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The wide range of applications of thin polymer films
in electronics, coating, and biomedicine!™® have at-
tracted much interest in recent years. These applica-
tions usually require the film to be homogeneous, of
uniform thickness, and stable. Thin polymer films often
have different properties compared to bulk materials.
Due to the high viscosity of polymer melts, in many
cases the polymer is first dissolved in a low viscosity
solvent, the solution is then spread on the substrate and
the solvent subsequently evaporates. Spin coating is one
technique that is often used for preparing thin polymer
films on a solid substrate. A wide range of film thick-
nesses usually with uniform thickness and low surface
roughness can be prepared using this technique. Other
techniques include dip coating from solution and solu-
tion casting. Some of the factors which control the film
thickness and surface roughness of the films directly
after preparation have been studied. The solution
concentration and viscosity and the solvent evaporation
rate2~4% are important parameters for controlling film
thickness, whereas the rate of solvent evaporation?2 is
important for controlling surface roughness.

How the solvent evaporation process affects the
structure of the film is not well understood. Bornside
et al.! developed a one-dimensional model of the spin
coating process and made several important predictions
regarding the mechanisms of flow and evaporation
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Table 1. Parameter for the Three Different Systems

Studied?
system  MIN, Co Nt Tdt Ldo Lio
| 100/1000 0.80 5 x 10° 8.1 x10* 100 81.4
11 300/1000 0.25 4 x 105 8.0 x 104 100 58.2
11 600/500 0.50 6 x 105 4.3 x 10° 60 224.3

a2 M is the number of polymer chains of chain length Ny, co is
the initial mole fraction of solvent within the system, Nt = MNp
+ Ns is the total number of monomers, Ty is total time of run, L
= Ly are the surface dimensions, and L, is initial film thickness.

during spin coating. This model predicted that the
region near the free surface becomes polymer rich first
due to solvent evaporation, though this has not been
verified experimentally. de Gennes® argued that for
glassy polymer films this polymer rich region is under
mechanical tension, which could lead to cracks in the
film. For nonglassy polymer films when the surface
tension of the solvent is smaller than that of the
polymer, de Gennes’ predicted a minimum value of the
film thickness, which depends on the rate of solvent
evaporation, for the onset of an instability in the thin
film due to concentration gradients. On the other hand,
Okoroanyanwu® showed that instabilities also exist in
ultrathin films (<53 nm) deposited onto silicon wafer
substrates due to interfacial effects, cooperative dynam-
ics, and perhaps polymer chain packing constraints.

With recent advances in parallel molecular dynamics
(MD) algorithms and increased computational power,
it is now possible to study one important aspect of this
progress, namely the evaporation process. In this paper,
we present results from the first large-scale simulation
of solvent evaporation from a solvent—polymer solution.
Our study focuses on the morphology of the thin film
during the solvent evaporation process.

We perform MD simulations of coarse grained models
of solvent—polymer mixtures. The polymers are repre-
sented by freely jointed bead spring chains of length N,
monomers of mass m, and the solvent is modeled as
single monomers. Here N, = 500 or 1000 (see Table 1).
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Nonbonded pairs of monomers interact through the
standard Lennard-Jones 12-6 potential

oo ={ ] e e

0, r=r.

1)

where r is the distance between monomers and ¢ 3 is a
constant added so that the potential is continuous at r
= r.. Here we take r, = 2.5¢. The basic unit of time is ¢
= o(mle)2, and the energy scale is set by . Bonded
monomers have an additional anharmonic interaction
potential known as the FENE potential.®1° The interac-
tion parameters are chosen to prevent chain crossing
and are the same as in ref 10.

We have studied three different systems that are
listed in Table 1. The systems differ by the number of
solvent particles, number of polymer chains, and poly-
mer chain length. Very high solvent concentration is
usually used in spin coating, but due to computational
limitations the maximum solvent concentration studied
is 0.8. Periodic boundary conditions are used in the x
and y directions, and the solvent evaporates in the z
direction. Initially solutions were placed between two
flat surfaces at the separation L, shown in Table 1.
The systems were equilibrated at pressure P = 0 and
temperature T = e/kg. The monomer-surface interaction
for systems | and 11 is given by the 10-4 LJ potential!
and for system 111 is given by the 9-3 LJ potential, both
with a cutoff distance ry’ = 2.25.12 The surface strength
is chosen to be strong enough that a vapor phase®? did
not form between the polymer and the wall. The top
surface is then removed so that the solution is in contact
with a vacuum. As the solvent monomers evaporate,
they are removed from the system when they reach a
specified distance above the original film, typically 500.
The distance at which vapor monomers are extracted
has no effect on the evaporation process. Due to the
relatively small surface area of the films, 3600 and
10%0?, we do not expect to see any instabilities”® during
the evaporation process. Note that for a polymer melt
of long fully flexible chains the glass transition temper-
ature is Tqg = 0.5 — 0.6¢/kg.'* Hence, our systems, in the
limit of no solvent, are well above the glass transition.

System |11 was run using the massively parallel grand
canonical MD code LADERA?® which is a hybrid of the
massively parallel MD code LAMMPS?® and a grand
canonical MC code,” whereas systems | and 11 were run
using our shared memory MD code. The equations of
motion were integrated with a velocity—verlet algorithm
with a time step of At = 0.0097 for systems | and Il and
At = 0.01 for system IIl. The simulations were per-
formed at constant temperature T using the Langevin
thermostat with damping constant y = 0.5/t and were
run until at least 90% of the solvent had evaporated.
For system 111, this took a very long run of about 4.3 x
107At as reported in Table 1. The average radius of
gyration and end-to-end distance of the polymer chains
in the systems decreased as the solvent evaporated.

Figure 1 shows the density profiles of polymer and
solvent for system Il as a function of time, with initial
solvent fraction co = 0.5. The substrate is at z= 0. The
density at a given value of z, pi(z), is calculated by
partitioning the system volume into bins along the z
direction and counting the number of type i monomers
in each bin per partitioned volume. Due to evaporation,
the solvent density in the system decreases as a function
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Figure 1. Time evolution of the density profile in the solvent
evaporation direction for (a) polymer and (b) solvent during
the evaporation process in system Ill. The profiles are at
different times and from right to left corresponds to t/(10%7) =
0, 4, 10, 20, 30, 40, 60, 80, 100, 140, 180, 220, 260, 310, 360,
and 430. The substrate is at z = 0.
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Figure 2. Polymer density profiles for system | at different
times in the evaporation process. The profiles from right to
left corresponds to t/(10%t) = 4.5, 9, 18, 27, 36, and 45. The
substrate is at z = 0.

of time, whereas the density of the polymer increases
to its melt density value (o = 0.8073) by reducing the
film thickness. One important point to notice in the
evaporation process is the sharp increase in polymer
density at the film/vapor interface which creates a
polymer density gradient across this interface. This
polymer density gradient becomes a barrier to solvent
evaporation and results in a solvent density gradient
within the system. A similar solvent evaporation effect
was also observed for system | as shown in Figure 2.
Since the polymer is initially much more dilute (co =
0.80) the immediate increase in polymer density across
the interface is not as sharp as in system 111 but there
is still a polymer density gradient across the interface.
For system I, the dilute solvent case (not shown here),
there is only a small polymer density gradient across
the interface since the polymer density within the
system is already close to the pure polymer melt density.
The difference in the density gradient across the inter-
face in the three different systems results in different
solvent evaporation rates.

Figure 3a shows the concentration of solvent mono-
mers ¢ remaining in the film divided by the initial
solvent concentration co. The rate of solvent evaporation
in system |11 (circles) is clearly much slower than the
other two systems. This may be in part due to the
difference in the thickness of the films. System Il
(squares) with dilute solvent and system IIl with
intermediate solvent concentrations show an exponen-
tial solvent evaporation. System I, however, shows two
distinct solvent evaporation behaviors: initially showing
a similar evaporation rate as system Il but then
changing to a higher evaporation rate. This can be
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Figure 3. Logarithmic plot of (a) the concentration of solvent
remaining in the film divided by its value at t = 0 in system
I (triangles), system Il (squares), and system IlI (circles), (b)
film thickness versus time for system I11. The solid line in both
(a) and (b) is an exponential fit to the data.

explained by the polymer density profile shown in
Figure 2. In that case, there is a polymer density
gradient across the interface which slows the solvent
evaporation from the system. Then, though the polymer
density at the interface (0.6073) is still far from the melt
density value (0.8073), the polymer density gradient, i.e.,
the barrier to solvent evaporation, disappears resulting
in an increase of solvent evaporation.

The film thickness is also found to decrease exponen-
tially as shown in Figure 3b. The film thickness L; is
defined as the average height of the film at time t/z. The
width of the interface, measured from the fluctuation
in film thickness, is constant with time. This is expected
since the simulations are done far above the glass
transition temperature and the polymer film is fluid
like. The final roughness of the films is due to an
intrinsic width which depends on the liquid—vapor
surface tension and a capillary wave contribution which
increases logarithmically with surface area.13181° The
qguestion of roughness and film instability are usually
an issue for glassy polymers or if the solvent has been
used as a plasticizer.

In summary, we performed large-scale MD simula-
tions to study the morphology of polymer films during
solvent evaporation. The density profile of the solvent
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and polymer has been calculated from the simulations
as a function of time. The formation of a polymer density
gradient at the film/vapor interface has been observed.
The rate of solvent evaporation from the film is found
to depend strongly on the magnitude of this density
gradient. The magnitude of the density gradient de-
pends on time and also on solvent concentration in the
system.
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