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Interference of Spinodal Waves in Thin Polymer Films
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ABSTRACT: We have studied the thickness dependence of the spinodal decomposition in thin films of a
binary polymeric mixture. Nuclear reaction analysis (NRA) and time-of-flight forward recoil spectrometry
(TOF-FRES) have been used to monitor the phase separation in thin films of poly(ethylenepropylene) (PEP)
and perdeuterated poly(ethylenepropylene) (dPEP) after a quench into the two-phase region. The composition
profiles are modeled by two distinct spinodal waves originating from the two surfaces of the films, and
interference effects are observed as the film thickness is varied. Below a critical film thickness the coarsening
of the phase structure is found to be severely altered with respect to the thick film behavior. Celi-dynamical
simulations have been performed which closely resemble the experimental findings.

The spinodal decomposition of binary mixtures has been
a matter of considerable interest in the past, both
experimentally and theoretically.!5 Following a rapid
quench from the one-phase region into their miscibility
gap, bulk fluids phase separate through an exponential
growth of concentration fluctuations with a characteristic,
time-independent wavenumber gn. At later times, the
wavenumber shifts toward zero, leading to an increasingly
coarsened phase structure. This process is characterized
by anisotropicstructure factor, reflecting the translational
and rotational symmetry of the bulk fluid. However, a
quite different behavior can be expected when the
symmetry is broken, e.g., in the vicinity of a surface.t-?
This has first been suggested by Ball and Essery on
theoretical grounds® and was confirmed shortly after by
Jones et al.,'®who observed a strongly anisotropic structure
factor in the spinodal decomposition of thin films of an
isotopic polymer blend. The film surface was found to be
enriched in one of the components, and an oscillatory
composition profile was observed perpendicular to the
surface. The characteristic wavelength of this layered
structure was found to grow considerably slower with
respect to the bulk behavior.!! In a similar kind of
experiment, Bruder and Brenn concentrated on the
equilibrium phase structure at late times;? they could
show that a stable layered structure of binodal compo-
sitions can only be established when both interfaces are
completely wet by one of the components. Otherwise, the
competing growth of bulk domains was found to eventually
destroy the layered structure.

In the present study, we shall investigate the influence
of the film thickness on the spinodal decomposition of a
binary polymer mixture. Assuming an attraction of either
of the two components to both the polymer/vacuum and
the polymer/substrate interfaces, respectively, one expects
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two separate spinodal waves to extend into the film which
eventually will interact with each other as the film
thickness becomes comparable to the decay length of the
oscillations. We present the first experimental evidence
for both constructive and destructive interference of these
waves by varying the film thickness. In addition we show
that the coarsening of the spinodal wave is considerably
slowed down as the film thickness becomes smaller than
some critical value. Finally, the experimental findings
will be shown to be in good agreement with cell-dynamical
simulations based on a modified time-dependent
Ginzburg-Landau model!® of phase ordering including
symmetry-breaking surface fields.”

The system under consideration is a symmetric binary
mixture of poly(ethylenepropylene) (PEP) and perdeu-
terated poly(ethylenepropylene) (dPEP) with approxi-
mately equal index of polymerization Ny = Np = N =
2286. The polymers were synthesized following standard
methods.’* The mixture is characterized by a small,
positive interaction parameter x, resulting from the slight
differences in bond length and polarizability between the
C-H and the C-D bonds,!51¢ respectively. This in turn
leads to an upper critical solution temperature T, = 365
K, below which phase separation occurs. In addition, the
deuterated component is found to have a somewhat smaller
surface energy and tends to segregate to the film surface.!’

Thin PEP/dPEP films with nearly critical concentration
& ~ 0.50 were prepared by spin casting. Toluene solutions
of varying concentration were spread onto a Si wafer; the
native SiQ, surface layer was removed by etching in
aqueous HF immediately prior to film deposition (“strip-
ping”). Film thicknesses ranged between 150 and 1000
nm. The samples were then annealed under vacuum at
321 K for various times. Since the glass transition of PEP
is well below room temperature (T = 217 K), the samples
were analyzed immediately after annealing if possible or
else stored in liquid nitrogen in order to prevent any
further, uncontrolled phase separation from occurring at
room temperature.

The volume fractions of the two components were
determined as a function of depth perpendicular to the
film surface by either nuclear reaction analysis (NRA) or
time-of-flight forward recoil spectrometry (TOF-FRES).

© 1993 American Chemical Society
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Figure 1. Volume fraction vs depth profiles for both dPEP (open
squares) and hPEP (open circles) as determined by TOF-FRES.
The films were annealed for 116 h at 321 K. (a) Stripped Si
substrate; (b) Si substrate covered a self-assembled methyl-
terminated organic monolayer produced by treating the Si with
OTS prior to film deposition. The solid lines are guides to the
eye.

NRA takes advantage of the exothermic nuclear reaction
3He(?H,'H)*He and therefore is sensitive to the deuterated
component only. TOF-FRES, on the other hand, probes
both hydrogen and deuterium through elastic scattering,
with however a somewhat poorer depth resolution. While
both techniques were used in a complementary manner,
a complete set of data was always taken with the same
technique to avoid any systematic errors. (For details
concerning the techniques and their particular application
to isotopic polymer mixtures, refer to refs 18 and 19,
respectively).

We shall first address the question of which of the two
components of the mixture will preferably segregate to
the Si substrate surface. Similar to the results of Bruder
and Brenn,!2 the behavior of the PEP/dPEP mixture in
the vicinity of the substrate is found to strongly depend
on the history of this surface and may easily be changed
by varying the substrate surface energy. A detailed study
of this effect will be the subject of a forthcoming
publication; however, to clarify the situation faced in the
present study, Figure 1 shows volume fraction vs depth
profiles for an initially uniform critical mixture after
annealing for 116 h at 321 K on two different substrate
surfaces. While Figure 1a shows the results for a polymer
film spun directly onto a stripped Si surface, Figure 1b
shows the results for a polymer film spun similarly onto
a self-assembled monolayer of octadecyltrichlorosilane
(OTS), which was grafted onto the Si surface prior to film
deposition. As can be clearly seen from Figure la, the
quench into the two-phase region finally leads to the
formation of a bilayer structure with a dPEP-rich com-
ponent close to the polymer/vacuum interface and an PEP-
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rich component close to the stripped Si surface. The
introduction of a self-assembled monolayer, on the other
hand, leads to a quite different phase morphology now
characterized by a dPEP-rich phase close to both the film
surface and the film/substrate interface. We include this
information to emphasize the importance of the polymer/
substrate interface for the overall film morphology.
However, the remainder of the paper shall be solely
concerned with polymer films on stripped Si substrates.

It is tempting to compare the observed plateau values
of the respective volume fractions in Figure la with the
binodal concentrations expected from a Flory-Huggins
mean-field theory. Only recently, Gehlsen et al. reported
a comprehensive study of the effective Flory—Huggins
interaction parameter x.s as a function of temperature,
molecular weight, and relative deuterium content in PEP/
dPEP mixtures.’8 For our polymers x.s = 1.08 (6) X 10-3
at 321 K from these data; using this we arrive at binodal
concentrations of ®; = 0.16 and ®; = 0.84. The observed
values do not match the theoretical predictions but are
well inside these (e.g., &1 = 0.25 and $; = 0.75 from Figure
1a). It may be that longer annealing times are needed to
completely equilibrate the system, but additional exper-
iments clearly show that the layered structure is stable
over times longer than several years. We shall only
conclude at this point that the stripped silicon surface
attracts the hydrogenated rather than the deuterated
component of the mixture. This factshall be of importance
for the following considerations.

In order to study the interaction of the spinodal waves
originating from the two surfaces confining the films, we
shall now turn to considerably shorter annealing times
where the spinodal waves can be expected to extend into
only a portion of the film thickness. The proper annealing
times were chosen so as to match the accessible depth
resolution and depth range of the profiling techniques.
Figure 2 shows concentration vs depth profiles $4pep(2)
of the deuterated component for various film thicknesses
after annealing for 5.5 h at 321 K. If we start from very
thick films (Figure 2a), only the surface spinodal wave can
be observed, decaying into the bulk of the films over a
characteristic length of some 250 nm. No oscillations
originating from the Si surface are observed as the back
part of the film lies well beyond the accessible depth range
of NRA. The data are well represented by

®gprp = 0.5 + Pypppsurs 1)

with

Pyprpy

212
W exp(— Z) cos(g,2) (2)

PapEpsurt =

where ®gpEp,surr is a damped cosine oscillating about the
average concentration &, = 0.5. Inorder to correct for the
finite experimental depth resolution, this function was
then convoluted with a Gaussian with a depth-dependent
width ranging from about 20 nm at the film surface to
about 100 nm at a depth of 600 nm.2° The best fit to the
experimental data was achieved for a characteristic wave
vector ¢m = 2.56 (10) X 10-2 A-! and a decay length ¢ =
230 (15) nm. The dPEP volume fraction at the film surface
was found to amount t00.85 corresponding to an amplitude
Paprpo = 0.35.

As the film thickness d is decreased, the observed
composition profile changes markedly. As can be seen in
Figure 2b, a third maximum of the composition wave is
found at around 500 nm. This maximum is due to a second
spinodal wave, originating the polymer/substrate interface.
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Figure 2. dPEP volume fraction vs depth profiles for different film thicknesses d as determined by NRA: (a) d > 1000 nm, (b) d
= 574 nm, (¢) d = 474 nm, (d) d = 282 nm, () d = 240 nm, {f) d = 220 nm. The solid lines represent the result of eq 3 convoluted
with a Gaussian of increasing full width at half-maximum. The locations of the Si substrates are indicated by the vertical lines. (All

substrates were stripped from oxide prior to film deposition.)

In order to fit the data, we therefore add a second wave
toeql

‘thEP =05+ cdeEP;surf + q)dPEP;subs (3)
with

ihPEP;O

—=2 exp(~(2/20)%) cos(qn(d - 2)  (4)
(21”,2)1/2 p(—(z/20)") cos(g

PipEPsubs = ~
the negative sign being due to the fact that the hydro-
genated rather than the deuterated component of the
mixture is attracted to the Si surface as discussed above.
While it seems reasonable to assume that both ¢m and ¢
mainly reflect bulk properties and therefore should be
independent of the particular surface the spinodal wave
originates from, it is by no means obvious that the
amplitude of the oscillation is the same for both interfaces.
Lacking further information on the strength of the
substrate polymer interaction, we take ®pprpr, = $apEP0
= (.35 for a first trial. As can be seen in Figure 2b, eq 4
fits the experimental data quite well, with the film
thickness d being the only adjustable parameter during
the fit. Weshall point out, however, that, due tothelimited
depth resolution at the back interface of the film, the value
of ¢npEp.o can only be estimated roughly.

If the above model were correct, one should be able to
observe interference of the two spinodal waves as the film

thickness is further decreased and major parts of the waves
can interact with each other. This is indeed the case and
can be seen in parts ¢ and d of Figure 2, where we first find
complete destruction of the second maximum followed by
constructive interference as the film thickness is decreased.
The data are still well represented by eq 3 with all
parameters but the film thickness kept at their initial
values.

Marked changes in the fit are observed, however, when
the film thickness is further decreased. These can be seen
in parts e and f of Figure 2, where the theoretical profiles
according to eq 3 clearly fail to predict the experimental
data. This discrepancy is observed in all samples thinner
than about 280 nm. In order to still represent the data
in Figure 2e with eq 3, we have to decrease the characteristic
wave length of the oscillations markedly. To understand
this effect, we may compare the total film thickness to the
most probable wavelength at early times. As the wave
vectors of the surface spinodal waves approach the bulk
value at ¢t = 0, we may extrapolate the data for gmpui
obtained from light scattering experiments on bulk PEP/
dPEP samples?! to ¢t = 0. We estimate ¢m bun(:=0) = 3.6
X 10-3 A-1for T = 321 K, corresponding to An(t=0) = 174
nm. Since the substrate surface is covered by a PEP-rich
layer in contrast to the polymer/vacuum interface, a
minimal film thickness of dyin = 1.5An(¢=0) = 261 nm is
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Figure 3. Results of the cell-dynamical simulations after 304 time steps (~5.8 h) for different film thicknesses closely resembling
the experimental situation shown in Figure 2: (a) 960 nm, (b) 576 nm, (c) 480 nm, (d) 384 nm, (e) 288 nm, and (f) 240 nm. The solid
lines show the order parameter ¥, averaged over the xy plane as a function of depth beneath the surface (given in numbers of cells).

needed in order to realize a composition wave with gm bulk-
(t=0). As the film thickness falls below this limit, the
system is forced to decompose with a larger characteristic
wave vector, which then is determined by the macroscopic
dimensions of the film. A detailed study of this thickness
regime is beyond the scope of this paper; yet, interesting
effects can be expected with respect to both the nonequi-
librium and the final equilibrium phase structure of such
ultrathin film systems.

In order to compare the above findings to recent
theoretical studies, we have performed cell-dynamical

simulations based on an extended conserved time-depen-
dent Ginzburg-Landau (CTDGL) model,” which is the
Cahn-Hilliard-Cook model including surface interactions
and nonlinearities. We start from a free energy functional®?

F _ 3 Ye o u 4 ¢ 2_( 22)
Z —dr{z‘l’ +4\I/ +2(V\I/) 61\1’+2‘I’ 5(2)}
(5

where the order parameter ¥ (r,t) represents the difference
between the local concentrations of the two pure com-
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ponents and ¢; and o3 are surface potentials. The CTDGL
equation of motion'? takes the form of a conservation law
for the order parameter ¥ (r,t):

¥ (r,t)
ot
where M is a constant mobility and the noise current j is

required to finally drive the field to thermal equilibrium.
j has correlations

= V{MVu(r,t) + j(r,t)} (6)

(Jo(r 1) jor't)) = 2MET5,6° (1) 6(t-t)  (7)

The chemical potential p = §F/6¥ is the functional
derivative of the free energy F with respect to ¥. We
assume that the system is in the one-phase region at times
t <0 and study the behavior of the order parameter after
a quench below the critical temperature at ¢t = 0. With
e =agfort <0 and ¢ = —a for t > 0, we can rescale the
above model using the characteristic times, distances, and
field strengths of the ¢t > 0 dynamics. We use the scaling
transformations r/(c/a)/2 — r, t/(c/Ma2kT) — t, and
¥/(a/u)'/? — ¥ to obtain

% = VHr¥(r,t) + Vi (x,t) - V2U(r,0)} + g/ 2n(x,t)

(8)
with 7 = ap/a for t <0 and r = -1for t > 0, and g =
2ua-1/2¢-%/2, The scalar noise 7(r,t) has correlations (»-
(r,t) n(¥’,t")) = -V283(r-r’) 6(t-t’). The rescaled surface
potentials s; = al(u/c)/2¢; and s; = a'/%¢"'/24, enter
through the boundary condition?

0=2V¥+s +5,7¥ 9

z being the unit vector perpendicular to the surface. In
addition, we choose boundary conditions z-Vu = z-j = 0
so that there is no flux of the order parameter across the
boundary surface. Tostudy the dynamics of eq 8, we have
used three-dimensional cell-dynamical systems,?? which
may be roughly considered as a discretization of time and
space. Periodic boundary conditions are used in the x
and y directions, and the z dimension is limited by two
impenetrable surfaces with surface potentials of equal
strength but opposite sign. Details of the cell-dynamical
simulations (CDS) are given in ref 7. Using a statistical
segment length b = 0.8 nm for PEP as well as the data for
N and T. specified above, we calculate the parameters a,
¢, and u?? and estimate the length (c/a)!/2 to be 19.6 nm.
In the CDS, the lattice spacing is 1.24 of this length, i.e.,
24 nm. Taking the mutual diffusion coefficient to be D(321
K) = 7 X 107'® cm?/s,?! the time {¢/Ma?kT} corresponds
to be about 550 s. Again, in the CDS one time step
corresponds to 0.126 of this unit time, i.e.,69s. We further
estimate kTo; = 0.1 mJ/m? and k7o = —0.01 mJ/m? from
the surface energy difference between the two isotopic
polymer species.?*

Inorder to compare to the experimental situation, Figure
3 shows the order parameter ¥, at 304 time steps (=5.8
h) after the quench averaged over the xy plane for different
numbers of cells in the z direction.?’ Qualitatively, the
data clearly resemble the experimental results shown in
Figure 2; this conclusion holds both for the observation
of destructive and constructive interference of the two
waves and for the fact that the characteristic wavelength
Am is found to be independent of the film thickness in the
case of sufficiently thick films. Thisindependence is seen
from the fact that the first minimum stays at approxi-
mately the same depth for all simulations down to a
thickness of 16 cells. In addition, a change of the
characteristic wavelength is observed as the film thickness
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Figure 4. Value of the order parameter ¥ in a plane perpen-
dicular to the film surface after 304 time steps (=5.8 h). The
films thicknesses are the same as in Figure 3: (a) 40 cells, (b) 24
cells, (¢) 20 cells, (d) 16 cells, (e) 12 cells, (f) 10 cells, and, in
addition, (g) 8 cells. The color scale ranges from blue (¥ = 1)
to red (¥ = -1).

isfurther decreased to 12 cells. Similar tothe experimental
finding, this effect occurs when the film thickness falls
below about 1.5 times the characteristic wavelength of the
thick film regime, i.e., about 1.5 X 10 = 15 cells.?8

Comparing the above results quantitatively, we may
estimate Am sim = (10)(1.24)(c/@)'/2 = 243 nm for the thick
film regime (Figure 3a—c) and relate this number to the
experimental value Apexp = 245 nm. Keeping in mind
that no adjustable parameters enter into the simulation
and regarding the uncertainties buried in the estimates of
both the diffusion coefficient and the surface fields, this
agreement is good.

Finally, weshall investigate the lateral phase morphology
related to what occurs as constructive and destructive
interference of the spinodal waves perpendicular to the
confining surfaces. Due to the inherent averaging of the
profiling techniques, this information is not accessible in
our experiments. We can however extract some infor-
mation from the cell-dynamical simulations by plotting
zx or zy planes of the cell assembly rather than averaging
over both x and y. Such plots are shown in Figure 4 where
we plot the value of ¥(xo,y,2,t0) for an arbitrarily chosen
vz plane for different film thicknesses. The figure clearly
shows that “destructive interference” of the spinodal wave
corresponds to the existence of a region close to the center
of the film consisting of a large number of droplets of
either of the two phases. This occurs in parts ¢ and e of
Figure 4 and can be understood as the compromising
reaction of the system to competing surface fields which
tend to enrich the particularly layer by one and the other
phase at the same time. The resulting disorder disappears
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as soon as the film thickness approaches a value where
both surface fields favor the same phase to be enriched at
any given plane in the film (Figure 4d). “Constructive
interference” therefore corresponds to an almost perfectly
layered structure.

In conclusion, we have studied the thickness dependence
of the anisotropic spinodal decomposition of thin polymer
films. Evidence wasgiven that two distinct spinodal waves
originate from the two surfaces of the film at early times
that interact with each other as the film thickness becomes
comparable to the decay length of the waves. Constructive
and destructive interferences were observed and could be
modeled by the superposition of two damped oscillatory
waves. This picture was shown to break down as the film
thickness becomes smaller than the characteristic wave-
length for bulk spinodal decomposition at early times.
The observed behavior could be resembled by cell-
dynamical simulations on the basis of the conserved time-
dependent Ginzburg-Landau theory.
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