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Abstract

In numerous solution-processed thin films, a complex morphology resulting from liquid-liquid
phase separation (LLPS) or from polycrystallization arises during the drying or subsequent
processing steps. The morphology has a strong influence on the performance of the final device
but unfortunately the process-structure relationship is often poorly and only qualitatively
understood. This is because many different physical mechanisms (miscibility, evaporation,
crystallization, diffusion, advection) are active at potentially different time scales, and because
the kinetics plays a crucial role: the morphology develops until it is kinetically quenched far
from equilibrium. In order to unravel the various possible structure formation pathways, we
propose a unified theoretical framework that takes into account all these physical phenomena.
This phase-field simulation tool is based on the Cahn-Hilliard equations for diffusion and the
Allen-Cahn equation for crystallization and evaporation, which are coupled to the equations for
the dynamics of the fluid. We discuss and verify the behavior of the coupled model based on
simple test cases. Furthermore, we illustrate how this framework allows to investigate the
morphology formation in a drying film undergoing evaporation-induced LLPS and
crystallization, which is typically a situation encountered, e.g., in organic photovoltaics

applications.
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1. Introduction

In the field of renewable energies, organic electronics or membrane technologies, devices
containing thin films or a stack of thin layers are very common. Solution processing is a method
of choice for the fabrication of many of these devices. This processing route is often simple,
low-energy demanding, low-cost and scalable, which makes it very attractive especially in an
industrial context. Therefore, successfully producing well-performing devices with solution
processing can be a fundamental milestone on the way to the market for future technologies.
Typically, a thin film consists of one or several materials dissolved in a solvent or a solvent
blend. The mixture is deposited on a substrate by various methods such as spin coating, doctor
blading, slot-die coating or inkjet printing. ™! Then, the film is dried until the solvents fully
evaporate. Finally, the dry film might undergo additional processing steps, for instance thermal
annealing or solvent vapor annealing. The performance of the fabricated device depends not
only on the properties of the selected materials, but also on the morphology of the dry thin films.
This morphology develops during the fabrication process, especially during the drying phase.
Therefore, it is highly desirable to understand the physical processes driving the morphology
formation in order to gain control over the process-structure relationship and to propose

improved processing routes for better device performance.

Solution-processed organic photovoltaics (OPV) is a very good example of such a system where
the process parameters are of highest importance for device performance. The organic
photoactive layers are typically 100-300nm thick and made of two materials, one electron donor
(frequently a polymer material) and one electron acceptor. The current understanding of the
structure-property relationship can be summarized as follows: 21 B1 141 Bl the desired structure is
a so-called ‘bulk heterojunction’, a co-continuous nanostructure of separated, relatively pure
donor and acceptor regions with a significant crystallinity (typical crystal sizes of 10nm), and a
mixed phase in between. This allows for high exciton separation efficiency, low recombination
rates, high charge carrier mobilities and pathways to the electrodes for electrons and holes. The
bulk heterojunction concept has led to very successful results over the past two decades, the
best solar cells efficiencies now reaching 16-18%. [61 "1 1 [¥1 By contrast, the process-structure
relationship is poorly and only qualitatively understood since the direct experimental
assessment of the arising morphology is difficult. The general picture is the following: (1 (101 L]
[12] 131 starting from a very dilute, mixed wet film after deposition, the concentration increase
upon drying leads to the onset of crystallization of one or both materials and/or liquid-liquid
phase separation (LLPS). Whether these phase transitions occur and in which order of
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appearance depends on the one hand on the thermodynamic properties of the chosen material
system. On the other hand, the kinetic properties of the drying mixture strongly influence the
final morphology. This is because they vary over orders of magnitude upon drying, especially
when polymer materials are involved, so that the system is kinetically quenched at a point far
from its thermodynamic equilibrium. The available time before this quench typically
determines the domain sizes, topology and crystallinity of the bulk heterojunction. Therefore,
the final morphology is strongly influenced by the fabrication process. It can be optimized by
changing parameters such as the temperature, the choice of the solvent, addition of an
antisolvent, or post-processing steps allowing further evolution of the film (thermal annealing,
solvent annealing). (%1 51 [41 (151 161 \joreover, since the film morphology is not at equilibrium,
it might in principle evolve during operation of the device and contribute to lifetime limitations
or loss of efficiency. [1"]

The question to be solved to understand the morphology formation of such systems is a non-
equilibrium thermodynamics problem. The evolution of a mixture with variable composition
(due to solvent removal) towards its thermodynamic equilibrium should be described depending
on time, until the evolution becomes too slow and no noticeable changes can be observed, even
if this ‘final’ state is still far from equilibrium. The objective of this paper is to present a
simulation framework which is able to describe such a situation. Considering the situation for

solution-processed OPV, the following features and physical processes are considered:

e The framework should be able to handle multicomponent mixtures with very different
materials. For OPV, a mixture of three materials (polymer donor, small molecule
acceptor and solvent) is the minimum requested, and a mixture of four materials (use of

an antisolvent or a third photoactive material) is after all quite common.

e The thermodynamics should take into account the liquid-vapor phase transition for
solvents (for evaporation in the case of drying or absorption by the film for solvent vapor
annealing), the liquid-solid phase transition for all other materials (crystallization)
including the handling of polycrystalline structures, and the miscibility of the mixture

(LLPS by spinodal decomposition or nucleation and growth).

e The mass transport is expected to occur either by diffusion, by advection or by both, so

that both processes should be considered.

e The kinetic properties (diffusion coefficients, crystallization rate, viscosities) are crucial
for the proper description of the morphology formation. They have to be strongly
composition-dependent.
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e Even if it is not a critical problem for OPV, drying polymer mixtures or crystallizing
systems (like solution-processed photoactive perovskite layers) often lead to rough dry
structures featuring even sometimes uncovered substrate regions, which might
dramatically hamper the device quality. The flexibility of the film surface and
occurrence of dewetting processes should be handled consequently.

e The various rate processes (diffusion, fluid flows, evaporation, nucleation and growth,
phase coarsening) occur with time scales that not only vary with composition, but also
often differ by orders of magnitude (consider for instance the diffusion time over 100nm
in a solvent, which is roughly 10 microseconds, with evaporation times usually
exceeding one second). This has to be possible in the framework to perform simulations
with realistic parameters and to obtain satisfactory agreement with experimental

measurements.

These requirements are inspired by the typical example of OPV, but obviously they are generic
and applicable to many other similar material systems. Thus, the framework presented in this
paper is not restricted to OPV, and it can be used for other applications where part or all of the
features described above have to be taken into account. Similarly, it is not restricted to the
simulation of drying films but can also be used for instance for solvent vapor annealing, thermal

annealing or morphology evolution during device lifetime.

It has been highlighted that the kinetic evolution is of highest importance for the structure
determination. Together with the considered time scales and length scales of the structures
(typically from a few nanometers to more than a micrometer wet film thickness for OPV), this
makes small-scale simulation methods not well suited for this problem, even if very relevant
results have been obtained by molecular dynamics, dissipative particle dynamics or self-
consistent field theory. [18 [291 [20] [21] Mesoscale or continuum mechanics methods are more
appropriate in terms of reachable time and lengths scales. Monte Carlo based lattice models 2%
or the Lattice Boltzmann method [231 [241 [25] [26] [27] haye been successfully applied to the
simulation of phase separating mixtures, crystallization and evaporation. In addition, the phase-
field (PF) method is a very attractive alternative and the most widely used method to deal with
these topics. It is a well-established, versatile technique to handle interfacial problems with
diffuse interfaces, starting with the thermodynamic description of the mixture through a free
energy functional, so that phase transitions are taken into account in a very natural way. It is
not the objective of this paper to propose an exhaustive review of the numerous scientific

questions PF methods have been applied to, and the reader is referred to the existing literature
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for this purpose. [281 [29 [30] [31] [32] [33] [34] [35] [36] [37] [38] Djfferent parts of the requirements
described above have already been investigated with PF simulations for a long time and we will
give in the following some striking examples picked from the available literature. The
description of pure LLPS or pure crystallization goes back to the early work of Allen, Cahn and
Hilliard. (3% [401 141 More recently, PF simulations have been used extensively to investigate
spinodal decomposition in multicomponent systems, 421 431 [441 [43] hojling and evaporation, (461
[471 1481 1491 crystallization in liquid mixtures or solid blends, 501 51 1521 [531 [541 1351 [56] 571 jnterplay
between crystallization and LLPS, 581 59 [60] evaporation induced LLPS [611 [62] [63] [64] [65] [66]
[671 [68] [69] or evaporation induced crystallization °l. The most relevant work to the problem
handled in the current paper has probably been published by Saylor and Kim, who investigated
LLPS and crystallization in evaporating polymer films for drug delivery applications. [t 721 [73]
[741 The coupling to fluid dynamics has been investigated and used by many authors. [ [71 1771
[78] [79] [80] [81] [82] [83] [84] [85] [86] [87]

However, to the best of our knowledge, no PF framework that meets all of the specifications
listed above has been proposed so far. Recently, we developed on the one hand a PF framework
for the investigation of miscible or immiscible multicomponent crystallizing mixtures. 8 On
the other hand, we proposed a new general PF framework for the description of evaporating
liquid mixtures taking into account surface deformation, [ which we modified and improved
in order to better match theoretical and experimental results. % In the current paper, we now
couple and extend these models, in particular taking into account thermal fluctuations and
coupling them to the dynamics of the fluids, finally building a general framework that fulfills
all the requirement detailed above. This enables us to investigate the morphology formation of
multicomponent mixtures upon drying, even if the materials are immiscible and/or crystalline.
The model equations are given in the following section (section 2). Then, we discuss the
numerical implementation (section 3) and present benchmarks and simple test cases (section 4).
We present simulations of structure evolution upon drying using the full coupled model (section

5) and finally discuss our results and possible perspectives (section 6).

2. Model Equations

2.1. Free energy functional

The phase-field equations described in this paper result from the coupling of the models

reported in our previous work, % and the reader is referred to these papers for more details.
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The simulated mixture is composed of n fluids which can have a liquid and a vapor phase.
Among them, n.,s; materials are able to crystallize. The composition of the system is
described at any point in time and space by the respective volume fractions of these materials
@;. The phase state of each crystalline material is characterized by n,.,s; order parameters ¢
which vary from 0 in the liquid/amorphous phase to 1 in the solid/crystal phase. Additionally,
for each crystalline material, one marker field 8, allows for identification of the distinct
crystallites. The value of 8, is defined only where the crystals are present, and remains
undefined in the liquid/amorphous or in the gas phase (see more details below). In the case
where evaporation plays a role, the simulation domain includes not only the condensed phase,
but also part of the vapor phase. ng,;,, materials are solvents that can evaporate from the mixture
and go into the vapor phase, which is nevertheless mainly composed of a further material (which
will be called the ‘air’). The solvents progressively escape from the simulation box and are
replaced by the air. % The transition between the drying mixture and the gas phase is tracked
with a single order parameter ¢,,,,, Which varies from 0 in the condensed phase to 1 in the vapor

phase. We start writing the total free energy of the system as

Grot = f (AGy© + AGyo™oc)av 1)
14

where V denotes volume of the system. AG°¢ is the local free energy density and AG*°™°¢ the

non-local contribution due to the field gradients. The local part of the free energy is defined as

(1= p(bvap 1)) 465 ({:), (91)

26 (0}, (9, (03, buey) =+ P(Prap DA Uoid) )
+ AGV Y P ({(pk}' d)vap)
+ A6 ()

The first term on the right-hand side of Equation 2 stands for the change of the free energy
density in the condensed phase. It describes the mixing and crystallization properties of the

mixtures:
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The first term on the RHS of Equation 3 represents the free energy density variation upon

crystallization, where g(¢,&) = ¢2(¢p —&)? and p(p, &) = p2(3& — 2¢)/E? are

interpolation functions classically used in phase-field simulations of crystallization processes.

301 1331 p, is the density of the material k and AG, " = Ly (L - 1) its free energy density of

Tmxk

crystallization, calculated from its enthalpy of fusion L, and its melting temperature T,, x,
respectively. &k is the value of the order parameter for which, in a pure material, the free
energy density of crystallization is minimized and represents the maximum crystallinity of the
material. The energy barrier to be overcome during the liquid-solid (or amorphous/crystalline)
phase transition is taken into account with the help of the double-well function g, and its height
is determined by the parameter W, . In a mixture, the free energy density variation upon
crystallization is proportional to the volume fraction to the power y,,. y,, is classically assumed
to be equal to 1 but we expect other dependencies to be possible. For instance, assuming that
the energy gain upon crystallization corresponds to a decrease of the pairwise interaction energy
between nearest neighbors would lead to y,, = 2.

The term in the brackets of Equation 3 refers to the free energy of mixing, basing on the concepts
of the Flory-Huggins theory. [ There, R is the gas constant, T the temperature, v, the molar
volume of the lattice site as defined in the Flory-Huggins theory. N; is the molar size of the
material i in terms of units of the lattice site volume, so that its molar volume is v; = N;v,. The
@;lngp; part is the ideal mixing term, while the double-sum terms represent the enthalpic
interactions between the respective materials. The first double-sum, corresponding to the liquid-
liquid (or amorphous/amorphous) interactions, is the usual contribution initially proposed by
Flory and Huggins, x;;,; being the interaction parameter between the amorphous phases of
materials 7 and j. The second and third double-sums are a generalization to multicomponent

mixtures 8 of the extension of the Flory-Huggins theory to crystalline materials initially
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proposed by Matkar and Kyu for binary systems [°2 [31, They stand for the interactions between
the liquid/amorphous phase of material j and the solid/crystalline phase of material k (with

interaction parameter yx, ;s ), and for the solid-solid (crystal/crystal) interactions (with
interaction parameter yy; ss), respectively.
The second term on the right-hand side of Equation 2 stands for the free energy of the gas phase.

[ Here, for simplicity, the mixture is assumed to be ideal with gases of the same molecular

size, so that the local free energy contribution reads

AG, ({p:)) = %z <piln( o > (4)

(psat,i

In the equation above, @, ; = Psqri/Po and @; = P; /Py, Where Py, ; is the vapor pressure of
the fluid 7, P; its partial pressure in the gas phase and P, a reference pressure. The local free
energy is interpolated at the condensed-gas phase interface between AG5°™¢ and AG,“? using

again the smooth function p.

The third term in on the right-hand side of Equation 2 is an interaction term between the gas
phase and the crystals and prevents the overlapping of the order parameters of the crystals with
the one of the gas phase:

Neryst

Ye
AG‘(/:rystvap ({¢k}r ¢vap) = z Ek (‘pk' ¢k) (g_k> d)vapyv (5)
k=1 0.k

Here, Ei (@, ¢) is the interaction energy which will be discussed in more details below, and
Y. and y, are exponents that are classically equal to 1 or 2 in multiple-field phase-field

modelling. (33 (21

The last local term of the free energy functional is a purely numerical contribution introduced
for stability purposes. 'Y It prevents the volume fractions values from leaving the desired,
physical ]0,1[ interval even when the thermodynamic properties of the mixture lead to the
formation of very pure phases. This numerical contribution reads as:

n
26 o) = ) ©

i=1 "1
B and y,, are numerical coefficients. S is chosen as small as possible in order to grant numerical

stability, without significantly modifying the physical behavior of the simulation.
The non-local contribution of the free energy represents the contribution of surface tension,

which originates from volume fraction gradients and from liquid-solid and liquid-gas phase

changes:
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k; is the surface tension parameter for the concentration gradient of material 7 Although k; is
expected to depend on the composition in the case of polymer materials, [ it is assumed to be
constant in this work for simplicity. ¢, are the surface tension parameters for the gradient of the
order parameter of material k, and represent the contribution to the surface tension of the liquid-
solid phase state variation. g, are the surface tension parameters for the marker value gradients
of material k. Following the ideas proposed during the development of the orientation-field
phase field (OFPF) model, [543 191 [ the corresponding term in Equation 7 stands for the
orientation mismatch energy between different single crystals of a given material and is
responsible for impingement of the crystallites. As stated by the delta function 6, it is defined
only where there is a defined marker value jump, namely at the boundaries between two
different crystallites. Note that this contribution is the same for all grain boundaries of a given
material k. This is a simplification as compared to OFPF models, which leads to the fact that
separate crystallites never merge in our framework. Finally, €,4, is the surface tension
parameters for the gradient of the order parameter representing the condensed-gas phase

transition.

2.2. Kinetic equations: volume fractions

Using the free energy functional detailed above, we can define the exchange chemical potential

density, for all fluids from 7ton — 1 as

gen _  gen _
Hyi —Hyn =

SAG, 8AG, 0AG, 0AGy, < dAGy ) ( dAGy ) @

Sp; b, 0¢; 0o, (Vo)) d(Vn)
The evolution of the volume fraction fields considering purely diffusive motion is the so-called
Cahn-Hilliard equation, proposed by Cahn and Hilliard for binary mixtures [ [0 gnd
generalized later for multicomponent mixtures. 41 #21\When thermal fluctuations are taken into

account, this equation is known as the Cahn-Hilliard-Cook equation. ¢ In this work, the phase-
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field equations are coupled to the dynamics of the fluids (see below), so that we use the

advective Cahn-Hilliard-Cook equation for the i = 1...n — 1 materials:

09; ;
— == Z AV (ST = o) | + ocen’ ©

This equation is the general version of the stochastic advection-diffusion equation for a
multicomponent mixture. We use a single velocity field v for all fluids. The Onsager mobility

coefficients A;; are symmetric, 4;; = A;;. The evolution of the volume fraction for the last

material is deduced from the volume conservation, ¥, ¢; = 1. {c;" is a coupled Gaussian

space-time white noise preserving the fluctuation-dissipation theorem, meaning that for all
materials i and j, (Geu' (D) =0 and (o' (r, 0o’ (7, 6)) = =22 46 (¢ -

tYV(8p(r —1"))], where N, is the Avogadro number and ¢y, is a prefactor used to adjust the
intensity of the noise. The mobility is interpolated between the mobility in the condensed phase

A§7"?, and the ones in the gas phase 47"

4= ( Af]‘?"d)(l ¢vap)( Avap bvap (10)
In the gas phase, we assume the composition dependence of the mutual diffusion coefficients
and the coupling between fluxes to be weak so that the mobility coefficients are written as
AP = @D;*Pand A;7 = 0, where D is the Fickian diffusion coefficient of the gas in the
air. In the condensed phase, the mobilities depend on the diffusion coefficients, but they are
also composition-dependent. The “slow-mode theory” and the “fast-mode theory”, proposed by
De Gennes P4 and Kramer 1, respectively, are implemented in the model. The expressions of

the mobility coefficients in the liquid phase read for the slow mode model as

( d w;
Jcond _ w.<1 __l)

i i Z;{lzl wy, (11)

Acond — wiwj
\ v T W
and for the fast mode model as
( n
Acond - (1 - (pl)za)l + (pl Z Wy
k=1k=+i
*1 n (12)
A = —(1 = @) jw; — (1 — @) piw; + 99 Z ap

k k=1k=i%j

Here, the coefficients w; are defined as w; = N;; D™ ({¢;}, {$:}), whereby D™ is the

self-diffusion coefficient of the material 7, which depends on the mixture composition and of

10
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the phase state (amorphous or crystal). The self-diffusion coefficient in the liquid/amorphous

phase D“" is strongly dependent on the mixture composition in a non-trivial way. We use in
this work a simple power law known as the Vignes law, [*8] D“q (p) = (D"”‘_’l)(pk, where

D;f’ik_’l is the self-diffusion coefficient of the (liquid) i""-material in the k™ pure (liquid) material.
Nevertheless, other simple assumptions can be made (weighted arithmetic or harmonic mean
for instance). Additionally, the diffusion coefficient is expected to drop over orders of
magnitude upon liquid-solid transition. To take this effect into account, we introduce the

interpolation function defined by

1
log(f(x,d,c,w)) = Elog(d) (1 + tanh(w(x — c))) (13)
The penalty for the variable x is defined by 3 parameters d, ¢ and w determining its amplitude
d, its center position ¢ and its width w, respectively. Taking the product of the self-diffusion

coefficient in the liquid state and of this penalty function, D" is calculated as

(p]—>1 I

DI ({0} ($i) = f Deors csz,wsal_[ (14)

In the equation above, ¢, = 1 — n”y“(l — ¢,) is an estimate of the overall crystallinity at

a given position, and dg;, cs, wg are the amplitude, centering and width of the diffusion

coefficient variation upon liquid-solid transition.

2.3. Kinetic equations: evaporation method

The evaporation model and its behavior have been already presented elsewhere % and we here
only briefly recall the approach and the equations. It mimics the Hertz-Knudsen representation
of evaporation: the solvents undergo a very fast liquid-vapor phase transition, so that the vapor
on top of the drying liquid is in quasi-static equilibrium with the condensed phase. The
evaporation Kinetics is governed by the comparatively slow diffusion process of solvent
molecules from this (high partial pressure) equilibrium layer to the (low partial pressure)
environment. The evolution of the order parameter of the gas phase is given by the advective

Allen-Cahn equation:

Obvap v, 4Gy ( dAG, ) (15)

+ vV —M —

ac TP = TR | 5g T oW ey
Here, M, is the mobility for the condensed-gas phase interface. It is chosen to be very high,
so that the quasi-static equilibrium between the condensed and the gas phase is ensured at any

11
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time. The vapor phase is always already present at the beginning of the simulation (initial
condition) and thus there is no need for fluctuations in Equation (15) to trigger evaporation.
What is expected from the evaporation procedure is mainly to obtain the proper evaporation
kinetics and time-dependent concentrations within the film. It has been verified in a previous
papert® that this is the case, even without noise term in the Allen-Cahn equation. All materials
considered in the simulation are present in the condensed phase as well as in the gas phase,
because all volume fractions have to be strictly larger than 0 and smaller than 1. However, we
distinguish 3 types of materials: first, the solutes are assumed to have a very low vapor pressure,
so that the vapor state is very unfavorable for them (see Equation 4), and their volume fraction
in the gas phase is very small. Thus, they stay in the condensed phase. Second, the solvents
have a high vapor pressure and can escape from the condensed phase to move into the vapor
phase. Due to the very fast Allen-Cahn kinetics, this results in the whole vapor phase being in
equilibrium with the condensed phase. In order to model the diffusion process which is
responsible for the evaporation kinetics, the solvents are driven out of the simulation domain
by an outflux boundary condition at the top of the box. Third, the air is assumed to have a very
high vapor pressure and therefore is almost exclusively present in the vapor phase. As solvents
leave the simulation box, they are replaced by air to ensure the conservation of volume,

1 @; = 1. Note that we apply the tremendous simplification that the solvent densities do not
vary upon liquid-vapor phase transition, which has been shown to not affect the proper

simulation of the drying kinetics. [°]

Because the condensed and the gas phase are in quasi-static equilibrium, the evaporation
kinetics is fully independent of the mobility M,,,,, of the surface tension parameter &,,, and
more generally, of the interface profile. It is fully determined by the expression of the outflux.
If the solvent volume fractions in the gas phase were equal to zero or negligible, the outflux

would be written as

vo N prP N\

. 0 i i,simu

=g |—_"ip N AU Ry 16
]l,HK a 21RT D 0 <§0sat,1 < (psat,i > @i ) ( )

Here, ¢;° is defined as ¢;° = P;*/P,, with P;° being the partial pressure in the environment

vap
i,simu

and a being the evaporation-condensation coefficient. ¢ is the simulated volume fraction

of the material i in the vapor phase. This equation is the classical Hertz-Knudsen formula, [

vap \N;

where the term <M> compensates the assumption of constant densities. However, in order

Psat,i

to recover exactly the Hertz-Knudsen behavior, the outflux needs to take into account the (not

12
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always negligible) amount of solvent in the gas phase. The associated mass balance leads to the
final expression of the outflux implemented at the upper boundary of the simulation box:

L ' . Zmaxnﬂap
i = o — (070 + AP Z i | + L2 pgpn (17)

ke{solv}
Here, A} o)

simu

is the volume fraction variation in the vapor phase during a single time step,
Zmax the height of the simulation box and I}, the proportion of vapor phase in the whole box.
2.4. Kinetic equations: crystallization

The evolution of the order parameters of the k = 1...n.., crystalline materials obeys the

advective stochastic Allen-Cahn equation:

6¢k Nkvo OAGV ( 0AGV

—_— = —— — k
Fyal vV, Rt M\ G, 6(|7¢>k)) + 0acf (Pr g, oW )ac (18)
The mobility coefficient M, for the solid-liquid interface for crystals of material k can be chosen

to be either constant, M, = M, , or related to the self-diffusion coefficient of that material in
the amorphous phase M;, = M, , D;f,‘j (o)) /Dslf,fk. Such a dependence is expected, '™ because

crystal growth is not only driven by the thermodynamic properties, but also by the local mobility
of the crystallizing atoms or molecules that have to spatially arrange in order to attach to the

crystal. In this second case, the mobility is substantially increased when a solute is dispersed in
a very mobile phase, for instance in a solvent. {,-* is again a Gaussian white noise preserving
the fluctuation-dissipation theorem, 1% je. for each material k, ({,c*(r,t)) =0 and
(Cac (T, O (', 1)) =

nucleation and grain coarsening in the simulations. Here again, o, is a prefactor used to adjust

ZNkUO
Na

M 6, (t —t')6p(r — r"). This noise term is responsible for

the intensity of the noise. f(qbk, dg, ce, wg) is again defined by Equation 13 with the parameters
d¢, cg, we defining the amplitude, center and width of the interpolation function. This can be
used to damp the fluctuations in the already crystalline domains, mainly in order to improve
numerical stability without impacting the physical behavior of the simulation. Other methods
have been proposed to simulate nucleation without using these numerically expensive
fluctuations, typically by manually introducing new nuclei with a given (composition-
dependent) nucleation rate, (101 12021 1031 1041 jnclyding calculation of the proper nucleation rate,
as well as radius 1191 1521 531 and shape 12961 12071 While being quite simple for binary blends with

relatively homogeneous volume fractions in the liquid phase, these methods can become

13
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complex in the situation we are after in this work, with three or more materials and a possibly
very strong composition inhomogeneity. Another classical argument against the use of the
stochastic Allen-Cahn equation is that nucleation events are expected to be rare, so that a
considerable amount of time steps and thus a prohibitive computation time is required until
nuclei arise spontaneously from the thermal fluctuations. Fortunately, for applications like
solution-processed photovoltaics, nucleation occurs within time scales comparable to the drying
time (and hence the simulated physical time), so that the nucleation events are indeed frequent.
These reasons led us to consider the stochastic Allen-Cahn equation in order to generate the

nucleation events.

In addition to the order parameter fields ¢, , the marker field 8, has to be updated in order to
evolve in line with the order parameter field. In contrast to the usual OFPF models where a
kinetic equation is prescribed, 5 [°1 541 we use a simple heuristic procedure for the generation
and the evolution of the marker field for each material k, basing on previous work. ! First, the
detection of the nucleation events is done in the following way: initially, out of the crystalline
domains the marker field is undefined. A given area in the simulation domain is assumed to
correspond to a new nucleus if it does not have a defined marker value yet, and if the order
parameter ¢, and the volume fraction ¢, exceed at the same time given threshold values ¢y x
and t,, , respectively. All the nodes belonging to the same new nucleus are detected using a
‘connected component labelling” procedure, and the same, new marker value is attributed to all
of them. Note that such nucleation events are forbidden in the direct neighborhood of already
existing crystals (typically 2-4 mesh points around the crystals depending on the interface
thickness) in order to avoid false detections due to fluctuations in the diffuse interface of the
crystal. Second, once crystals are formed, the associated order parameter at a given mesh point
can decrease (unstable nuclei smaller than the critical nucleus, grain coarsening, advection from
an old position), so that the mesh point cannot be considered as crystalline anymore. Thus, at
each time step, the marker value of all nodes where the order parameter ¢, is less than the
threshold values t4  or the volume fraction ¢, less than t,, . is set to ‘undefined’ again. Third,
around already existing crystals, the associated order parameter at a given mesh point can also
increase (crystal growth for nuclei bigger than the critical nucleus, advection of the crystal to a
new position) so that they can be considered as crystal nodes and should be attributed a marker
value. This is done in the following way: when the value of the order parameter and the volume

fraction on these surrounding nodes exceeds the threshold values t4 ) and ¢ they are

Pk
attributed the marker value of the (already crystallized) neighboring node with the highest
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crystallinity ¢, ¢, . The marker value in a single crystallite is thus uniform, so that the
orientation mismatch energy term in Equation 7 is only non-zero at the boundaries between two

crystals with different marker values, as desired.

Whenever a gas phase is present in the system, crystals can reach the film surface so that a
complex area with liquid-solid, liquid-vapor and solid-vapor interfaces may arise. We define

the pure vapor as the area where ¢,q, > 1 — Eprap and the condensed-gas phase interface as
theareawhere 1 —ty > ¢pap > tgy,,,- Here, ty,  isathreshold value that should be small.

All crystalline order parameters and marker values are set to zero in the pure vapor. In order to
avoid problems in the numerically critical solid-vapor interfaces, both noise contributions in the
Allen-Cahn and Cahn-Hilliard equations are switched off, and no new crystal can appear in the
condensed-gas phase interface as well as in the pure vapor. Despite of this, crystals formed in
the film can reach the condensed-gas phase interface. However, a high volume fraction of
crystalline solute in the vapor phase and in the condensed-gas phase interface is energetically
very unlikely, so that crystals tend to be unstable when they reach the condensed-gas phase
interface. Since this is an area often featuring a high volume fraction of solvent, ¥ and therefore
the Allen-Cahn mobility of the crystals are very high, this leads to a fast disappearance of any
crystal in the condensed-gas phase interface. To avoid this unphysical effect due to the diffuse
interface approach, an interaction energy has been defined in the solid-vapor interfaces (see
Equation 5). This strongly inhibits the overlap of the order parameters of the crystals ¢, and of
the vapor ¢,,,, . The interaction is active only inside the crystals (where a marker value is
defined) and the directly surrounding areas representing the remaining diffuse crystal interface
(typically 2-4 mesh points). The interaction energy is given by
dsy

Ei(@r, ) = E
k fo Tk klof(gok(pk' dsv: Csvasv)
where Ej o is the interaction energy for a perfectly crystalline region. Here, we use again the

(19)

interpolation function f (Equation 13), and the parameters d,, cg,, Wy, define the amplitude,
center and width of the interpolation function. This means that the interaction energy typically
increases progressively over orders of magnitude from zero to E) , when the product ¢, ¢y
exceeds the value c,,, preventing the vapor order parameter ¢,,,, to enter well-formed crystals.
Unfortunately, this is still not sufficient to ensure the stability of emerging crystals at the film
surface in a dilute solution because both order parameters ¢, and ¢,,,, overlap in the diffuse
interface, promoting the reduction of the order parameter ¢,. Since the solute volume fraction

in the diffuse interface is far from 1, the diffusion coefficients and the Allen-Cahn mobility
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might be very high and the interface progressively disappears, which leads to a shrinking crystal.

To avoid this, the Allen-Cahn mobility M, is also strongly damped in the regions where the
solid-vapor interaction is active, using My = f (@ ®r, dsp) Cspr W) My o Dslf,‘(’ ({(pk})/Dslf,‘jk. As
soon as the product ¢, ¢, becomes higher than cs,, a crystal at the film surface becomes stable.

This will be illustrated and discussed in Section 4.3.

2.5.  Kinetic equations: fluid dynamics

The Cahn-Hilliard and the Allen-Cahn equations together ensure that the system progressively
relaxes towards its thermodynamic equilibrium, by minimizing its free energy relative to the
volume fraction and the order parameter variables. In addition to this, an advection term is
introduced in the phase field equations (Equations 9, 15, 18) in order to take into account the
impact of fluid motion on the system evolution. At the micro- or nanometer scale considered in
this work, fluid motion is dominantly induced by capillary forces. These capillary forces are
due to the numerous interfaces present in the system. In this section, we present the approach
used to calculate the capillary forces from the phase fields and thereafter the velocity field to be

used in the advective Cahn-Hilliard and Allen-Cahn equations.

The starting point are the continuity and momentum conservation equations, the energy

conservation not being taken into account in the current model:

9
% v =0
ot 20)
v (
p(a+vw) =F— VP + Vs

In these equations, v is the velocity, F are the applied forces, P is the pressure and Y, the viscous

stress tensor. We assume the following in the current work:

e Even if we deal with multicomponent mixture, we make use of only one single velocity

field that will be used for the advection of all materials present in the system.

e We assume perfect incompressibility, even in the vapor phase, as we did for the phase-
field equations. Moreover, the density is assumed to be independent of the composition,

which is a reasonable assumption for organic materials we wish to investigate.

e Since we are targeting at thin film applications, all length scales are sub-micrometer,
and the Reynolds number is expected to be orders of magnitude smaller than 1. Thus,

we are dealing with Stokes flows, whereby the inertial terms can be neglected.
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e For these length scales, the dominant forces are the capillary forces stemming from the
volume fraction and order parameter gradients F, and F 4, respectively. In particular,

gravity forces are neglected.

e The single fluid considered for the calculation of the velocity field is assumed to be a
Newtonian fluid with inhomogeneous shear viscosity n,,;,. Since we might be dealing
with solute-solvent systems, including polymers for example, the viscosity is supposed
to be strongly dependent on the composition. Moreover, the simulated mixture can
contain crystals, which will be represented as highly viscous domains, and a vapor phase
of very low viscosity. Hence, the viscosity depends on the order parameters ¢, and
®vap- Except when dealing with soft crystals, crystallites should be so viscous that they
do not deform because of the flow. On the other hand, even when dealing with polymer
mixtures, non-Newtonian viscous properties as well as viscoelastic or thixotropic

behavior are ignored for the sake of simplicity.

As a consequence, we use the following simplified continuity and momentum conservation
equations:

{Vv =0 21)

— VP + V(znmix({¢i}: {d’k}: (nbvap)s) + F(p + F¢ =0
where S is the strain rate tensor. Regarding the viscosity, our aim is neither to propose nor

develop a physical model or a constitutive law for multicomponent solute-solvent mixtures, nor
to use any already-existing sophisticated model. We rather use a very simple functional form
that renders qualitatively the basic phenomena, namely a high viscosity increase upon liquid-
solid phase transition, a high viscosity decrease upon liquid-gas phase transition, and the
viscosity evolution upon mixture composition, notably the viscosity increase of drying films
upon evaporation. We propose the following equation for the viscosity in the condensed phase

(where ¢yqp < Epyap: condensed-gas phase interface not included):

Ncryst n
1 1 (pl'
=——=f| D 8O0 dpcywy | D 2 @2)
Nmix Ncond =1 oy n;

As can be seen from the equation above, the viscosity in the amorphous domains is a weighted
harmonic mean of the pure material viscosities n;. In the crystalline areas (where a marker value
is defined, as indicated by §,(6;)), the viscosity is increased according to the crystallinity
@k, using the interpolation function Equation 13 with parameters d, , c¢,, w, for the
amplitude, center and width of the penalty. Concerning the vapor phase, the viscosity is

expected to be orders of magnitude lower than in the condensed phase. Taking this into account
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would lead to intractable simulation times. Therefore, we use unrealistically high viscosity
values for the vapor phase. Thus, the calculated flow in this area is not expected to be correct,
which is fully acceptable since our concern is the morphology formation within the condensed
phase. Nevertheless, the vapor phase viscosity is chosen much smaller than the condensed phase
viscosity. The main advantage of this, in the context of a diffuse interface model, is to avoid the
implementation of a free surface boundary condition at the condensed-gas phase interface,
because the vapor phase is a low-viscosity layer which allows mimicking the free surface
boundary condition. [1081 [209] 1101 The viscosity of the vapor phase (interface and pure vapor
phase) is defined as

Nmix = Nvap = max(nmix1_¢vap77g¢vap; min(ncond)/kn) (23)
where 1, is a (small) user-defined viscosity value for the gas, min(nconq) the smallest

viscosity value found in the condensed phase and k,, the acceptable ratio between both. This
allows for a sufficient but limited viscosity contrast between the condensed and the vapor phase
and avoids numerical problems that could occur during simulation of film drying: in order to
mimic the free surface condition, the gas phase viscosity has to be significantly smaller than the
film viscosity right from the beginning. Upon drying, the viscosity of the film might increase
tremendously (for polymer solutions for instance) and our implementation allows for a
corresponding increase of the vapor viscosity. This prevents the formation of a huge viscosity

contrast at the film surface.

The coupling between the fluid dynamics and the phase-field equations is ensured, on the one
hand, by the advection term in the Cahn-Hilliard and Allen-Cahn equations and, on the other
hand, by the calculation of the capillary forces from the phase fields for the momentum
conservation equation. Different ways of calculating the capillary forces have been proposed in

the literature, which we call, following Jaensson, 1 the ‘stress form’ F(u)~a|Vu|?*I — Vu x

Vu with a=0, ['"1 a=1/2 [781 [79] [80] [81] gr 5=1 [87] the “first potential form” F (u)~5§%Vu [82]

(871 and the ‘second potential form’ F(u)~uV6(AS% 831 871 |n fact, these expressions have

exactly the same deviatoric part and differ only by their isotropic part (see 71 [81 [84] and the
derivation in the Supporting information S1). In other words, they differ only by the definition
of the pressure. Therefore, when solving Equation 21 for P and v with the different possible
expressions of the capillary forces, the solution for the velocity field will exactly be the same,
and only the calculated pressure field will be different. All three forms have been evaluated and
it turns out from these tests that the stress form allows for the best numerical convergence
properties. Generalizing the expression above for multicomponent volume fraction and order
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parameter fields, the expression of the capillary forces read (the expression for the potential

forms can be found in the Supporting Information S1):
r n

Fp=7|) k(IVgil?1 - Vo x 7o)

i=1

:ncryst (24)

F¢ =V z €k2(||7¢k|21 - Vd)k X V¢k) + gvapz (|V¢vap|21 - V¢vap X Vd’vap)
k=1

3. Implementation

3.1. Dimensionless equations

The dimensionless kinetic equation can be derived using the scaling coefficients for energy

density g, for diffusion coefficients Dy, and for length [,.. They are chosen as g, = RT /vy,

Dy, = max(N;Ds,;), and ls. = \/max (rcl__n, 81'--ncry5t2'gvap2) / gsc to be consistent with the

size of the thinnest interface of the system. The scaling coefficient for time is given by t,. =
l.SZ‘C/DSC'
Defining the reduced variables = t/ts., ¥ = vts/lsc, V = IV, A;j = A;/Dge, AGP =

AGYPC [ gse, ki = Ki/(gscl2:) and Con' = toCen', and making use of the non-local free energy

density (Equation 7) the n-1 dimensionless advective Cahn-Hilliard-Cook equations read

n-1 — —

a(p s ~ nN o~ aAGV aAGV n D A S —~ 1

afl +vVp;, =V Zl Aijv<6—(pi - a0, — & V?q; + KnVZ(Pn> + oculcn (25)
]:

Defining the additional reduced variables M,q, = tscMyap » Evap = Evap/v/ Isclee s My =
tseMy, € = €/ IsclZc, €1 = €gx/ (Gsclse), G = t.,0,c", the dimensionless advective
Allen-Cahn equation for the condensed-gas phase transition reads:

a(l)vap AT 5 aA,G\V A 20
9t + vv¢vap = _Mvap m — Evap V2¢vap (26)

with the boundary condition j,”~"m = j,*“*met_ . /l... The k dimensionless advective stochastic

Allen-Cahn equations for liquid-solid phase transition read:

”829"‘ |ﬁ|6(ﬁ9k)>

9 ~N, M aﬁ”—ézﬁqu +p'(Pr, €oxc)
¢k+ﬁv¢k= Mic| 550 K k T2 (Pr, S0k

+oucf (¢ de. 2, W()CAAck

(27)
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Finally, defining P= P/Gsc, Nimix = Mmix/ (Gsctsc) S= tseS, ?(p = F(plsc/gsc and ?qb =

Fylsc/9gsc, the dimensionless continuity and momentum conservation equations read:
Vo
-V

3.2. Discretization

0
+V(20mixS) +F, +F5 =0 (28)

o

The dimensionless equations are discretized using a second order finite volume scheme on a
3D regular Cartesian staggered grid (see Figure 1) with centered differences for the phase field
part and upwind/downwind differences for the advection and fluid dynamics part. Neumann,
Dirichlet or periodic boundary conditions can be applied in each of the three directions. The use
of staggered grids simplifies the discretization of the momentum (written at the respective
velocity nodes) and continuity (written at the pressure nodes) equations. % Moreover,
choosing the phase-field nodes to lie together with the pressure nodes simplifies the
discretization of the capillary forces (written at the velocity nodes) and of the advection term
(written at the phase-field nodes). The advection is calculated using a second order MUSCL
scheme 1 with a Kurganov and Tabor scheme [1*2 and a Superbee flux limiter. [1*3! Indeed,
other flux limiters (MinMod, van Leer, van Alaba, Sweby...) have been implemented and
evaluated on various test cases of pure advection of crystalline or droplet structures. But the
results turns out to be more satisfactory with the Superbee, in the sense that the structure shape

are best conserved with this flux limiter.

Y = Yimax T * * * s y
X + % 4+ *x + *x {
o o e e X
A oY 1o} Lol o
Vy; - TSj
Phase-field / Pressure /
dy | * * Py Vx;k * *
* * ! * g * Normal viscosity nodes
H " * e * * Vy nodes
* bl * x * * * x * Vx nodes
s *- * * % Shear viscosity nodes
* * * * * * * *
Y =Yg
e >
X =X dx X = Xmax

Figure 1: representation of the staggered grids used for the discretization in the 2D case
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The discretization of the noise terms in the Cahn-Hilliard-Cook equations deserves some
details. Basing of the work of Petschek, [**4 Schaefer proposed an implementation of this noise
using uncorrelated random numbers for a three component system. ©4 In this work, we
generalize the method of Schaefer to a multicomponent mixture. The final expression of the
discretized noise for the material i at the mesh point xa in the x-direction is (see Supporting

Information S2):

i—-1

1 1 1 1
. +5 +5 . —= —=
sign (Aika 2) |Aika 2| By **t — sign (Aika 2) |Aika Z| By*
k=1

(CHa =4 ’2/111‘”23 a+l _ [24;%72B;* (29)
’ a+ a+l _ ’ a——
lk Lk lk lk
k i+1

where the By, are n fields of Gaussian random numbers with variance

m coupling the

fluctuations of the materials i and k. Similar expressions can be found in the y- and z-direction
so that in 3D, the thermal fluctuations are calculated from 3(n(n + 1)/2 — 1) independent

fields of Gaussian random numbers.

3.3. Time stepping

The time stepping scheme proceeds in the following way: first, in order to obtain the velocity
field, Equation 28 is solved for v and P using Equation 22 and 23 for the viscosity and Equation
24 for the capillary forces. Second, making use of the calculated velocity field, the coupled
advective phase-field Equations 25-27 are solved for {¢;}, {¢x}, Pyqp Using the local free
energy defined by Equations 2-6 and the boundary condition Equations 16-17. Third, the marker

fields 6, are updated with the procedure described above (see Figure 2).

In realistic simulations, one of the challenges is that the different time scales of the problem
(for diffusion, crystallization, advection, evaporation...) might differ by orders of magnitude.
This makes implicit time stepping methods necessary to solve the phase field equations. Indeed,
using explicit time stepping would require very small time steps for the sake of numerical
stability, for instance because of the fourth order spatial derivative in the Cahn-Hilliard equation
or the very high mobility values used for the Allen-Cahn mobility for the condensed-gas phase
transition. This would lead to intractable simulation times even for 1D simulations. As a

consequence, a set of unconditionally A- and L-stable diagonally implicit Runge-Kutta (DIRK)
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time schemes 1111 [16] have been implemented, from the one-stage, first-order Euler backward
method to the five-stage, fourth-order SDIRK4(3)5L[1]SA_C(2) method. In practice, we find
that in almost all of the performed simulations, the two-stage, second-order Pareschi-Russo (see
Supporting Information S3) method leads to the best compromise between time convergence
properties and simulation time. Note that the advection part of the phase-field equations could
also be solved separately using high-order explicit Runge-Kutta methods, but we obtain better

results by solving the whole, coupled advective phase-field equations at a time.

Calculate Viscosity | | Calculate Capillary Forces

(Eq. 22-23) (Eq. 24)
| | Calculate Free NRJ Calculate Calculate
l Derivatives Mobilities Evaporation Flux
Solve Kinetic Equations (from Eq. 2-7) (Eq. 10-14) (Eq. 16-17)
Fluid Dynamics | |

Solve Coupled Phase-Field Equations

n — 1 Advective Cahn-Hilliard-Cook
(Mass Transfer, Eq. 25)

1 Advective Allen-Cahn
(LV Phase Transformation, Eq. 26)

Neryse Advective Stochastic Allen-Cahn
(LS Phase Transformation, Eq. 27)

1

1

1

i

H Update Crystal Markers
i (Section 2.4)
i

1

1

]

i (Eq. 28)

Figure 2: Overview of the solution procedure for one time step in a single stage time stepping
method. In the case of multistage time stepping, this fluid mechanics + phase field resolution
procedure is repeated at each stage before calculating the phase fields at the next time from the

results at all stages according to the Butcher matrix.

For a computationally efficient simulation, it is desired that the time steps become as large as

possible. In practice, the time steps can vary over orders of magnitude during one single
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simulation. We use adaptive time steps with a heuristic strategy basing on a simple principle: it
is required that all volume fractions everywhere in the simulation box lie in the ]0,1[ interval.
If this condition is not fulfilled with the calculated solution, the time increment is rejected and
recalculated with a time step reduced by 50%. Otherwise, the time step is increased by 20% for
the next time increment. In order to reach longer time steps, the local part of the free energy is
linearized relative to the field variables {¢;}, {¢}, Pvap. On top of this, several upper limits are

set to the time step and constantly updated during the simulation.

e The first upper limit is given by the Courant-Friederichs-Lewy (CFL) criterion

calculated using the expected interface velocity v;,.(t) that can be derived from the

Vine(£)
Ax

outflux boundary condition (Equation 17) At < Ccp1, Where Ax is the grid

spacing and C.r1; @ number chosen smaller than 1.

e The second upper limit is given by the Courant-Friederichs-Lewy criterion calculated
using the velocity field v obtained from the fluid mechanics equations, At -

anim v;i(r)

max, (X5 =~ < CcrLz2, Where ng;,, is the dimensionality of the simulation, r the

position of a grid point and v; () the projection of the velocity in the i"-direction.

e The third upper limit is given by the stability criterion for explicit time stepping relative

to the Allen-Cahn equations for a liquid-solid transition, At <

RT 2 dim dx?
vo maxy x(NxgMy(r))maxy (ex2)’

Even if this criterion might in principle be overcome with

implicit time stepping, it turns out that the time convergence is often not guaranteed
beyond this value, and that the updates of the marker fields might become problematic,

especially at grain boundaries.

Using large time steps might in principle prevent the simulation to converge in time. In practice,
it turns that the rules for time step management listed above together with the second order
Pareschi-Russo time stepping method ensure proper time convergence. For each simulation, the
volume conservation for all non-evaporating materials and the decrease of the total energy G;,:
with increasing time are checked for. If the volume conservation is not fulfilled with sufficient

precision, the problem can be simply solved by limiting the time steps to smaller values.

When strong fluctuations of the volume fraction and/or order parameter fields are present, the
capillary forces and the viscosity calculated from the phase fields can be very noisy, which may
lead to a very irregular velocity field and a severe associated Courant-Friederichs-Lewy

condition. In order to regularize the velocity field, we use modified, blurred phase fields
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(filtered with a Gaussian filter) for the calculation of the capillary forces in Equation 24. The

viscosity field calculated from Equations 22, 23 is also filtered with the same Gaussian filter

before solving the equation for the fluid dynamics. The impact of this filtering procedure on the

overall physical behavior of the simulation turns out to be negligible, while significantly

enhancing the numerical efficiency.

It should be pointed out that the presence of many different time scales results in various

numerical and modelling challenges.

First, if the physical processes to be simulated occur at different time scales, this might
strongly impact the computational time. As stated above, three upper boundaries related
to evaporation, crystallization and advection limit the time step size. On the one hand,
the balance between these processes determines the computational cost. For instance, in
the simulation of a drying film, if evaporation is limiting the size of the time step, the
computational cost for the simulation is minimal. If advection is limiting the time step
instead, e.g. a factor 10 smaller, then the computational cost is simply 10 times higher.
At some point, prohibitive computational cost restricts the accessible parameter space.
In this example, for realistic drying film simulations, this leads us to use unrealistically
high viscosity values in the vapor and in the dilute solution, as discussed in Section 2.5
above and Section 4.3 below. On the other hand, coarsening processes (after LLPS
and/or for grain coarsening) are very slow processes as compared to the phase build up
process itself (LLPS or crystal nucleation and growth process). Therefore, investigation

of coarsening requires very long simulations.

Second, the strong mobility gradients that may arise (due to composition and order
parameter dependent diffusion coefficients, Allen-Cahn mobilities, viscosities) in the
simulation domain, especially at interfaces, can in principle lead to numerical
difficulties, where the LV (or even the SV) interface appears to be the most problematic.
It has to be sufficiently thick and the viscosity gradient between gas and condensed
phase needs to be limited to enable proper solver convergence. Otherwise, no
problematic restrictions regarding the resolution of both systems of equations (phase
field on the one hand and fluid mechanics on the other hand) have been observed so far.
Beyond this, having a fine mesh is desirable in the regions of high mobility gradients
for accurate numerical solutions. There is off course a trade-off between computational
cost and accuracy of the solution, but we have not been confronted so far to problematic

situations that would jeopardize the results regarding the morphology development.
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e Third, the strong mobility gradients at interfaces might unfortunately lead to unphysical
phenomena in the simulation. This is especially the case for crystals, whereby the (in
the real world very sharp) interface is represented by a diffuse interface in the phase-
field framework. In order to avoid unphysical effects regarding crystal nucleation and
stability, specific adjustments of the model are necessary. This is a major concern in this

work, and this will be discussed in detail in Sections 4.2 and 4.3.

The code is implemented in parallel. The advective phase-field equations on the one side, and
the fluid mechanics equations on the other side, are solved using the MUMPS direct solver (1171
[128] through the PETSc library. (1191 1201 121 The computational time strongly depends on the
number of time steps required to simulate the desired physical time, on the number of used
cores, and of course on the number of degrees of freedom, which is the number of grid points
times the number of coupled equations solved. For the simulations presented in this papers, this
ranges from one hour on 4 cores (simulations of pure crystal advection, Section 4.3) to 5 days

on 32 cores (full simulations, Section 5).

As described above, the equations are formulated and implemented for any number n of
materials. Thus, the extension of the simulations presented in this work to more components is
straightforward and does not require any code modification. However, the computational cost
increases significantly, especially because the number of degrees of freedom in the Cahn-
Hilliard equation system increases with (n — 1)2. Most importantly, however, the analysis of
the interactions between all the physical processes at play, and thus the understanding and the

interpretation of the simulation results, might become quickly very challenging.
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4. Benchmarks

In this section, we summarize some of the benchmark and test cases used to check the behavior
of the model. To begin with, let us mention shortly some results on the individual, uncoupled
building blocks. The behavior of our implementation of the Cahn-Hilliard equation has already
been described in details in previous works. B8 [1221 Additionally, we check that the
implementation of the noise in the Cahn-Hilliard-Cook equation (Equation 9) gives consistent
and meaningful results even with more than three materials, although we are unfortunately not
aware of any benchmark test for such mixtures. The behavior of the stochastic Allen-Cahn
equation is detailed in Section 4.2 below. Concerning the fluid dynamics part, we verify the
code by comparing the simulation data to analytical solutions of simple flow problems
(Poiseuille and Couette flow). We also check the implementation in situations with non-
constant viscosity by simulating a Couette flow with a constant viscosity gradient, as well as a
test case proposed by Gerya regarding advection at the boundary between two areas with
different viscosities and densities. 1123l Next, we investigate the advective part alone in the
advective Cahn-Hilliard and Allen-Cahn equations. For this, we simulate the pure advection at
constant velocity of a structure typically encountered in phase-field simulations, namely a
domain of 5-10 grid points radius with a diffuse interface of 4-8 grid points thickness. It turns
out that the second order MUSCL scheme is necessary to avoid numerical diffusion and thus to
preserve the shape of the structure. As mentioned before, it is best preserved with the Superbee
limiter. Moreover, with such a coarse mesh in the interface region and for large time steps
(typically for a Courant-Friederichs-Lewy criterion fixed by Ccp;, > 0.1), first-order time
stepping schemes generate a significant numerical diffusion so that a second or higher-order

time stepping scheme is required for proper calculations.

The coupling of the Allen-Cahn and Cahn-Hilliard equations has also already been described
in our previous work, for the simulation of crystallization and liquid-liquid phase separation [
as well as for the simulation of evaporation. % In the following, we thus mainly focus on the
new building blocks of the framework. First, we benchmark the behavior of the coupled Navier-
Stokes-Cahn-Hilliard system in the case of spinodal decomposition in a binary mixture. Second,
we illustrate the coupling of the stochastic Allen-Cahn equation with the Cahn-Hilliard equation
by simulating nucleation, growth and coarsening of crystallites in a polymer solution. Third, we
discuss the coupling of the whole set of equations by simulating drying films containing one or

several crystallites.
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4.1. Liquid-liquid phase separation with the coupled Navier-Stokes-Cahn-
Hilliard equations

To check the implementation of the coupling of the Cahn-Hilliard equation with the fluid
mechanics equations, and especially of the capillary forces, we first perform a static benchmark
test regarding the Laplace pressure: starting from a 2D droplet in an immiscible binary mixture,
we let the droplet grow until the equilibrium is reached. We then measure the droplet radius R,
the pressure drop AP between the inside and the outside of the droplet, and the surface tension
o. The procedure is repeated for different initial concentrations (and hence different final radii)
and x values (and hence different surface tensions) and we verify that the Laplace law AP =

o /R is well recovered.

We then perform 2D simulations of spinodal decomposition with the coupled Cahn-Hilliard-
Navier-Stokes equations. The investigated system is an incompatible binary symmetric critical
mixture (50:50 blend, N; = N, =1, y; =4, molar masses 1kg-mol™1) with initially
homogeneous composition. The mobility A,; is assumed to be constant and equal to the
diffusion coefficient, A;; = D = 10711 m? - s~1. The homogeneous, constant Viscosity 77,,;s
is varied between 1072 Pa - s to 10* Pa - s (see Supporting Information S4.1 for more details).

The chosen parameters can be thought of as representative of an oil mixture. Demixing takes

place spontaneously due to the concentration fluctuations oy in Equation 9. With typical
structure sizes in the range L = 50 — 500 nm, the Reynolds numbers remain significantly
smaller than 1 over the whole viscosity range, which is consistent with the assumption that
inertial effects can be neglected. The Peclet number Pe = Lv/D =~ Lo/(nD) ranges
approximately from 1072 to 103 which means that diffusion fluxes are dominant at high
viscosities whereas advection fluxes are dominant at low viscosities. We investigate the
coarsening behavior of the phase-separated system depending on the viscosity.

As long as the morphology remains self-similar over time, the coarsening behavior can
classically be described by the equation L(t)/% — L01/5  (t — ty) where L, is the initial size
of the separated phases, t, the time for the onset of demixing and & the so-called coarsening
exponent. Theoretical works have shown that the coarsening exponent § is expected to vary
with decreasing viscosity from 1/3 for a purely diffusive behavior to 1 (in 3D) or 1/2 (in 2D) in
the viscous regime and 2/3 in the inertial regime, which is not considered here. [*24 [125]
However, Lattice Boltzmann 1?61 [1271 a5 well as coupled Navier-Stokes-Cahn-Hilliard

simulationsf® [128] [129] [130] [131] haye shown that the coarsening behavior is very complex when
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both diffusive and advective fluxes are active, with the emergence of distinct length scales,
break-down of self-similarity, and no simple coarsening kinetics. In the following, we illustrate
this sophisticated behavior with our results, which are fully in-line with the well-established
findings of the literature. Note that noise can contribute significantly to the growth mechanism
and impact the simulated morphologies,i*?1 [13U pyt the level of noise used in the calculations

presented below have been kept sufficiently low so that this effect can be neglected.

In order to characterize the coarsening behavior, we calculate the 2D structure factor of the
volume fraction field, the probability distribution p(q,t) of wave numbers g by angular
integration and define a characteristic length scale as the inverse of the mean q value, L(t) =
21t/ [ qp(q,t)dq. Note that other length scale indicators can be chosen, which behave quite
differently when self-similarity is not respected, as has been highlighted by Wagner. 1?61 The
result of this procedure is shown in Figure 3. For the highest viscosities, the advection fluxes
are negligible and the coarsening exponent is equal to 1/3 as expected. With decreasing
viscosities, the coarsening kinetics becomes faster and the apparent coarsening exponent
increases. However, for the lowest viscosities (below approximately 1 Pa - s), the coarsening
exponent exceeds significantly the theoretically expected Y2-value at short times and decreases
strongly with time. 3% This is due to the break-down of self-similarity, and in such cases the
system cannot be described by a single length scale. As highlighted by Fan and Camley, at
intermediate viscosity values (3 — 30 Pa - s in our case, blue and green curves in Figure 3), an
‘apparent’ coarsening exponent § = 0.5 can be observed, even if the morphology evolution is

already not self-similar anymore, (301 [131]

500+

—. 200+
g

~ 100+

50+

107 107 1073 107

Figure 3: characteristic length scale L(t) depending on time for various viscosities. The dashed
lines show 1/3, 1/2 and 2/3 asymptotic behaviors. The box size is 2048 nm x 2048 nm.
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The evolution of the morphology for different viscosities is illustrated in Figure 4. The structure
is perfectly self-similar at high viscosities (7, = 10* Pa-s, Figure 4a-c), with a co-
continuous structure of both phases with few droplet-like inclusions and well-defined thin
interfaces. For this condition, advection is negligible. This corresponds to the classical behavior
obtained with the Cahn-Hilliard(-Cook) equation for a symmetric blend. However, with
decreasing viscosity, the advection plays an increasing role which leads to deviations from the
purely diffusive behavior. For n,,;,, = 1 Pa - s, the break-down of self-similarity can be clearly
observed from the presence of smaller droplets in the larger structures, leading to a variety of
length scales (Figure 4d-f). There is no clear scaling behavior when this effect occurs.271 [30]
There, in addition to the diffusion process, the hydrodynamic flow promotes the reduction of
interface length and therefore the coarsening, at least until the domains are nearly circular. The
circular shape is obtained faster for smaller domains. Then, the coarsening of these small
domains is not assisted by the hydrodynamic flow anymore and they coarsen slower than the
large domains, which leads to a morphology with small spherical inclusions in the large
domains. (%8 Still, these droplets occasionally merge through the diffusion-enhanced collision
mechanism (Figure 4f). (1261 1311 At even lower viscosity, the diffusive fluxes, which are
responsible for phase separation, are not fast enough to promote and/or maintain the
compositional equilibrium (Figure 4g-i). The concentration gradients at the interfaces are
smoother at the beginning of the LLPS, and the volume fractions in the separated phases hardly
reach the equilibrium values with time. This leads to a secondary phase separation process,
initially identified by Tanaka, that takes place inside the phase separated domain, because the
concentrations there are still in the unstable domain of the phase diagram. 128 [129]
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(b) _(©

[ 400nm

Figure 4: snapshots showing the volume fraction of the first fluid, at different stages of the
coarsening, for n,,;, = 10%,1,1072 Pa - s (from top to bottom). The snapshots correspond to
a measured characteristic length L(t) of 70, 150, 350 nm (from left to right). The smallest
droplets (R < 15 nm) observed in the last snapshot (i) for n,,;,, = 1072 Pa - s are formed by

secondary phase separation.
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4.2. Coupling of the stochastic Allen-Cahn and Cahn-Hilliard equation:
crystallization in a blend

Nucleation, growth and coarsening of a pure material

First, we provide some insights in the general behavior of the stochastic Allen-Cahn equation
for a pure material (Figure 5). The parameters of the simulations can be found in Supporting
Information S4.2. Thanks to the fluctuations, the order parameter can overcome locally the
energy barrier for nucleation (see first term of the RHS in Equation 3), which leads to the
formation of a crystal, defined as an area with an order parameter above t ., and which is given
a random, uniform marker value & . The order parameter quickly increases to &, ,.With
increasing time, several nuclei appear, grow and impinge, which results in an increasing overall

crystallinity as shown in Figure 5.

(a)

Figure 5: order parameter field at different stages of the crystallization process for W,; =
7.5-10* ] -kg~tand e = 107° (J - m~1)°5. (a) During nucleation for a crystallinity of 50%,
(b) fully crystalline system at the beginning of the coarsening and (c) later stage during
coarsening. Shown is a 256 nm x 256 nm area of the 512 nm x 512 nm simulation box.

The time-dependent crystallinity y(t) can be described by the Johnson-Mehl-Avrami equation
X(6) = Xmax(1 — e KE8™) ' where ypqy is the maximum crystallinity and ¢; the incubation
time for the onset of nucleation. In 2D, the exponent is expected to be n = 2 for pure growth,
while n = 3 is expected for if homogeneous nucleation and growth occur at the same time. This
behavior is recovered in the stochastic Allen-Cahn model. 32 Thereby, x,nqy iS assumed to be
the crystallinity reached as soon as the system is fully covered by crystallites and grain

boundaries: at this point, there is no amorphous material anymore. This is illustrated for some
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sets of parameters in Figure 6a. Once the system is fully crystallized at t = t,, the crystallites
coarsen with a power law R(t)? — R,® o (t — t,), as expected for purely surface directed
growth (Figure 6b).[331 [1341 [135]

---W=105-10", e=10" ——JMA, n=3 (a) --=W=105-10" e=10" ——R()*-Ry~(t—t) (b)
-==-W=75-10% e=10"" ——JMA, n=3 - =W =75-10% e=107° ——R(t)? - Ry~ (t—ty)
-= =W =75-10%, e=25-10°> — JMA, n=3 PRI~

100+
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S 60 ¢
= 40t
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Figure 6: Evolution of (a) the proportion of crystalline material and (b) average radius of the
crystallites for various model parameters, as well as fits with the Johnson-Mehl-Avrami
equation and quadratic grain growth, respectively. Wy, is inJ-kg™' and € in (J - m™1)°5.

The full parameter sets can be found in Supporting Information S4.2

Nucleation, growth and coarsening in a mixture

The situation in a blend is more complicated, because the nucleation and growth rates are
strongly composition-dependent. It is not in the scope of this paper to extensively describe how
the nucleation and growth rates depend on all the thermodynamic and kinetic properties of the
system. For a general understanding, it is here sufficient to keep in mind that the nucleation rate
of a material k can be written as the product of three terms:

G*

trorer < My ({@xDA(Hy)e RT (30)

In the equation above, t,,; is the mean formation time of a nucleus, Hy, is the height of the

energy barrier for the liquid-solid transformation (see first term of the RHS in Equation 3) and
AG™ is the energy of a critical nucleus. The product of both first terms gives the frequency at
which a local fluctuation of the order parameter may overcome the energy barrier upon
crystallization. The first one is a purely kinetic factor related to the mobility of the
atoms/molecules in the mixture and is assumed here to be proportional to the Allen-Cahn
mobility (and therefore to the self-diffusion coefficient). The second one is related to the
probability of a fluctuation overcoming the energy barrier and depends only on the height of
the barrier and thus on the thermodynamic properties of the blend. The last term is a purely

thermodynamic factor. This is the energy barrier to be overcome for the formation of a stable
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nucleus, AG* being the energy of the critical germ for which the energy gain upon
crystallization balances the surface energy. In a mixture containing one crystalline material
(which we will call ‘solute’ here because we focus on crystallization in a solution), the last two
terms contribute to a considerable decrease (orders of magnitudes) of the nucleation rate with
decreasing solute concentration. In a solution, since the mobility gets significantly higher upon
dilution, this is balanced by the fact that the first term strongly increases with decreasing solute
concentration. As a consequence, and depending on the relative weight of these factors, the
nucleation rate in a solution might typically have a maximum at intermediate concentrations.
The same holds for the crystal growth rate, the effect of increasing mobilities upon dilution
being balanced by the decreasing thermodynamic driving force for phase change. This results
in the typical behavior shown in Figure 7 depicting the crystallization kinetics of a polymer in
solution (the parameters of the simulation can be found in Supporting Information S4.3) for
different polymer volume fractions ¢,. The crystallization properties of the polymer are the
same as for the blue curves in Figure 6. The diffusion coefficient of the polymer and therefore
the Allen-Cahn mobility is assumed to vary over five orders of magnitude from the pure
polymer to infinite dilution. This is the dominant effect for concentrations ranging from ¢, =
0.9 to roughly ¢, = 0.2, so that the nucleation rate increases with decreasing polymer volume
fractions. For ¢, < 0.15, the two thermodynamic contributions become dominant, and the
nucleation rate abruptly drops. No nucleation can be observed any more during the simulated

time.

100
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Figure 7: evolution of the proportion of crystalline material in a solute-solvent blend with time,
for various initial solute volume fractions ¢. The crystallinity is defined as the total volume of

crystalline solute over the whole system volume.

Nucleus build-up
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From a physical point of view, the nucleus can be seen as a solid body with a sharp interface,
namely an infinitely steep composition jump between the mixture outside and the solid inside
the nucleus. Therefore, in the simulation, it is desired that once the stable nucleus starts to form,
the order parameter and volume fraction field inside the crystal quickly reach their equilibrium
values. In our phase field framework, however, the formation of a nucleus is not instantaneous.
This is in most cases no problem since the crystal build-up is in general very fast. Nevertheless,
in some ‘pathological’ situations where the concentration dependence of the Allen-Cahn
mobility is strong, together with a weak driving force for crystallization, the increase of the
order parameter and of the volume fraction field in the emerging nucleus might get slow as
compared to the lateral growth of the crystal. This is typically encountered when polymer
crystallites nucleate in dilute solutions. Here, the Allen-Cahn mobilities strongly decrease in
the diffuse interface of the forming nucleus, from the outside to the inside. This leads to the
unacceptable situation that the crystal composition can be significantly different from the
expected equilibrium value. To overcome this drawback of our diffuse interface model, we first
evaluate the composition and therefore the Allen-Cahn mobility in the environment directly
around each emerging nucleus. Then, this Allen-Cahn mobility calculated from the environment

is used inside the nucleus, whatever the composition, at every grid point where the crystal forms,

SAGy
S

namely < 0. The nucleus formation following this procedure is shown in Figure 8,

corresponding to the volume fraction ¢, = 0.3 of Figure 7. The order parameter in the
emerging nuclei quickly reaches its maximum value and the volume fraction reaches a value
(0.8) which is higher than the solid concentration (¢, = 0.78 in this case) because the liquid
part is still very concentrated (Figure 8a). The order parameter and volume fraction fields inside
the crystals remain homogeneous with further growth (Figure 8b). Upon further crystallization,
the polymer volume fraction in the liquid phase decreases, the smallest nuclei that might thus
not be stable any more disappear. This, together with a classical coarsening process, leads to
the growth of the largest crystals. The volume fraction in the crystals at the end of the simulation
(0.75) is a little lower than the solid volume fraction due to diffusional limitations in the largest
crystals, but it is still very close to it. For comparison, the mean volume fraction in the crystals
without application of the correction described above is strongly inhomogeneous and still
remains below 0.65 for identical simulation times. Note that the order parameter field is much
noisier than the volume fraction field. This is because of the location ¢, of the energy barrier
for solid-liquid phase transformation on the order parameter axis (see first term on the RHS of

Equation 3). Order parameter fluctuations in the range of ¢, (typically ¢, = 0.1...0.3.) are
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. . 4G ..
necessary in order to reach order parameter values with aT>V < 0 and thus a driving force for
k

crystal nucleation. Turning to the volume fraction field, for the onset of LLPS, fluctuations that
are order of magnitudes smaller are actually sufficient. Moreover, in the miscible blend

considered here they tend to be smeared out anyway.

Figure 8: solute volume fraction field (top row) and order parameter field (bottom row) at
different stages of the crystallization process for the initial solute volume fraction ¢ = 0.3. (a,
d) During nucleation for a crystallinity of 15% (half of the solute material is crystalline), (b, )
system with nearly fully crystallized solute at the beginning of the coarsening and (c) later stage

during coarsening. The size of the simulation box is 256 nm x 256 nm.

4.3. Advection and stability of crystals in a drying film

Advection in a drying film

We now investigate the coupling of the full phase-field model, including crystallization and
evaporation, to the solver for the dynamics of the fluids. First, we focus on a test case regarding
the advection of a single crystal in a drying film. The simulation setup is as follows (see Figure
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9a-b): we consider a polymer solution with 30% polymer concentration and a small crystal
sitting initially close to the top of the film. The crystal has a diameter of 15 grid points and the
liquid-solid interface thickness is 8 grid points. The solvent evaporates and the film is therefore
drying. The parameters for the polymer solution and the crystallization properties are the same
as in the previous section, except that the Allen-Cahn mobility of the crystalline polymer is set
to zero so that the crystallization process is inactive during the evaporation (the full set of
simulation parameters can be found in Supporting Information S4.4). In such a situation, we
expect the film surface to come in contact with the crystal and push it downwards, provided the
capillary forces between the surface and the crystal are strong enough to compensate for the
viscous forces arising from the crystal’s displacement. The final result of the simulation is
shown in Figure 9c-d. As desired, the crystal is advected vertically, without surface area
modification and with very limited deformation of the order parameter field. This shows that
the advection works properly, the MUSCL scheme together with the Superbee flux limiter

ensuring that the crystal’s shape is almost conserved, in particular preventing numerical

(a) (b) (c) (d)

Figure 9: simulation of a drying polymer solution with a single initial crystal. Volume fractions

diffusion.

and order parameters at the beginning (respectively (a) and (b)) and at the end (respectively
(c) and (d)) of the simulation. For the volume fraction fields, the polymer is represented in red
and the solvent in blue. For the order parameter fields, the polymer crystal is represented in

red and the vapor in blue. The system size is 256 nm x 64 nm.

Second, we perform the same simulation but with three crystals initially present in the wet film
(Figure 10). The upper crystals is pushed downwards as soon as it touches the film surface. The
second crystal also reaches the film surface and is then pushed downwards. Due to
hydrodynamic interactions, the three crystals finally stick to one another (see the final state in

Figure 10c-d). Here again, we could check that, despite these complex displacements and the
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agglomeration process, the surface area of the crystals is conserved and the evolution of the
interface profiles is very limited. To conclude these advection test cases, we point out a
limitation of our framework concerning the viscosity. The viscosity values used in our
simulations are unrealistically high, at least for the regime of very dilute solutions at the
beginning of the drying. Indeed, using realistic values would lead to high velocities in the
simulation box, and thus very small admissible time steps due to the Courant-Friederich-Levy
condition for advection. Simulating realistic evaporation time would require a huge amount of
time steps and thereafter inaccessible calculation times. The associated underestimation of the

role of advection in the simulations of dilute solutions has to be kept in mind.

(a) (b) (c) (d)

Figure 10: simulation of a drying polymer solution with three initial crystals. Volume fractions

and order parameters at the beginning (respectively (a) and (b)) and at the end (respectively
(c) and (d)) of the simulation. For the volume fraction fields, the polymer is represented in red
and the solvent in blue. For the order parameter fields, the polymer crystal is represented in
red and the vapor in blue. The system size is 256 nm x 64 nm.

Stability of the crystals at the film surface

As already explained in Section 2.4, the stability of a crystalline structure touching the film
surface is a critical issue. This is a consequence of the diffuse nature of the interfaces in the
phase-field framework, which leads, at the condensed-gas phase interface, to the overlap of the
air, solvent and solute fraction fields on the one side, and to the overlap of the crystalline and
vapor order parameters on the other side. Since a substantial overlap of the phase fields is in
fact energetically very unfavorable, this leads to an evolution of the phase fields in this region.
If the Kinetic properties are such that the diffusion processes and the crystallization/dissolution
processes are fast in the solid-gas interface, the order parameter and volume fraction fields of

the crystalline material are reduced in the interface, allowing the vapor phase of the drying film
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to progress, so that the crystal finally disappear. Such a fast kinetic is typically encountered
when investigating crystallization processes upon drying in dilute solution, and crystals
reaching the surface may dissolve during the drying. Moreover, even in the case of well-formed
crystals in highly concentrated films, the kinetics within the diffuse solid-vapor interface is
generally fast in the outer region of the crystal, because the solute volume fraction is relatively
low. This means that even well-formed crystals or dry structures are in principle hardly stable.
As a consequence, handling crystal nucleation together with ensuring crystal stability in
simulations of drying films is a complicated issue. To overcome this unphysical effect, we have
introduced in Section 2.4 an interaction energy between crystals and vapor phases, as well as a
penalty function for the crystallization Kinetics. In the following, we illustrate how this allows
for stability of crystalline structures at the interface. The simulation setup is shown in Figure
11. We calculate the evolution of a mixture initially composed of 30% crystalline polymer, 50%
solvent and 20% additional amorphous small molecule solute. The parameters for the polymer
and the solvent are the same as in the previous section. The full parameter sets can be found in
Supporting Information S4.5. Before starting the evaporation, we let a columnar like crystalline
structure grow in the film. Then, we let the film dry and allow for a fast Allen-Cahn mobility,
which means that the crystal has time to evolve within the time required for evaporation, and

we then investigate whether the columnar structure is stable.

(a) (b)

Figure 11: drying of a ternary polymer-small molecule-solvent blend, with an initial columnar
polymer crystal. The volume fractions (a) and order parameters fields (b) during the simulation,
after impingement of the vapor and the solid, are shown. For the volume fraction fields, the
polymer is represented in red, the small molecule in green and the solvent in blue. For the order
parameter fields, the polymer crystal is represented in red and the vapor in blue. The system

size is 256 nm x 128 nm.
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Figure 12 shows the position of the top of the columnar crystal depending on time for various
simulation parameters and illustrates how the instability can be prevented. In a first step, we
perform simulations only with the phase field model (dashed lines). As detailed above, without
solid-vapor interaction, as soon as the crystal is in contact with the film surface (t = 0.2 s), it
is not stable, even during the evaporation time (roughly 10s) and its maximal height finally
drops down to 120 nm, which is actually the height of the final flat film (red curve). Introducing
a solid-vapor interaction energy greatly increases the stability (orange curve), but the columnar
structure still evolves quickly as compared to the drying time. Only by introducing also a kinetic
penalty to the evolution of the crystallinity at the solid-vapor interface, the crystal can be made

perfectly stable (yellow curve).

————— PF only, no SV inter.

PF only, SV inter, no penal.

PF only, SV inter + penal.
250 —PF+ FM, SV inter + penal., low ngy
—— PF + FM, SV inter + penal., high ngy

100 : : : !
101 10° 10! 10? 10°

Figure 12: time-dependent position of the top of the columnar crystalline structure shown in
Figure 11 for different simulation setups. (red) phase field model only, no SV interaction energy
(orange) phase field model only with SV interaction energy, (yellow) phase field model only
with SV interaction energy and penalty to the Allen-Cahn mobility in the SV interface, (blue)
phase field coupled to fluid mechanics, low viscosity in the SV interface, (green) phase field

coupled to fluid mechanics, high viscosity in the SV interface

In a second step, we couple the phase-field model (including solid-vapor interaction and kinetic
penalty in the SV interface) to the mass and momentum conservation equations. The columnar
structure turns out to be instable (blue curve), which highlights a second potential instability
mechanism: again due to the diffuse nature of the SV interface, the viscosity values at the very
top of the crystal are low, so that the velocity field is non zero. Advection takes place at the
crystal border with a significant negative vertical component, which leads to the disappearance
of the crystalline region at the surface. This can happen even if the crystal is set on the substrate
and even if the viscosity inside the crystal is very high and therefore the velocities in the bulk

negligible. To prevent this, the grid points in the SV interface corresponding to the whole crystal
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diffuse interface need to have a high viscosity. In practice, we set the centering c, of the
viscosity penalty function inside the crystals (see Equation 22) in such a way that the viscosity
drops over orders of magnitude as soon as the crystal detection limit is passed. In addition, the
viscosity of the grid points in the SV interface around the crystal (2-4 points beyond the area
where the marker value is defined) is also set to the bulk value. Using this procedure, the
stability of the crystal with the full model can be ensured (green curve), which is crucial for
applications where the roughness of the dry film has to be investigated. This is for example the
case for solution-processed perovskite photoactive layers for solar cells or other optoelectronic
applications. Finally, note that with the noise term in our phase-field equations, the phase fields,
and especially the crystalline order parameter fields, can be very noisy. The same holds for the
viscosity field, whereby abrupt viscosity changes can be found in the crystal interfaces. In order
to be able to handle these fields numerically, they are smoothed with two successive Gaussian
filters before calculating the capillary forces and the velocity fields. The calculated velocity
fields are therefore only approximate solutions of the problem. Fortunately, this does not affect
the global physics of the structuring film: in fact, the simulations of crystal advection presented
above have been performed with this filtering, and it has been shown that the expected behavior

can be recovered.

To conclude this section, two important points related to the stability need to be pointed out.
First, remember that the phase field equations lead to the minimization of the energy of the
system. This means that the interface area has to be reduced, and that the thermodynamically
stable final structure in the example above is a flat dry film anyway. Nevertheless, the kinetics
of this flattening is virtually infinitely slow due to the vanishing transport properties of the
crystal. In our simulations, we make sure that the crystals are stable over time scales at least
comparable with the drying time. Second, the instability of floating crystals at the surface of the
drying film can be prevented with the same procedure. Note that the instability mechanism
discussed here has nothing to do with the thermodynamic instability of a small germ (r<r*) or
with the suppression of the smallest crystals due to coarsening. Indeed, this is an instability
mechanism due to the diffuse nature of the interfaces. The stability of emerging nuclei floating
at the surface strongly depends on the SV interaction energy and of the penalty to the Allen-
Cahn mobility, notably whether the phase fields inside the crystals is such that ¢, ¢, > cg,. In
other words, nuclei with ¢, ¢, < cg, are unstable and disappear at the film surface while nuclei
with @, ¢, > ¢y, are stable and tend to gather at the film surface. This leads to the fact that the

overall vertical location of the emerging crystals in the drying film not only depend on the
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physics, but also on purely numerical, somewhat arbitrary parameters. Therefore, conclusions

on the vertical position of crystalline structures have to be handled very cautiously.
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5. Simulations of film structuration upon drying

In this section, we present simulations performed with the full model for the case of a drying
thin film. The mixture is a ternary polymer-small molecule-solvent blend, initially perfectly
mixed with either 13:20:67 or 20:13:67 volume fraction ratio (polymer-small molecule blend
ratio 40:60 or 60:40). Both polymer and small molecule materials are crystalline and are
immiscible. We investigate the evaporation-induced morphology formation until the film is dry.
In such a sophisticated mixture, many morphology formation pathways are in principle
possible, depending on the material properties and on the process parameters. It is not the topic
of this paper to systematically investigate and understand which material properties and
processing conditions lead to which morphologies. Instead, we simply illustrate a couple of
different morphology formation processes and dry structures, but still in the ‘most complex
situation” where LLPS as well as crystallization of both materials can occur. The objective is to
demonstrate that our numerical method can handle such cases. Again, the parameters are the
same as compared to the previous section, except that the blend ratio, the Allen-Cahn mobility
(and thus the crystallization kinetics) of both polymer and small molecule, and the polymer-
small-molecule Flory-Huggins interaction parameter are varied. The full parameter sets can be
found in Supporting Information S4.6. The simulation box is 512 nm x 256 nm and the initial
film height is 450 nm.

Figure 13 shows the morphology formation upon drying for a highly incompatible 40:60
polymer-small molecule blend. In this example, a liquid-liquid phase separation occurs first as
the ternary mixture reaches the unstable region of the phase diagram (Figure 13a, e). Then,
polymer crystals form in the polymer majority phase (Figure 13b, f). Upon further drying, both
polymer and small molecule phases become more pure and the crystallization process
progresses, with purification of the crystals and coarsening (Figure 13c-d, f-h). The crystals at
the film surface are pushed downwards (Figure 13b-d, e-h). After 3s of drying, the film surface
hits a hardly deformable crystal structure connected to the substrate and starts to bend (Figure
13c, g). With further drying, the whole solvent finally evaporates, some re-organization of the
crystalline morphology occurs due to coarsening and residual advection, but the dry structure
remains rough (Figure 13d, h). The crystallization of the small molecule material is very limited
here during drying because the critical concentration for nucleation is high (for 40% volume
fraction) and at such a concentration the crystallization kinetics is slow. The dry structure can
be seen as a quasi ‘two phase system’ with a purely crystalline polymer phase and a purely

amorphous small molecule phase. Nevertheless, it is important to keep in mind that the
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morphology at the end of the drying is not at thermodynamic equilibrium. Therefore, it still
evolves with further crystallization of both materials. However, this happens at much longer

time scales, because in the solvent-free system all kinetic properties are slower. In this case,

very limited changes have been observed between 10s and 30s simulation time.

(a) (b) (c) (d)
100nm

(f) (9) (h)

(e)
i 2

Figure 13: drying of a ternary polymer-small molecule-solvent blend. The initial blend ratio is

13:20:67, the Allen-Cahn mobilities for the polymer and the small molecule are respectively

M

po=15-10">s"" and M, o =8-10">s"*, and the polymer-small molecule Flory-

Huggins interaction parameter y;; ,» = 2. The volume fractions (top row, (a-d)) and order
parameter fields (bottom row, (e-h)) are shown after 1s, 2s, 3s, and 10s of drying (from left to
right). The film is completely dry after 7s (Figure 14). For the volume fraction fields, the
polymer is represented in red, the small molecule in green and the solvent in blue. For the order
parameter fields, the polymer crystals are represented in red, the small molecule crystals in

green and the vapor in blue. The system size is 512 nm x 256 nm.
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By only varying slightly the blend ratio, the kinetic or thermodynamic properties of the mixture,
very different formation pathways and morphologies can be obtained. The time-dependent film
height for all the simulations in this section are shown in Figure 14 and the final morphologies

in Figure 15.

140, M, = 1.2, My, =8, Xiipsm = 0.8
, M, = 1.5, My, =8, Xupsm = 0.8
, M, = 0.8, My, =40, Xu,psm = 0.8
160, M, = 1.2, My, =8, Xutpsm = 2
160, M, = 1.5, My, = 8, Xiipsm =2

h/ho

0.2+

Figure 14: normalized time-dependent film height the simulations presented in Figure 13 and
Figure 15. h is the mean film height and ho the initial film height.

In the case of an increased miscibility of the polymer and the small molecule materials, the
crystallization process starts before the spinodal decomposition and is responsible for the phase
separation (Figure 15a-c and e-g). A slow crystallization process for both polymer and small
molecule materials (Figure 15a, e) leads to a quasi ‘3 phase structure’ with an amorphous,
impure small molecule phase, an impure amorphous polymer phase and pure polymer crystals.
A slightly faster crystallization process for the polymer (Figure 15b, d) leads to a quasi ‘2 phase
structure’ with a purely amorphous small molecule phase, and pure polymer crystals, like in the
example above. However, polymer crystals gather at the surface and solvent is trapped below
this crystalline layer, so that the evaporation process nearly stops, even if it is not completely
blocked (Figure 14). The significant difference between both simulations can be explained by
a tipping point in the competition between the crystallization and the drying process. The
solvent removal contributes to the increase of solute volume fraction in the amorphous phase,
whereas the crystals take over materials from the amorphous phase. If the crystallization is too
slow (Figure 153, e), the mean polymer concentration in the amorphous phase increases, which
in turn slows down the crystallization (dominant Kinetic factor in Equation 30). If the
crystallization is faster (Figure 15b, f), the mean polymer concentration in the amorphous phase
decreases, which in turn dramatically accelerates the crystallization. The polymer volume
fraction then quickly reaches the liquidus value. A slow crystallization process for the polymer

and a fast crystallization process for the small molecule materials (Figure 15c, g) leads to a
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quasi ‘4 phase structure’ with impure amorphous polymer and small molecule phases, and pure
polymer and small molecule crystals. Finally, going back to a highly immiscible 40:60 system,
but with slower polymer crystallization as compared to the case of Figure 13, we can obtain
again a quasi ‘3 phase structure’ with an amorphous small molecule phase, an impure
amorphous polymer phase and pure polymer crystals (Figure 15d, h). In comparison to Figure
15a, e, however, the small molecule phase is significantly more pure. This is because the phase

separation process is triggered by spinodal decomposition before the onset of crystallization.

(b) (c)
.

(f) (9) (h)
i i

Figure 15: morphology of a ternary polymer-small molecule-solvent blend after 10s drying

(a)

(d)

time. The volume fraction (top row, (a-d)) and order parameter fields (bottom row, (e-h)) are

shown for different parameter sets corresponding to Figure 14. (a, ) blend ratio 60:40, M,, , =
1.2-107° s~ and Mg = 8-107° 571, xypsm = 0.8 (b, f) blend ratio 60:40, M, , = 1.5
107 s7! and Mg =8-10"s"1, x;psm = 0.8 (c, g) blend ratio 60:40, M,, = 0.8 -
107°s7! and Mgy = 40107571, x;sm = 0.8 (d, h) blend ratio 40:60, M, = 1.2
107° s~ and Mgy = 8-107> s™%, xy;psm = 2. The volume fraction field of the polymer is
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represented in red, the one of the small molecule in green and the one of the solvent in blue.
For the order parameter field of the the polymer crystals is represented in red, the one of the
small molecule crystals in green and the one of the vapor in blue. The system size is 512 nm x
256 nm.

These examples show that even slight variations of the material parameters can lead to
completely different morphology formation pathways and final structures. They also
demonstrate the ability of the code to handle this miscellaneous physics with morphologically
complex structures. In particular, in these sophisticated simulations, nucleation, growth,
impingement, advection and stability at the film surface of the crystals and liquid-liquid phase
separation work correctly as expected from the benchmark tests presented in the previous
section. Finally, only an approximate and qualitative description of the morphologies has been
given here. Even if it is not in the scope of the present paper, a precise qualitative analysis of
the morphologies (in terms of composition, crystallinity, domain sizes, spatial organization...)

is straightforward and shall be systematically performed in the near future.
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6. Conclusion and perspectives

In this paper, we developed a coupled phase field-fluid mechanics simulation framework for
the investigation of evaporation-induced morphology formation in multicomponent drying
films. Using the Cahn-Hilliard-Cook, the stochastic Allen-Cahn, as well as the mass
conservation and momentum conservation equations, physical processes like evaporation,
liquid-liquid phase separation and coarsening, crystal nucleation, growth and coarsening in
polycrystalline materials can be taken into account. Mass transport occurs by diffusion and
advection. The simulation tool can handle any number of materials in the mixture. The
implementation is based on a finite volume / finite difference discretization and uses advanced
implicit time stepping methods and parallel computing based on the message passing protocol
(MPI). It enables the handling of the different physical processes even if they occur on very
different time scales. Even though only 2D simulations are presented in this paper, the code is
implemented in 3D and can thus handle fully three dimensional systems as well. The basic
working principles of the theoretical framework, results on benchmark tests, and the basic
behavior in various cases (spinodal decomposition, crystallization in pure materials and
mixtures, drying films with existing crystals) were presented. Finally, we presented some
examples of the evaporation-induced structure formation in a sophisticated ternary polymer-
small molecule-solvent mixture, whereby both polymers are crystalline and immiscible.
Thereby, we showed that the simulation tool can handle various morphology formation

pathways, and very different structures have been obtained.

The simulation tool is designed in a flexible way, so that the whole physics, or only part of it,
can be taken into account. This can be recognized from the variety of simulations presented in
the present work and renders our theoretical framework applicable not only for various material
systems or applications, but also for various processing and solicitation conditions (solutions at
fixed composition, solutions under flow, drying films, solvent vapor annealing, thermal
annealing or ageing in dry systems...). We emphasize that the proposed framework should not
be considered just as a toy model working in a parameter space that would not be accessible for
real experiments. On the contrary, the model can also be used in a parameter window that is in
line with realistic experimental values, as demonstrated in the present paper: in fact, the values
that have been given to the various physical parameters can be thought of as representative of
a real polymer-small molecule-solvent mixture. As pointed out above, the only major exception

to this is the viscosity.
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Thus, the model can be used not only to perform systematic studies on the material-process-
structure relationship, but also to compare simulation results with measurements on real
systems. Of course, the values of the parameters as well as their dependency on the composition
should be discussed in much more detail and refined, and this will be the topic of future work.
Therefore, we hope that this simulation tool can produce results that will be at least qualitatively
comparable with experimental results. However, a precise quantitative match is probably out of
reach, due to several limitations. First, as usual in phase-field or other diffuse interface
simulation frameworks, the thickness of the interfaces is significantly larger than in the real
world. Second, the viscosities accessible for reasonable calculation times, are, at least for
realistic simulations of drying dilute solutions, orders of magnitude higher than the real values.
Thus, the impact of convective fluxes on the film morphology formation might be
underestimated in such situations. Third, it has been already highlighted above that some purely
numerical parameters may quantitatively influence the crystallization process, especially in
drying films.

Although one should therefore handle quantitative results with caution, we believe that this
framework opens the way to a vast horizon of investigations on the morphology of sophisticated
multicomponent, crystalline systems, thus fulfilling the objectives detailed in the introduction
of this paper. The interaction between evaporation, miscibility in the amorphous state and
crystallization of each material can be studied, depending on the thermodynamic and Kinetic
properties, and on the time and length scale of each physical process. This allows in principle
to systematically sort out, analyze and characterize the different possible structure formation
pathways and the various associated final morphologies, and hopefully to make predictions for
given material systems processed in specific conditions. At the end, the overarching goal is to

help gaining control on the process-structure relationship.

The physics taken into account in the phase-field framework can be extended. On a short term
perspective, specific interactions between the substrate and the various materials will be
implemented following ideas already described in the literature. (621 671851 a5 well as strongly
anisotropic crystal growth. 561 (1361 [1371 On 3 Jonger term perspective, we plan to take stochastic
fluctuations in the momentum conservation equation into account, so as to handle crystal
diffusion, which might be an important physical process for nanometer sized particles in dilute

solutions.

Furthermore, a major research topic in the near future will be the investigation of real systems.

Our approach will be applied in the field of solution processed solar cells, in particular for
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understanding the formation and morphological stability of bulk heterojunctions in organic
photoactive layers, and of polycrystalline perovskite layers in perovskite solar cells. Beyond
the progress on the simulation side, additional challenges will be the proper measurement of the
material parameters, in particular their composition dependency and their mapping onto
simulation parameters. The framework will be validated by comparing the simulation results
with the accurate experimental characterizations of the morphology. This requires not only
advanced, multi-technique in-situ characterizations, but also the development of quantitative
morphology analysis tools for the simulated structures. Then, the simulation framework will be
used thoroughly to unravel the possible structure formation pathways in these systems and

propose improved processing conditions.

Finally, we believe that our framework could also be advantageously applied to many other
material systems, notably drying thin or thick films, as soon as the morphology formation

process involves liquid-liquid or liquid-solid phase transformations.
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TOC figure

We develop a coupled phase-field-fluid dynamics framework in order to simulate the
morphology formation of multicomponent crystalline thin films upon drying. The behavior of
the coupled model is verified. Simulations of the morphology formation in a ternary drying film
undergoing evaporation-induced LLPS and crystallization are presented for various structure

formation pathways, depending on the mixture thermodynamic and Kinetic properties.
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Phase-field simulation of the morphology formation in a ternary polymer-small

molecule-solvent evaporating thin film

Simulation of
evaporation-induced crystallization
and liquid-liquid phase separation

55



