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Film thickness dependence of the domain
size in weakly incompatible thin polymer

blend films

Abstract The surface morphology
of thin polymer blend films of deu-
terated polystyrene (dPS) and
polyparamethylstyrene (PpMS) is
investigated with scanning force
microscopy (SFM) and optical mi-
croscopy. From a statistical analysis
of the data the most prominent in-
plane length picturing the domain
size as a function of the blend film
thickness is determined. In ultra-thin
films surface patterns directly after
preparation are absent, whereas for

thicker films a linear dependence is
observed. After a relaxation towards
equilibrium, resulting from anneal-
ing or storage under toluene vapor,
the power law observed changes

for ultra-thin films and remains
unchanged for thicker films.
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Polymer blends are extensively used in many applica-
tions to obtain specially designed properties that are not
accessible with homopolymers. With the need of ongo-
ing miniaturization, polymer-blend films are being
prepared with decreasing film thickness. While for larger
film thicknesses surface directed spinodal decomposition
creates an internal ordering of the blend film [1], below a
critical thickness this mechanism is suppressed [2]. The
long-range force of the substrate [3] becomes important
and surface morphologies are created [4—11]. The actual
type of surface morphology is determined by the
competition between diffusive and hydrodynamic
growth [12]. Therefore, the polymer-polymer interaction
parameter [13], the blend composition [14], and the
polymer viscosity [12] are important parameters. A large
number of investigations focuses on the installed
morphologies [4-11] and on the kinetics of domain
growth [15-18]. Recently, a cross-over from a 3D to a
2D behavior was identified from a change in the growth
exponent [18]. In the present investigation we determine
the evolving characteristic in-plane length scale of
the surface morphology as a function of blend film
thickness. To include on one hand the effects of confined
geometry and to exclude on the other hand the surface
directed spinodal decomposition, we prepared film

thicknesses between R,/3 and 26 R,, where R, denotes
the radius of gyration of the unperturbed polymer
molecule (about 100 A for the used polymers). Towards
smaller film thickness R,/3 marks the lower limit that
can be prepared as a homogeneous film. Films with R,/
4, for example, remain incomplete after preparation.
Different film thicknesses are prepared by a variation
of the polymer concentration of the toluene solution
used during the spin-coating process [19]. The prepara-
tion of thin films with the spin-coating technique enables
the control of the resulting film thickness with high
accuracy. We used deuterated polystyrene (dPS) with
a molecular weight M, = 157 kg/mol (M,/My = 1.09,
R, =106 A) as well as polyparamethylstyrene (PpMS)
with a molecular weight M, = 157 kg/mol (M,,/
My =1.06, R, =100 A) in an asymmetric blend com-
position of PpMS:dPS = 60:40. The surface tension of
dPS y(dPS) =40.7 mN/m? [20] is larger than that
of PpMS p(PpMS) = 35.0 mN/m? [21]. As determined
recently [22], the resulting surface morphologies are
continuous patterns, which are easily distinguishable
from typical dewetting patterns like holes, continuous
rim structures or drops [23, 24]. Both polymers differ
only by one methyl group. Thus, the blend system
is only weakly incompatible. For the bulk system
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PpMS:dPS a polymer-polymer interaction parameter
y=A + B/Twith A =-0.011 £ 0.002and B=6.8 +
1 K [25] (yields Ny = 6.6) was determined. Prior to spin-
coating (1950 rpm for 30 s) the silicon Si(100) substrates
were cleaned in a bath of 100 ml of 80% H,SO,, 35 ml
H>0, and 15 ml deionized water for 15 minutes at 80 °C,
rinsed in deionized water and dried with compressed
nitrogen. Right after preparation the samples were
examined with X-ray reflectivity to determine the
prepared film thickness and to prove the presence of a
homogeneous polymer blend film on top of the substrate.
In addition, samples were annealed 8 h and 62 h at
T =161 °C in a vacuum furnace or stored for 7 h under
a toluene atmosphere. Next, they were quenched down
to room temperature and ambient air. The annealing
temperature is above the glass transition temperature of
both polymers and within the unstable regime of the
dPS/PpMS phase diagram. Both annealing times are
inside the time range during which phase separation is
dominant as compared to dewetting [8]. From the X-ray
reflectivity measurements we can exclude a surface-
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directed spinodal decomposition. The storage under a
toluene atmosphere after the preparation lowers the
glass transition temperature [26]. The polymer layer is
swollen by the incorporated toluene molecules from the
surrounding atmosphere, which act as a plasticizer. The
film thickness is increased by 20%. The original homo-
geneous polymer film is replaced by a highly concen-
trated PpMS:dPS-toluene solution layer. Therefore, the
viscosity and surface tension are reduced. In addition,
the long-range interaction changes. The polymer-sub-
strate van der Waals interaction is replaced by the
polymer/toluene-substrate interaction. This changes the
effective Hamaker constant of the system [27].

In general, the spin coating process is described
within a three-step model [28]. During the first step
most of the solution is spun-off. A radial outflow of
highly concentrated solution dominates the second step,
ending with a film thickness /. In the third step only
solvent evaporation reduces the film thickness down to
the dry film thickness / = (1 — x)h,, which is measured
in our experiment [29]. The initial solvent mass fraction
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Fig. 1 SFM pictures of the topology of blend films as prepared («, ¢),
after 8 h annealing (b, f), 62 h annealing (¢, g) and toluene vapor
storage (d, h). For the confined thin films with a film thickness of R,/3
(a—d) a small scan range of 5 um x 5 pum and for the thick films with a
film thickness of 26 R, (e—#) a scan range of 20 ym X 20 um is shown
to clarify the measured morphologies. In each SFM graph the gray
scale is individually chosen to emphasize the surface pattern

in the coating solution is denoted with x,. The observed
morphologies are created during the diffusion-controlled
third step. Due to the deep quench, a once created phase
separation morphology is frozen in [30]. Within the
extremely small time window of the spin coating process
no morphological changes are possible. Thus, right after
preparation the samples are in a non-equilibrium but
well-defined state. The investigated intermediate states
after annealing or toluene storage can be understood as
snap-shots of the ongoing process. It is driven by the
minimization of the excess surface free energy density of
the system. In contrast to the well investigated time
dependence [15, 18], we focus in the present investigation
on the film thickness dependence.
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Four different samples of each film thickness were
investigated to ensure reproducibility of the results.
After each preparation, within the experimental error,
we observe equal film thicknesses and surface morpho-
logies. The surface morphology of the as prepared as
well as of the quenched samples was examined with a
scanning force microscope (PARK Autoprobe CP).
Operating in non-contact mode several images between
0.5 yum x 0.5 yum and 100 ym x 100 um were obtained.
The data were recorded at room temperature under air.
We used gold-coated silicon cantilevers with a sharp,
asymptotic conical tip with a high aspect ratio (PARK
Ultralevers) which are well suited for the investigation of
tall structures. To detect possible larger structures and
resolve the evolving large morphologies with sufficient
statistics, in addition optical microscopy (Zeiss Axiotech
25H) with magnifications between 4 times and 50 times
was performed.

Fig. 1 shows as an example of the observed mor-
phologies of ultra-thin films (Fig. la—d: thickness /=
R,/3) and of thick films (Fig. le-h: thickness / = 26 R,)
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right after preparation, after 8 h and 62 h annealing and
after toluene vapor storage. Obviously there are re-
markable differences: Samples with / < R, exhibit a flat
and featureless surface after preparation. After anneal-
ing or toluene treatment small droplets are present at
the surface. The droplet diameter as well as the droplet
distances depend on the sample treatment (annealing/
vapor storage). In contrast, films with / > R, show a
continuous surface pattern right after preparation. After
annealing the structure has coarsened but is still
continuous. The observed surface patterns are very
similar to the calculated ones with a conserved order
parameter [12]. In reference [12] based on a lattice
Boltzmann simulation the coarsening of the domains in
phase-separating binary fluids is investigated. In case of
high viscosity and negligible hydrodynamic flow the
experimentally observed morphologies fit well to the
calculated ones. This strongly suggests that in the case
of the blend system PpMS:dPS examined in this
investigation, the coarsening is not dominated by
hydrodynamic flow. In contrast for PMMA:PS blend
films hydrodynamic flow was attributed to be the
leading mechanism during the coarsening of the as cast
blend film [9]. The differences in the investigated
molecular weights which change the viscosity as well
as the change in the polymer-polymer interaction
parameter might be a reason for this observation. For
samples with / > 2R, even after the plastification the
continuous structure remains. Thus, during the plastif-
ication the viscosity was still so high that hydrodynamic
flow can be neglected.

To obtain a statistical description, the SFM and the
optical micrograph data of individual scan ranges were
Fourier transformed, yielding a 2D intensity informa-
tion in reciprocal space quite similar to a scattering
signal. Because in optical micrographs in addition to the
xy-coordinate the third information is a color value only
and not a height information like in SFM data, both
Fourier transformed data sets differ in the meaning of
the intensity axis. From the appearance of a Fourier ring
the rotational isotropy of the surface morphologies and
the existence of one most prominent in-plane length can
be concluded. After radial averaging, power spectral
density functions (PSDs) with a limited g-range result.
The combination of the PSD with different q-ranges,
corresponding to individual scan ranges, yields a master
curve. We restrict this combination to PSD resulting
from one experimental method, either SFM or optical
microscopy. Each master curve statistically describes the
measured surface morphology with an increased q-range
as compared to an individual PSD [22]. The actual value
of the most prominent in-plane length A is determined
from the position of the maximum ¢,.x = 27/A of the
master curve [13]. This works irrespective of the
originally applied technique, SFM or optical micro-

scopy.

Fig. 2 shows A as a function of blend film thickness
[ right after preparation. It has to be noted that /
resembles the dry film, although the phase separation
process occurs at a different, larger film thickness. The
absence of a surface pattern yields a master curve
without any peak which we identify with A = 0 [22]. On
basis of a mean-field treatment it was theoretically
predicted that with decreasing film thickness the poly-
mer-polymer interaction parameter is decreased as well
[31] and thus polymer-blend films become more com-
patible [32]. As recently shown, the characteristic in-
plane length of a surface blend morphology decreases
with increasing compatibility for as prepared films [13].
Therefore, we can attribute the increase of A with
increasing film thickness to the decreasing compatibility.
For equilibrium thin-blend films, the existence of a
critical film thickness below which surface pattern
evolution is suppressed [33], is theoretically predicted.
Of course, as prepared thin blend films are far away
from equilibrium as the evolution of surface morpho-
logies after annealing demonstrate. Furthermore, for
polymer blend films a drastic change in many physical
properties, resulting from the spatial restriction, like
deviations in the glass transition temperature and chain
mobility as compared to bulk values or an diffusion
anisotropy [34-37], were reported. Thus, it might
be reasonable that this non-monotonous behavior is
originated by a spatial restriction of the film thickness,
which suppresses a lateral phase separation [19] for
[ < R,

Usigng a double logarithmic plot in Fig. 3 the data of
the as prepared as well as of the treated samples are
shown. The samples yielding A =0 are skipped. The
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Fig. 2 Characteristic in-plane length A as a function of the dry
polymer blend film thickness / for the as prepared samples. Note that
the morphologies are created at a film thickness which is larger than /.
Master curves of SFM data which exhibit no peak in the entire
measured g-range were plotted with A =0

0.0




380

L LR T T

T T T

AN

10°

(&)

< 104

T
L Ll

\rlll 1 1
10°

Ill\l \‘ 1 1
10®

1 (R)

10° -

Fig. 3 Double logarithmic plot of the characteristic in-plane length A
as a function of the prepared polymer blend film thickness /. The data
of as prepared samples (circles), 8 h annealed samples (triangles), 62 h
annealed samples (crosses) and under toluene atmosphere stored
samples (rhombi) are plotted. In case of toluene vapor treatment the
films are swollen, which enlarges the film thickness. The solid lines are
linear fits to the data. The dashed line marks the border between 2D
and 3D films D,

dashed line now marks D, = 2R, and thus pictures the
border between 2D and 3D systems. The solid lines are
fits to the data within the limited film thickness range.
Within the experimental errors, the individual data sets
all are describable with power laws A(/) ~ I*. Irrespective
of the treatment, we obtain o= 1.0 &+ 0.07 for the
samples with / > D,. As prepared samples with / > R,
exhibit this exponent, too. Remarkable for / < D, the
exponent is changed after a relaxation towards equilib-
rium. After annealing o = 0.5 + 0.05 and after toluene
vapor storage o = 2.0 £ 0.08 result. The value of
o = 2.0 is explainable within the simple spinodal de-
wetting model [38]. The film is destabilized by thermal
fluctuations at its surface and decays into droplets. The
distance d between individual droplets follows d ~ I?
because the fastest growing wave vector which destroys
the homogeneous film is ¢,, ~ 172 Recent investigations
using grazing incidence small angle neutron scattering
show that the blend film dewets the substrate. Each
droplet consists of randomly arranged demixed domains
[39]. In thin homopolymer films quite similar surface
pattern were observed, as well [40, 41]. Thus, the
distance between the droplets can be understood as

the most prominent in-plane distance A(l) = d(l). For
morphologies created by phase separation a behavior
A ~ y.q was experimentally observed [13]. Theoretically,
a shift of the coexistence curve to smaller values of the
inverse polymer-polymer interaction parameter ye}} with
decreasing film thickness / was calculated [31]. The
combination of both dependencies is in reasonable
agreement with our observation. Unfortunately, no
exponent o can be extracted directly due to the
complication induced by the substrate (wall) interac-
tions. Qualitatively, an increase of lateral surface
structures with increasing blend film thickness was
observed experimentally for different blend systems like
PMMA:PS as well [9, 10]. Because in the previous
literature no statistical analysis of SFM data was
performed a direct comparison to our results is not
possible. We interpret the observed change in the
exponent o as evidence for a cross-over from a 2D to a
3D behavior of the blend film. The change resembles an
enhanced domain growth in the lateral direction of the
2D films as compared to the 3D ones. Theoretically, a
diverging domain size for decreasing film thickness was
predicted [33]. But we do not observe the suppression of
surface domains after annealing which might be due to
the fact that the equilibrium structure experimentally
results not from a phase separation but from a dewetting
process. It should be noted that after 62 h annealing or
7 h toluene vapor treatment only a few samples with
small film thickness get near their equilibrium structure.
After sufficiently long annealing we always observe drop
structures [8].

In summary, we have determined different film
thickness dependencies of the characteristic in-plane
length scale. Thus, the domain size is directly related to
the film thickness. It should be noted that recently a
similar power law behavior was observed in other blend
systems like mixtures of brominated polystyrenes with
different degrees of bromination PBr,S:PBr,S [42] or
polystyrene blended with poly(n-butyl methacrylate)
PS:PnBMA [43]. This suggests that the reported behav-
ior is not limited to one special blend system only. This
might have significant implication for the controlled
design of surface patterns in terms of lateral size.
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