This result suggests that for
Bi* ≈ 1, increasing the solidification time scale relative to the
diffusion time scale is a method of improving solid coverage.
The fact that Pe plays a major role in the solid connectivity

and morphology at moderate modified Bi, i.e., Bi* = 1, means
that we must also consider the contributions of convection.
Recall that in the models presented here, we assume that the
only mechanism of solute transport is diffusion. However, it is
easy to think of scenarios where the dominant transport
mechanism is rotational convection cells, such as those
induced by Rayleigh−Bernard or Marangoni effects. Such
convective flows could significantly enhance the transport of
solute to the interface, which would largely decrease the
effective Pe and Bi*.18,31,32 Therefore, it is not clear to what
degree Pe may be controlled in practice. For example, by

Figure 7. Solid height profiles for different Pe at Bi* = 1. Panels (a) Pe = 0.1, (b) Pe = 1, and (c) Pe = 10 contain curves with different degrees of
supersaturation corresponding to ϕA

0 = 0.25 and ϕA
sat = 0.1 (blue), ϕA

0 = 0.25 and ϕA
sat = 0.1 (orange), ϕA

0 = 0.5 and ϕA
sat = 0.1 (yellow), and ϕA

0

= 0.5 and ϕA
sat = 0.4 (purple).
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heating the substrate from below (Rayleigh−Bernard) and/or
from above (Marangoni), it is possible that significant
convection within the thin films occurs, which would increase
the diffusion velocity and thus decrease Pe. In practice, it is
reasonable that thin film dynamics are limited to very low Pe.
In any case, the conclusions and trends are the same for
convection, and one need only consider the contribution of
convection to the magnitude of Pe.
Solubility and Supersaturation. Figure 7 shows that

overall, ϕA
0 and ϕA

sat have a minimal effect on the solid profile
shape and connectivity, even within the transition regime at
moderate Bi*. The solute concentration and solubility (ϕA

sat)
are often the first experimental parameters to be optimized for
poor thin film coatings. Solubility can be directly tuned via
temperature. Here, ϕA

0 is used to control the total volume of
the solute present within the initial wet film, but it is also the
solute concentration at nucleation (ϕA

0), which is difficult to
predict experimentally. In practice, the average thickness (ĥavg
= ϕA

0 ĥ0) is usually a critical quality attribute so the range of
allowable concentrations may be limited by the achievable
coating thicknesses for any given coating process.
Figure 7a,b shows that at low to moderate Pe, 0.1 < Pe < 1, a

greater ϕA
0 generally only leads to a greater average thickness.

The shapes of the solid profiles are only slightly affected by
ϕA

sat due to changes in the rate constant kg needed to maintain
the same Pe for each set of results (assuming the b and D are
constant). At high Pe = 10 (Figure 7c), increasing ϕA

0

increases confinement, resulting in the same “plateau-like”
growth observed at low Bi* = 0.01 (Figure 6) for ϕA

0 = 0.25
and ϕA

sat = 0.1. The plateau becomes less apparent as ϕA
sat

increases (ϕA
0 = 0.5, ϕA

sat = 0.4, purple curve). A higher degree
of supersaturation has a greater v0, which for the same Pe
results in a larger length-scale for diffusion transport of the
solute. This effectively increases the ratio of the diffusion
length-scale to the half-distance between solid domains. As
explained earlier, once this ratio approaches and exceeds unity
(at Bi* = 1), the gap between domains is depleted and the
solids are disconnected.
Outside of the transition regime, when Bi* ≥ 100 and Bi* ≤

0.01, changing ϕA
0 or ϕA

sat has no significant effect on the
diffusion length-scale and thus the solid profile. The only
appreciable change is an increase or decrease in the average
solid thickness (see Supporting Information, Section S.9).
Coating Quality Process Map. As discussed in prior

sections and shown in Figures 5 and 6, Bi* largely controls the
connectivity and uniformity of the deposited solid in an
evaporating thin film. Therefore, it is interesting to consider
the effect of experimental parameters on the solid coverage of
the final films. Bi* is composed of two independent
dimensionless groups, the traditional Bi and the square of
the aspect ratio, Λ2, which together determine the
experimentally achievable substrate coverage. Bi accounts for
the coating and drying process parameters, such as the
evaporation mass transfer coefficient, solvent vapor pressure,
and coating thickness. The magnitude of Bi is predominately
determined by the choice of solvent, i.e., vapor pressure and
binary diffusion coefficient. Λ is a function of the nucleation
flux, solute solubility (saturation concentration), and film
thickness and must be determined experimentally.
Figure 8a represents a process map of Bi and Λ2, where the

characteristic growth rate to diffusion ratio is uniform for all of
the conditions represented in the map (i.e., Pe = 1). The
diagonal lines represent the final film solid coverage calculated

by the quasi-2D model. The dashed line corresponds to Bi* =
1. There are two distinct regions corresponding to poorly
connected solid domains (substrate coverage <0.5) and well
connected solid domains (substrate coverage >0.99). Note that
Pe does not depend on Λ, and smaller values of Pe would shift
the coverage lines toward smaller values of Λ, making it easier
to reach higher coverages, as described in detail in Figure 6. A
moderate value of Pe = 1 is observed to be in good agreement
with the experimental results. Note that the process map does
depend on the value of Pe and would need to be redrawn for
specific cases.
Several thin film coating and drying experiments were

carried out to test the validity of the process map. The
archetypal perovskite photovoltaic salts methylammonium
iodide (MAI) and lead iodide (PbI2) were dissolved at a 1:1
stoichiometric ratio to make 0.5 M solutions of methylammo-
nium lead iodide (MAPbI3) in the solvents gamma
butyrolactone (GBL), dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO). The three solvents were chosen
for their very different magnitudes of Bi, with DMF being the
highest due to having a vapor pressure nearly four times greater
than DMSO and nearly seven times greater than GBL at 100
°C. Additional values of Bi calculated for common perovskite
processing solvents are given in Table S1; see Supporting
Information. Wet films were coated targeting 5 μm, with a
stage temperature of 100 °C onto glass substrates. Λ was
measured using microscopy images, as seen in representative
images in Figure 8b−d. The value of b, ergo Λ, is significantly
different for the solvent choices. To calculate Λ, the spacing
between crystalline domains was determined from the top−
down bright-field microscope images in Figure 8b−d, and the
height h was estimated based on cross-sectional SEM (see
Supporting Information, Section S.11). In doing so, we assume
that the domain boundaries evident in the dry film remain
unchanged by annealing; that is, no significant domain
consolidation or ripening occurred in the solid state; this
assumption was not tested further. Solid coverage area for each
film was determined using ImageJ image processing software.
Detailed calculations for each thin film sample shown in Figure

Figure 8. (a) Coating quality process map of Bi vs Λ2 with lines
corresponding to fractional substrate coverage at 99.9% total solute
volume solidified for Pe = 1. Labels for GBL, DMF, and DMSO
approximate the position of common pure solvents used in the
processing of the MAPbI3 thin films shown. Films were made via slot-
die coating at 100 °C for 0.5 M MAPbI3 in (b) GBL, (c) DMF, and
(d) DMSO with measured b nuclei half-spacing and actual coverage
measured via ImageJ (see Supporting Information, Section S.11).
Scale bars are 40 μm.
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8b−d are provided in the Supporting Information (Section
S.11).
Placing the experimental conditions for each solvent system

onto the process map in Figure 8a shows an acceptable
agreement between the predicted coverage and the actual
films. The actual coverage for GBL (59%) and DMF (84%)
was surprisingly close to the predicted values of roughly 60%
and 80%, respectively. As seen in Figure S12, the coverage area
via the image processing procedure falsely counts areas near
the center of the crystal domain as not covered. Thus, the
calculated coverage for DMSO (89%) is slightly lower than
expected. However, the coverage area calculation could be
improved by better thresholding algorithms, which are outside
the scope of this work.33 Overall, these experiments show
excellent agreement with the quasi-2D model presented here.
Although the model does seem to correlate to experimental

results, the image analysis has also highlighted some important
limitations of the model. For example, the model assumes a
single nucleation event; however, the images clearly show a
large number of smaller secondary crystals (or nuclei) between
the larger primary domains (most clearly visible for the GBL
film). It is evident from in situ microscopy (not shown) that
these secondary domains nucleate after the larger primary
domains have formed. In its current form, the model allows for
the solute volume fraction to rise significantly above the initial
degree of supersaturation, approaching 1 in some cases. It is
likely that as the solute volume increases toward 1, there may
be either a secondary nucleation event in the liquid phase or
the liquid phase undergoes an “amorphous” solidification,
which could crystallize later. One could imagine a secondary
nucleation event incorporated into the model at the symmetry
plane when the solute volume fraction reaches a threshold
supersaturation for a sufficient length of time. It is likely that
this case would be relevant only at moderate to high Bi*, where
solute volume fractions approach 1. However, at high Bi*, the
evaporation is already sufficiently large to produce uniform
films, such that the introduction of additional nuclei would not
alter the overall trends in shape and coverage. At moderate Bi*,
the inclusion of additional nuclei would only serve to reduce
the local aspect ratio, Λ, increasing competition for solute and
leading to a premature termination of the primary crystal
growth and thus poorer film coverage. While secondary
nucleation events have been directly observed experimentally,
subsequent nucleation events are outside the scope of this
preliminary model, and the overall trends observed are not
expected to differ.
Other important considerations include the effect of

solvent−solute coordination and antisolvents during process-
ing. All three solvents used in this study have been shown to
coordinate with lead iodide with affinity increasing with their
donor numbers, i.e., increasing in order of GBL, DMF, and
DMSO.34,35 Our model results may explain why solvent
mixtures have been employed with considerable success. For
example, DMF−DMSO mixtures have shown very high
coverage in the formation of perovskite films.11,36 The mixture
of these two solvents could act favorably in tuning Bi and Λ
separately, e.g., DMF allows for a high Bi and DMSO allows
for a large Λ by forming a strong solvent−solute complex.37

Antisolvents are commonly employed in spin coating to
produce void-free films.11,38,39 Even though our model was
derived based on simple coating and drying physics, the results
presented here can be put into the context of the antisolvent
method. More specifically, the antisolvent drives the solute to

precipitate by significantly decreasing the solubility of the
solute in the solvent mixture. The rate of solvent mixing is
orders of magnitude greater than the solvent removal rates
achievable by evaporation. In other words, the success of the
antisolvent method is equivalent to the predictions for a high
Bi*. Future work is underway to better understand the
relationship of different solvents and solvent mixtures on the
process map, as well as how changing solvent compositions
during drying may influence the solidification pathway.
Finally, the process map has important implications for how

to improve crystal coverage using process parameters. A
common approach in the literature for increasing crystal
coverage of a given solvent−solute system is to increase the
substrate temperature or the convective drying air velocity,
which effectively increases β. The process map suggests
improvement of coverage if increasing β increases only Bi
with no decrease in Λ. However, in reality, these effects are not
so simple. For example, Hossain and co-workers showed that
increasing β significantly decreases b (Hossain et al., 2023,
publication in preparation, Supporting Information, Section
S.12). More specifically, films of MAPbI3 in GBL coated at 20
and 80 °C had Bi ≈ 4 × 10−5 and Bi ≈ 1 × 10−3, respectively.
However, in the case of MAPbI3 in GBL, a higher process
temperature led to higher nucleation rates and smaller nuclei
spacing, from b ≈ 3 μm at 20 °C to b ≈ 0.25 μm at 80 °C.
Thus, increasing β by 2 orders of magnitude increased Bi
proportionally but decreased Λ2 by 2 orders of magnitude from
Λ2 ≈ 1 to Λ2 ≈ 8 × 10−3, such that Bi* was unchanged. The
constant Bi* translated to no effective change in crystal
coverage, as reported by the researchers. This result is most
likely due to the retrograde solubility of MAPbI3 in GBL,
which results in more nucleation with increasing temperature.
Nevertheless, these results suggest that solvent choice largely
predetermines the location on the process map and that
process parameters have very little impact on significantly
improving crystal coverage, but more work is needed to make a
definitive conclusion. These results emphasize the importance
of fundamental studies relating process parameters and b. Only
then can we develop a quantitative understanding of whether
and how process parameters can be used to control crystal
coverage.

■ CONCLUSIONS
In most diffusion-driven solidification models, stable nuclei in
thin films are assumed to grow from a semi-infinite medium
such that subsequent growth is kinetically limited.9,14,40−42

However, the assumption of growth into a semi-infinite
medium is not relevant for thin films. This work presents a
quasi-2D model to understand the effect of processing
parameters on solid growth in thin films. The model assumes
that the film is sufficiently thin such that diffusion in the
horizontal direction is dominant and that evaporation dictates
the height of the wet film. Nondimensionalization of the
governing equations revealed two dimensionless groups: the
modified Biot number, Bi*, and the solidification Peclet
number, Pe. The model results clearly show that the solid
morphology and film coverage are predominately determined
by the magnitude of Bi*, which is a combination of the
traditional Bi (i.e., process parameters) and Λ2 (i.e., nucleation
physics).
There are essentially three important regimes of Bi*: high,

low, and intermediate. At Bi* < 1, the horizontal diffusion
length scale quickly exceeds the separation distance between
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neighboring nuclei, such that confinement leads to depletion,
which significantly reduces thickness uniformity and con-
nectivity between solid domains. Only when Bi* ≫ 1 are the
horizontal diffusion length scales small enough to prevent
depletion, such that the substrate is uniformly coated. At
intermediate modified Biot number, i.e., Bi* ≈ 1, the coated
film quality is sensitive to the value of Pe and can range from
poorly coated to fully coated depending on the value of Bi*
and Pe. The model results are quantitatively validated via the
coating and drying of perovskite thin films using three different
solvent systems, with additional Bi values calculated for
common solvents not examined in this study are given in the
Supporting Information (see Table S1). The model and
experiments are in good agreement.
Although our experimental case studies focused on perov-

skite photovoltaic films, the model results are presented in a
generalized way so as to apply to arbitrary solute−solvent(s)
systems, drying methods, and coating processes. A process map
was constructed via the two fundamental dimensionless groups
Bi and Λ. This representation shows two distinct regimes of
poorly (<0.5 coverage) and fully (>0.99 coverage) connected
coatings, and an intermediate transition regime where the
coverage strongly depends on the value of Bi and Λ.
Experimental results clearly showed that Bi and Λ are strongly
coupled and are not easily manipulated independently. This
fact has important implications for the ability to effectively
control solid morphology and coverage via process parameters.
Strategies for moving around the coating quality process map
include achieving high evaporation rates, minimizing Pe, and
increasing the aspect ratio Λ (as a function of process
parameters like concentration, coating thickness, temperature,
seeding, salt formulation, and solvent choice). However, more
work is needed to measure and better understand the range of
Λ achievable for a given solute−solvent choice. For now, we
conclude that the solid morphology and coverage appear to be
predefined by the choice of solute−solvent system. We look
forward to the comparison of future experimental results to
better understand the relationship between processing
parameters and solid film morphology. Such experiments are
the subject of ongoing research.
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■ NOMENCLATURE
x, position, m
xxtal, position at solid−liquid interface, m
x̂, dimensionless position, �
x̂xtal, dimensionless position at solid−liquid interface, �
xi, node position, �
b, domain width, �
h, film height, m
h0, initial film height, m
hxtal, height at solid−liquid interface, m
ĥxtal, dimensionless height at solid−liquid interface, �
ĥ0, initial dimensionless height, �
t, time, s
τD,x, characteristic lateral diffusion time scale, s
τD,y, characteristic vertical diffusion time scale, s
τevap, evaporation time scale, s
D, diffusion coefficient, m2 s−1

t,̂ dimensionless time, �
v, velocity, m/s
v0, characteristic initial velocity, m/s
vi,x, node velocity in x-direction, �
v̂, dimensionless velocity (v/v0), �
v̂xtal, dimensionless solid interface velocity, �
v̂0, initial dimensionless solid interface velocity, �
kg, first-order rate constant, m/s
ϕS, solvent volume fraction, �
ϕA, solute volume fraction, �
ϕA

0, initial solute volume fraction, �
ϕA

sat, saturation solute volume fraction, �
Pe, Peclet number, �
Bi, traditional Biot number, �
Bi*, modified Biot number, �
Λ, wet film aspect ratio, �
ES,V, evaporative volume flux, m3/m2/s
β, mass transfer coefficient, m/s
αS, solvent liquid−vapor expansion coefficient, �
pvap, solvent vapor pressure, Pa
R, gas constant, m3 Pa K−1 mol−1

T, temperature, K
V̅A, solute molar volume, m3/mol
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V̅S, solvent molar volume, m3/mol
i, node number, �
ζi, fractional node position, �
N, total nodes in domain, �
εrel, relative tolerance, �
εabs, absolute tolerance, �
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