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a b s t r a c t

Substrate wetting of the component(s) of thin polymer blend films strongly dictates their phase evo-
lution during thermal annealing. In the case of wetting by one component being preferential than the
other, a continuous wetting layer at the substrate will form. Here, we report that the preferential wetting
of PMMA within a PS/PMMA thin film can be prevented under normal pressure. Moreover, the external
pressure drives the PMMA wetting layer at the substrate (or a PMMA cushion layer intentionally placed
between the blend film and the superstrate) into the isolated PMMA domains within the blend film. This
results in a film morphology normally observed on neutral surfaces, revealing that normal pressure can
potentially be used to effectively control the blend film morphology by preventing the hydrodynamic
wetting.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The phase structures of polymer blend thin films are important
for diverse applications, ranging from organic photovoltaics [1],
LEDs [2] to chemical sensors [3]. It has been shown that the
“morphological evolution of thin blend film is a result of dynamic
interplay among wetting, domain coarsening, capillary fluctuation,
hydrodynamic flow and thin film confinement” [4]. Among them,
the wetting of component(s) at the polymeresubstrate interface
has been found to be one particularly influential factor [5e7].

For a thin, binary blend film bounded by a rigid substrate that
energetically favors one component to another, the preferential
attraction drives the favored component to either “partially wet” or
“completely wet” the substrate, depending on the degree of
wettability [8]. In the complete wetting scenario, the substrate-
favored phase is enriched at the interface and forms a continuous
wetting layer, via either diffusion [9,10] or hydrodynamic flow [11].
When the wetting layer formation occurs during phase separation
near the critical point, the growth kinetics follows a power law,
lfta, where the exponent a depends on the dominant growth
mechanism [11].

The wetting layer separates the unfavored component from
contacting the substrate, which greatly affects the domain-
coarsening process [12]. For thin PS/PMMA [13,14] (or SAN/PMMA
[11,15,16]) films, a well-studied system, complete wetting of PMMA
on more hydrophilic surfaces (SiOx, mica, etc.) were observed,
which facilitated the coalescence of domains through hydrody-
namic wetting.

When a thin blend film was symmetrically confined between
two identical preferential walls, wetting layers formed on both
sides [17,8], which indeed had been observed by measuring
composition depth profile of a polyolefin blend film [18]. In rela-
tively thick PS/PVME films (10 se100 s mm) confined between two
glass slides (preferential surface for PVME), the wetting layers
could grow up to several micrometers thick, which served as the
active path for hydrodynamic mass transport between PVME do-
mains [19e21]. As noted by the author, this morphological evolu-
tionwas length-scale-dependent, meaning that the thickness of the
wetting layer limited the kinetics of the coalescence [22].

Efforts were also made in order to investigate the phase be-
haviors of symmetrically confined blend films in even thinner
thickness range. Dalnoki-Veress et al. studied ultrathin PS/PMMA
films (~100 nm in thickness), which had been capped with a thin
evaporated SiOx layer on one side and, on the other side, supported
on a silicon substrate with a ~70 nm thick SiOx layer. Wetting layers
of PMMA also formed on both the superstrate and the substrate
[23]. The thin top surface layer was not rigid enough (when
thickness was belowa certain threshold value) to suppress the film-
roughening caused by domain-coarsening [23]. Consequently, the
bending of the capping layer was observed, which caused the
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geometrical configuration to deviate from perfect symmetry. In
addition, a novel route to fabricating highly uniform polymer blend
concentric rings were achieved by capping/confining an asym-
metric blend between a spherical surface and a flat one [24].

The preferential wetting could be prevented by “neutralizing”
the substrate surface energy. For PS/PMMA, the neutral surface
could be achieved by surface assembled monolayer, random
copolymer of styrene and methyl methacrylate, or even a mixture
of PS/PMMA chains [25,26]. On these neutral surfaces, both PS and
PMMA formed direct contact with the substrate, without any
continuous wetting layer. This approach had been adopted for
improving the ordering of block copolymers [27]. In the current
study, we examined the morphological evolution of thin PS/PMMA
blend films annealed while being confined between two identical
rigid walls under a normal pressure. Most significantly, we found
that the external pressure could not only completely prevent the
formation of a PMMA wetting layer, but also drive an existing
wetting layer into isolated PMMA domains. As a result, direct
contact of both PS and PMMA domains with both capping sub-
strates, in a way similar to what had been observed on neutral
surfaces, were achieved.

2. Experimental

Polystyrene “PS48k” (Molecular weight Mw ¼ 48.1 kg/mol,
Polydispersity Index Mw/Mn ¼ 1.01, Glass transition temperature
Tg ¼ 98 �C) and poly(methyl methacrylate) “PMMA15k” (Approxi-
mately Mw ¼ 15 kg/mol, as determined by GPC, Tg ¼ 105 �C) were
purchased from Scientific Polymer Products, Inc. and used as
received. Both polymers were dissolved with a concentration ratio
of 1:1 in toluene at room temperature.

PS48k/PMMA15k blend films with different thicknesses were
prepared by spin-casting blend solutions of different concentra-
tions onto silicon wafers at 2000 rpm. The surfaces of the wafers
had been previously cleaned with oxygen plasma. The as-cast films
were annealed in vacuo at 50 �C (below the Tg of both polymers) for
8 h in order to remove residual solvent [28]. The thickness of the as-
cast films was determined by measuring the step-height of a razor
blade scratch on the films with atomic force microscopy (AFM,
Dimension 3100, Bruker Corporation).

In order to achieve symmetrical boundary conditions, an iden-
tical silicon wafer with native oxide surface was pressed (under a
normal pressure of 4 MPa) against the blend films at 110 �C for 60 s
and then cooled down to room temperature, using an Eitre 3
nanoimprinter (Obducat, Inc.). The heated pressurization was
crucial for achieving excellent contact and strong physical adhesion
between the superstrate and the blend film. Since the temperature
used for the pressurizationwas close to the Tgs of the PS and PMMA,
no morphological change was expected for the brief period of
heating.

For annealingwithout pressure (either capped or uncapped), the
blendfilmswere annealed on an STC200hot-stage (Instec, Inc.)with
a temperature stability of±0.1 �C. The hot-stage had been calibrated
with 7 melting-point standards prior to the annealing experiments.
The pressurized annealing experiments were carried out using
nanoimprint lithography (NIL). A pressure of 4 MPa was exerted as
soon as the temperature ramped up to the annealing temperature.
After 30 min, the temperature ramped down via air cooling, while
the pressure was maintained at 4 MPa until room temperature was
reached. In order to characterize the blendmorphology, the capping
silicon wafer and the blend film was separated by inserting a razor
blade in between under room temperature.

The surface morphologies were characterized with AFM and
optical microscopy. The PS/PMMA interfacial topography was
measured with AFM after the selective dissolution of PS using
cyclohexane. ImageJ 1.46r (Wayne Rasband, NIH) was used to
process the power spectrum density profiles, extract the correla-
tion lengths and calculate surface areas occupied by each phase.

3. Results and discussion

Fig. 1 (aec) show AFM phase images of a 134 nm thick PS48k/
PMMA15k blend film on Si substrate with a SiOx surface, before and
after having been annealed in air. The brighter (darker) regions
were identified to be PMMA (PS) domains, respectively, and veri-
fied by selective dissolution of PS (Fig.1 in Supporting Information).
In the as-cast film, PMMA domains appeared isolated but highly
correlated with a correlation wavelength of ~0.72 mm, while the PS
domain formed the continuous matrix, as shown in Fig. 1(a). The
inset of Fig. 1(a) further shows the PMMA domains were elevated,
compared with the PS domains, which was attributed to the rela-
tively higher solubility of PS in toluene [29]. As verified with AFM
after selective etching of PS and schematically shown in Fig. 1(d),
the morewettable component PMMA formed a continuous wetting
layer at the blendesubstrate interface, consistent with previous
experiments [13,26]. This system falls into the “complete wetting”
scenario [22]. Such as-cast morphology was caused by the spon-
taneous phase separation of PS/PMMA thin films and solvent
evaporation during spin-coating [30,31].

The as-cast structure was non-equilibrium in nature, and would
evolve towards the minimization of interfacial/surface energies
once the polymers became mobile upon heating [13,29]. After
annealing at 160 �C for 5 min, the PMMA domains started to round
up and coarsen into bigger domains (Fig. 1(b)). This was driven by
the Laplace pressure at the elevated PMMA/air interface, as indi-
cated by the arrows in Fig. 1(d). As PMMA domains leveled, the
adjacent PS domains coalescence together. At 30 min, PS had
evolved from a continuous matrix into isolated droplets that are
suspended on the PMMAmatrix. (Fig. 1(c) and (d)). The PS domains
took on rounded droplet shape due to interfacial-tension-driven
shape relaxation [21] and the equilibrium of the contact angle be-
tween PMMA and air [32]. The correlation wavelength had
increased to 7.5 mm. This lateral domain coalescence resulted in the
root mean square (RMS) roughness of the film surface to increase to
113 nm, from 4.3 nm in the as-cast state. In the final morphology
(Fig. 1(c)), the PS domains evolved from an apparent continuous
phase into elevated and isolated droplets. We hereby refer to this
process as “phase-inversion” [33]. The overall morphological evo-
lution on a PMMA-preferred substrate was consistent with litera-
ture reports [29,31]. Such film roughening and phase inversion of
PS/PMMA film can be prevented by using a neutral surface [13].

Next, we examined the morphological evolution of the same
134 nmblend film annealed under the confinement of two identical
Si wafers but without external normal pressure. Simply placing a
wafer on top of a PS/PMMA filmwould not form conformal contact.
In this work, we used NIL to sandwich the PS/PMMA films between
two identical Si wafers with SiOx surfaces. Using the air-cushion
method, NIL provided uniform pressure (<1% variation across a 3
inchwafer scale) and heating, whichwas critical for avoiding lateral
shear in the blend films.

Fig. 1(e) shows the morphology of the film capped using NIL and
then immediately separated. No significant difference in the
domain size or distribution was found in the phase (comparing
Fig. 1(e) with a)), which was ensured by the parameters used for
capping (see Experimental). The corresponding height image
shows a significant suppression in the surface topography (see inset
of Fig.1(e)). The overall roughness after capping was reduced to less
than 2 nm.

After annealing, we observed identicalmorphologies on both the
substrate side and the superstrate side. Here we present the



Fig. 1. (aec) AFM phase images of a 134 nm thick PS48k/PMMA15k blend film annealed at 160 �C with the top surface exposed to air. (d) Cross-sectional schematics of the as-cast
morphology and the annealed morphology. Arrows in (d) are simplified indication of Laplace pressure. (eeg) AFM phase images of the same PS48k/PMMA15k blend film confined
between two identical wafers and annealed at 160 �C without pressurization. The colors in the phase images indicate material contrast, with the PMMA domains being brighter and
the PS domains being darker. The annealing durations are indicated at the upper left corner of each image. Insets are the topographic images of the corresponding regions. (h) The
wavelength of phase structure correlation as a function of initial film thickness in the as-cast film and the final annealed morphology for both uncapped and capped setup. The error
bar represents the standard deviation in 5 randomly chosen areas. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Z. Zhang et al. / Polymer 55 (2014) 4150e41554152
representative morphologies on the substrate side in Fig. 1(f) and
(g). The figures evidently show the coalescence, preferential wet-
ting of PMMA, film roughening, as well as the phase inversion,
during subsequent annealing. All of these phenomena were quali-
tatively similar to the uncapped case. In the final morphology of
Fig. 1(g), a ~20 nm wetting layer of PMMA was found on both the
supstrate side and superstrate side, as determined from a scratch
test on AFM. Though the exact pathway through which the PMMA
migrated to the top superstrate is yet unclear, this process was
evidently due to preferential wetting. The correlation lengths of the
PS domains were around half of that obtained while annealing in
open area (Fig. 1(h)), for all the different thicknesses examined.

The aforementioned morphological evolution was consistent
with Tanaka's symmetrically confined micron-thick blend films,
which was driven by the “wetting pressure” generated from the
lateral curvature of the PMMA domains [22]. Hypothetically, the
wetting pressure can be counter-balanced with an external normal
pressure. Here we verify this hypothesis by annealing in the
nanoimprinter pressurized chamber. The cross-sectional geometry
of the sample is schematically shown in Fig. 2(d). Fig. 2(a) presents
the phase evolution of a symmetrically capped PS48K/PMMA15K
filmwith thickness ~130 nm annealed at 160 �C for 30min under an
external pressure of 4 MPa. Evidently, PMMA remained as the
dispersed domains after the annealing, and PS remained the
continuous phase. In other words, phase-inversion process, as
observed in Fig. 1, did not occur during the pressurized annealing.

In addition, no PMMA wetting layer was found in the final
morphologies by measuring the scratch step on the film using the
AFM. The domain height of PMMA in Fig. 2(a) was ~130 nm,
identical to the original thickness of the as-cast film, h0. From vol-
ume conservation perspective, this equality affirms the non-
existence of neither PMMA wetting layer nor PS wetting layer.
This striking fact suggests that the external pressure applied on
both sides of the wafers during the imprinting process not only
hindered the PMMA wetting layer growth but also eliminated the
existing thin wetting layer in the as-cast film (Fig. 1(d)), as sche-
matically depicted in Fig. 2(d), by driving the PMMA flow from the
wetting layer into the liquid vertical bridges.

It was without doubt that the kinetics of phase evolution would
be hindered under compression. Therefore, it was necessary to
examine the path of the morphological evolution. However, the NIL
setupwas not designed for extended duration of annealing. Instead,
we annealed the PS/PMMA films under 190 �C and 210 �C for
30 min under 4 MPa, and the corresponding morphologies are
shown in Fig. 2(b) and (c). Similar to that obtained at 160 �C, the
films displayed a PMMA-dispersed morphology without any wet-
ting layer. The PMMA domains occupied ~45% of the surface area.
The average domain area of PMMA in each of the three samples was
0.76 mm2, 5.7 mm2 and 10.2 mm2, respectively. The change in the
average domain size reflected that the degree of PMMA domain
coalescence, after the same amount of annealing time, evidently
increased with the increase in temperature, due to the decreased
viscosity of both PMMA and PS. Due to the lack of a mass transport
layer, the coalescence of the PMMA domains in the pressurized
films was most likely based upon collision. Note that in Fig. 2(c),
PMMA domains in films annealed at 210 �C appeared more aniso-
tropic than those observed at two other temperatures. This was
most likely caused by the increased shape relaxation time (the
time-scale for a PMMA domain to achieve circular shape, driven by
the unbalanced in-plane Laplace pressure at the PS/PMMA inter-
face) as the domains became larger.

Most significantly, the morphological evolution of sandwiched
PS/PMMA films under pressure at all annealing temperatures were
clearly different from previous blend films sandwiched under
symmetrical wettable substrates without external pressure, where
wetting layers on both substrates formed [17,22,23]. When a thick
wetting layers forms, they can served as the active mass-transport
path [19e22], in which case twomajor mechanisms are manifested



Fig. 2. (aec) AFM height images of the 134 nm thick film under symmetrical confinement annealed at the labeled temperature for 30 min under 4 MPa and subsequent selective
removal of PS. The scan size is 50 mm � 50 mm for all images. (d) Cross-sectional schematics of the evolution of phase structure under pressurized annealing and (e) the magnified
view of the intermediate stage. (f) Top-down view of the coarsening process. This schematic is reproduced from Fig. 5 of Ref. [22].
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in the coarsening process. In the lateral plane, two adjacent PMMA
bridges can coarsen due to the capillary breakup of the PS in be-
tween, as indicated by the solid arrows in Fig. 2(f). In addition, the
radial curvature of the PMMA liquid bridge that connects the two
wetting layers exerts a wetting pressure that drives the mass into
the wetting layer, represented by the dotted arrows in Fig. 2(e).
Thus, a smaller liquid bridge shall coarsen into the bigger bridge, as
mediated by the wetting layer, exerting a larger hydrodynamic
pressure (dotted arrow in Fig. 2(f)). Denoting this radius of curva-
ture as a in Fig. 2(e) and the interfacial tension between PS and
PMMA as gPS�PMMA, the wetting pressure can be written as, [22]

P ¼ gPS�PMMA
a

:

The interfacial tension has a temperature dependency,
gPS�PMMA=½mN$m�1� ¼ ð3:46� T=½�C�$0:013Þ [34]. Consider the
smallest PMMA liquid bridge (az 400 nm) represented in Fig. 2(a),
which yields the highest wetting pressure. At the experimental
temperature of 160 �C, P ¼ 1.7 kPa, which was orders of magnitude
smaller than the external normal pressure in our experiments. To
provide a simple thermodynamics argument, we estimate the
system Gibbs free energy increase due to pressurization and
compare that with the surface/interfacial energy change associated
with morphological development. Consider the volume ratio 1:1
between PS and PMMA, when both phases form direct contact with
the confining walls, each occupy ½ of the polymer/wall interfacial
area. Denoting the thickness, area, interfacial tension of PS/SiOx,
interfacial tension of PMMA/SiOx, interfacial tension of PS/PMMA as
h, A, gS, gM, gS/M, the total interfacial-tension related energy change
at both the substrate and superstrate per unit area can be expressed
as

DE ¼ 2
�
gS=2þ gM=2� gM � gS=M

�
¼ gS � gM � 2gS=M
For the isotropic system with no compositional change, the in-
crease in the system Gibbs free energy per unit area due to pressure
increase is

DG ¼
Zp0þDp

p0

Vdp=A ¼ hDp

Plugging in approximated valued from literature [35,36], DEwas
on the order of 2.0 � 10�3 J/m2 , whereas DG was found to be 0.5 J/
m2, differing by 2 orders of magnitude. The effect of pressurization
was indeed stronger than the surface/interfacial energy.

Therefore, under external pressure, the coarsening mechanism
via wetting layer, as shown by Tanaka, was inhibited (dashed arrow
in Fig. 2(e)) and the mass transfer from the wetting layer into the
liquid bridge became valid (solid arrow in Fig. 2(e)). Note that the
coarsening due to in-plane breakup of PS confined between two
neighboring PMMA domains might still occur, and might become
increasingly more important as the PMMA domains became larger
(PS became more strip/threads like).

Furthermore, we examined the pressurized annealing of varied
initial film thickness, and their annealed morphologies are shown
in Fig. 3. For all three cases, no phase inversion occurred and no
PMMA wetting layer was found in the annealed films, which was
consistent with the 134 nm film. The SEM scans (providing larger
view than the inset AFM scans) show that the morphology is uni-
form across the sample surface.

To provide further evidence of pressure-driven inhibition and
depletion of the wetting layer, we placed a homogenous PMMA
layer atop the PS/PMMA film and examined the effect of
compression to the evolution of this layer and the blend film after
annealing. The film geometry is schematically shown in Fig. 4(f).
Four different PMMA “cushion layer” thicknesses were examined,
as labeled on Fig. 4(aed).



Fig. 3. (aec) SEM images of PS48k/PMMA15k blend films with the labeled thicknesses after annealing under 4 MPa external normal pressure at 230 �C. PS was selectively removed
prior to imaging, allowing for better contrast. Insets are a representative 50 mm � 50 mm AFM scan of the corresponding sample.
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Fig. 4(aed) are the AFM topographic images of the annealed
films after selective removal of PS. For all four samples, no wetting
layer was observed after the annealing, suggesting that all the
PMMA layers had been “squeezed” into the blend films, and more
specifically, into the PMMA domains. Both PS and PMMA formed
direct contacts with the two substrates. As the PMMA cushion layer
thickness increased from 37 nm, to 70 nm, only dispersed PMMA
domains within continuous PS phase were observed, and the
domain sizes increased. For the 126 nm thick PMMA cushion layer/
blend system, PMMA evolved into the matrix phase while PS into
dispersed domains (Fig. 4(d)). This was due to the volume fraction
of PMMA being the highest in (d). Apparently, all the mass
Fig. 4. (aed) Binarized AFM topographic images of a 134 nm thick PS48k/PMMA15k capped
image), annealed at 160 �C under 4 MPa vertical pressure for 30 minutes, and subsequen
represent PMMA domains. The insets are the AFM topographic images of the corresponding
of the PMMA cushion layer thickness. The error bars indicate the statistical standard devia
fraction, assuming volume conservation. (f) A schematic illustration of the phase evolution o
The hydrodynamic wetting of PMMA is suppressed and the artificially added cushion layer
transport from PMMA cushion layers to the blend films had
completed by 30 min at 160 �C.

Fig. 4(e) shows the PMMA volume fractions in the annealed
blend films (obtained from AFM image analyses) as a function of
the PMMA cushion layer thickness. Clearly, for all four systems, the
PMMA volume fractions in the annealed blend film matches well
with the calculated value (assuming all PMMA cushion layer
merged into the final blend films and density remained un-
changed). Noticeably, the experimental results are slightly higher
than that of the calculated ones, which can be attributed to the
overestimation of the actual PMMA domain sizes from the probe-
shape convolution in the AFM measurements (since PS had been
with a spin-cast PMMA cushion layer of the labeled thickness (upper left corner of each
tly etched with cyclohexane. All images are 50 mm � 50 mm in size. The black areas
regions. (e) The PMMA volume fraction measured from the binary images as a function
tion from 5 different randomly chosen areas. The dotted line is the calculated volume
f PS/PMMA blend film annealed while being pressurized against a PMMA cushion layer.
thins out.
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dissolved, and PMMA was always the elevated structure). Clearly,
these experiments proved that even relatively thick PMMA “wet-
ting layer” could be squeezed into the originally dispersed domains
under a normal pressure that were larger than the hydrodynamic
wetting pressure.

4. Conclusions

In summary, we investigated the evolving structures of PS/
PMMA blend films under symmetrical confinement with a normal
pressure. Silicon wafers with native oxide layers, which preferen-
tially favored PMMA wetting, were used as the capping layers.
When no external pressure was exerted on the film, the formation
of PMMA wetting layer at the blendesubstrate interface was pre-
dominant. With the presence of a strong external pressure, the
preferential wetting was completely prevented. This was caused by
the external pressure counter-balancing the wetting pressure,
which drained the PMMA from the wetting layer back into isolated
domains. Furthermore, we stacked PMMA homopolymer cushion
films of various thicknesses onto the blend film. The cushion films,
viewed as an artificially pre-existing “wetting layer”, were
completely depleted. Therefore, the study showed that pressure
could be an effectivemeans to create “neutral wetting” situation for
the PS/PMMA films on preferential wetting substrates.
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