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Abstract. Controlling and spatial ordering of the phase separation in ultra-thin polymer-blend films is a viable approach
to create complex surface structures with unique properties. This study reports a facile solvo-selective patterning technique in a phase-separated polymer blend thin film comprising of immiscible polymers polystyrene (PS) and poly(methyl
methacrylate) (PMMA). The pattern replication was achieved using capillary force lithography by imprinting the blend
films with cross-linked polydimethylsiloxane stamp with grating patterns. The replication was done in the presence of
1-chloropentane or acetic acid vapours, which are selective solvents for PS and PMMA, respectively. This engendered
capillary flow of only one phase while the domains of the second phase remain rigid. Depending on the initial as-cast
morphology of the film which is a function of the relative proportion of PS and PMMA, a variety of structures were
obtained by combining the phase-separated domains with the structure imposed by the stamp. This method can be
considered as a simple, one-step technique for creating hierarchical patterns that are likely to find applications in
modulating properties of soft surfaces.
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Introduction

Nanopatterned thin films and surfaces with large area
complex topographic structures in polymers have developed
myriad applications in fabrication of various state-of-art
devices and items such as optical microlens array for image
processing [1], optoelectronic devices [2], nanoelectronics
[3], superhydrophobic and self-cleaning surfaces including
biomimetic surfaces [4], nanobiotechnology applications,
including biochip for cell culture, tissue engineering scaffolds, lab-on-a-chip devices etc. [5], to name a few. These
structures can be fabricated on various types of polymers by
using different patterning techniques such as optical
lithography, direct-write methods like focused ion beam
(FIB) and electron beam lithography (EBL), spontaneous or
external field-mediated instability of ultra-thin films [6] etc.
Each of these approaches has its own advantages as well as
disadvantages, which makes them preferred in certain
specific settings only. This area received tremendous boost
ever since the development of the Soft Lithographic (SL)
group of techniques by Whitesides and nano imprint
lithography (NIL) by Chou in the mid-1990s, which are
now extensively used for rapid prototyping on polymer
films and surfaces [7–10].
Interestingly, the majority of these techniques have been
implemented with homopolymer thin films [9,11], sol–gelderived inorganic thin films [12], or in certain special cases

with soft elastomeric thin films [13,14]. An interesting type
of thin film is a polymer blend where two polymers are
present as the constituents of the film, which undergoes
phase separation during casting due to the immiscibility of
the two phases. Typically, two polymers are dissolved in a
common solvent and then coated (spin-coated/dip-coated/drop cast) on a solid substrate to obtain a blend thin film
[15–22].
While spin or dip coating of a homopolymer on defectfree homogeneous surface results in a smooth film, the
coating of a polymer blend leads to the formation of a
structured film [15,16]. These films can result in both
chemical as well as topographic domains on a surface that
can exhibit multiple functionalities. The precise morphology of the phase-separated domains depends on a host of
parameters that include the concentration of the dispensed
polymer solution as well as the relative fraction of the two
constituent polymers in the casting solution [17–19]. Further, the casting solvent used, the wettability of the substrate
surface, preferential affinity of any of the constituent
polymers towards the substrate materials, relative solubility
of the two constituent polymers in the common solvent, as
well as their relative molecular weight strongly influence
the morphology of the as-cast film [20–22]. Additionally, in
the case of spin-coated thin films, the RPM during spin
coating also strongly influences the phase segregated morphology, apart from controlling the film thickness.
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At this point, it is important to highlight that the phaseseparated morphology of blend thin films is invariably
random, and isotropic and lacks any long-range order.
However, it results in a large area topographically as well as
chemically patterned surfaces due to one step self-organization, which is difficult to achieve by the standard topdown patterning techniques or by controlled self-organization of bilayer films [23]. The utility of the phase-separated
domains of a blend thin film can be maximized if they can
be ordered and aligned. One of the approaches to align the
random phase-separated polymer domains is to cast the
blend thin films either on a chemically [24–27] or on a
topographically patterned substrate [28]. This leads to the
aligned phase separation along the contours of the substrate
patterns and hence, the final morphology depends on the
length scale associated with the phase separation and the
patterned substrates. Another potential way of achieving
ordered structure with a blend polymer film is by patterning
it, which however has been reported in very few cases (only
two papers!), arguably due to the complex nature of the
experiments [29,30]. However, the concept is scientifically
exciting as a combination of topographic patterning and
phase separation results in simultaneous topographic
domains and chemical functionalities. Ding and co-workers
[29] have explored the possibility of patterning a polymer
blend film using NIL by embosoming it under significantly
high pressure at elevated temperature (4 MPa and 180°C).
The high externally applied pressure deformed the phaseseparated domains under the stamp and resulted in a film
with uniform patterns. However, NIL has several implementation problems such as difficulty in mould release, the
critical parallel configuration between the mould and the
film surface and therefore requires a significant level of
automation. An SL technique that has gained significant
popularity particularly for laboratory-scale patterning of
polymer thin films is capillary force lithography (CFL) [31].
In CFL, the pattern replication takes place due to capillary
driven mould filling of a molten polymer in contact with a
confining elastomeric mould rather than the visco-plastic
deformation of a molten layer, as in NIL. This makes CFL a
much simpler technique to implement as it is independent of
any instrumentation and we can use flexible stamps which
are easy to peel off after patterning. Liu and coworkers [30]
showed the possible patterning of a blend thin film by lowpressure thermally engendered CFL. They also showed
vertical phase separation during pattern replication due to
preferential wetting of the stamp by one of the polymers
(PS).
The necessity of thermal annealing for patterning a blend
thin film is identical to that adopted for a homopolymer thin
film during NIL or CFL, that is to reduce the viscosity of the
homopolymer by heating above the glass transition temperature (Tg) and convert both the constituents of the blend
thin film into a high viscosity polymer melt, which can flow
along the contours of the confining stamp. The same can
also be achieved by exposing the film to solvent vapour,
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which has already been practiced in the context of patterning homopolymer thin films and results in a perfect
negative replica of the stamp pattern [11]. However, a blend
offers a unique opportunity as it can be exposed to a solvent
vapour that is specific only to one of the polymers leaving
the other constituent phase in a solid-like state. Such solvoselective patterning of a blend thin film has never been
explored before.
In what follows, we show that a blend thin film can be
patterned by exposing it to a vapour of a selective solvent.
This approach results in unique hierarchical structures as
only one of the phases is liquefied and undergoes continued
capillary dynamics, while the other phase remains solid
like. We show that by exposing a spin-coated PS/PMMA
polymer blend thin film to 1-chloropentane (selective solvent for PS) or acetic acid (selective solvent for PMMA)
vapour during patterning, it becomes possible to obtain
completely different final patterned morphology starting
from the same initially phase-separated blend thin film. The
method can be considered as a simple, one-step technique
for creating hierarchical patterns that are likely to find
applications in modulating wetting, optical and tribological
properties of soft surfaces.

2.
2.1

Materials and methods
Materials

Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning,
USA) consisting of oligomer (part A) and cross-linking
agent (part B) was used in the fabrication of the flexible
patterned stamps. Polystyrene (PS, weight-average molecular weight, Mw = 280 kg mol-1, Tg = 105°C, Sigma) and
poly(methyl methacrylate) (PMMA, Mw = 350 kg mol-1,
Tg = 110°C, Sigma) were used as purchased. Microscopic
glass slides cut in the dimensions of 1.5 cm 9 1.5 cm were
cleaned and used as the substrates. Sony Compact discs
(CD) were used as a master to create patterned stamps [32].
Toluene (Merck, HPLC grade), 1-chloropentane (Merck,
HPLC grade) and acetic acid (Merck, HPLC grade) solvents
were used as received.

2.2

Preparation of crosslinked PDMS stamps

The crosslinked PDMS stamps were made by replica
moulding against the polycarbonate part of CD, which had
grating patterns (periodicity, kP = 1.5 lm, line width, lP
= 750 nm, grating height, hP = 120 nm). The PDMS oligomer and crosslinking agent were properly mixed in the
ratio of 10:1 and degassed. This mix was poured onto the
master and cured at 90°C for 8 h to complete the crosslinking process. The self-standing block of crosslinked
PDMS containing the negative replica of the master pattern
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was then peeled off and used as a stamp to pattern the blend
films.
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3.
3.1

2.3

Preparation of blend thin films

The polymers were mixed in the composition ratios of PS:
PMMA as 3:1, 1:1 and 1:3. The polymer was dissolved in
toluene to make a 2% (w/v) blend solution which was spin
coated on clean glass substrates to create thin films. The
spin coating parameters of all the samples were maintained at 2500 RPM and 60 s. The blend thin films were
placed in an oven at 60°C for 4 h to remove any residual
solvent.

2.4

Solvo-selective patterning of blend thin films

The blend films were patterned by solvent-assisted CFL.
The crosslinked PDMS stamp was placed in conformal
contact with the as-cast blend film and exposed for 24 h to
vapours of a solvent, which is selective either to the PS
phase or the PMMA phase for selective viscosity reduction
of one polymer phase only. One sample was exposed to
acetic acid vapour to preferentially reduce the viscosity of
the PMMA domains and another sample was exposed to
1-chloropentane vapour to preferentially reduce the viscosity of PS. In each case, after solvent vapour exposure,
the samples were placed in a vacuum oven at 60°C for 3 h
for removal of any residual solvent. The stamp is peeled
off manually and the film is characterized. For identification of individual polymer domains on the final sample
surface, the samples were washed in acetic acid for 10 min
for removal of the PMMA phase or in 1-chloropentane for
20 min for selective removal of the PS phase. To prevent
any swelling of the PDMS stamp due to the solvent
vapours, the stamps were exposed to UV-ozone treatment
for 15 min in a UV-ozone chamber (PSD Pro UV-O,
Novascan, USA). This step resulted in the formation of a
stiff surface oxide layer that acts as a barrier and prevents
swelling of the stamp.

2.5

Characterization of the films

The morphology of the as-cast blend films was analysed
under an atomic force microscope (AFM, Agilent
Technologies 5100, USA) in intermittent contact mode.
AFM phase imaging and selective solvent wash were
used to identify each polymer domain after pattern
replication. A sharp needle was used to scratch the
patterned blend film and the area was scanned under
AFM to determine the absolute height of the patterns
from the glass substrate.
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Results and discussion
As-cast blend surface morphology

To facilitate subsequent discussion, it is important to
highlight the film formation and phase separation process
during spin coating. Once the substrate starts to rotate, the
meniscus of the dispensed liquid first reaches the edge of
the substrate and a significant fraction of it gets splashed
out, which is estimated to be around 95% of the initially
dispensed solution [33]. The remaining portion of the
solution layer continues to rotate over the substrate, in
which the concentration of the solute keeps on increasing
due to the evaporation of the solvent [34]. At this stage, the
polymer which has a lower solubility in the common solvent attains saturation first and phase separates out of the
solution layer [21]. Thus, normally this phase would have a
tendency to spread over the substrate more. However, the
relative magnitude of the molecular weight of the two
polymers, which controls the viscosity of the two phases
strongly determines which of the two polymers would reach
the substrate earlier, which also limits the extent of the
spreading of the individual domains. And finally, in many
real settings the substrate exhibits selective affinity towards
one of the phases, which therefore would try to spread
preferentially. Similarly, even during splashing, the polymer with lower viscosity is splashed out more than the other
phase, thereby altering the in-situ concentration of the
casting solution during deposition than its initial composition. Thus, the final phase-separated morphology depends
on a complex interplay of various antagonistic effects and is
extremely sensitive to the exact coating conditions.
The different frames of figure 1 show the as-cast morphology of PS/PMMA blend thin films coated from a
solution in toluene having a blend concentration of 2% and
the compositional ratio of PS:PMMA as 3:1, 1:1 and 1:3,
respectively. The surface energy (c, in mJ m-2) and the
Hildebrand solubility parameter (d, in cal1/2 cm-3/2) values
for the polymers and the solvents are given in table 1
[28,35,36]. The surface energy of the glass substrate was
calculated to be csub = 73.3 mJ m-2 from Owen’s equation
using water, ethylene glycol and toluene as probing liquids
in a contact angle goniometer. As the surface energy of PS
is slightly lower than PMMA, the PS phase preferentially
wets the glass substrate as compared to PMMA (table 1).
Further, the relative values of d show that the PMMA phase
is slightly less soluble in toluene as compared to PS [36].
Figure 1a shows the surface of a 1:3 blend film with 25%
(w/w) of PMMA and 75% (w/w) PS with a columnar
morphology comprising nearly equal-sized PMMA columns
with an average diameter dC-PMMA = 0.42 ± 0.10 lm
within a continuous matrix of PS. This was confirmed by
selective etching of the PMMA domains by acetic acid after
which we obtained a PS matrix with holes, as shown in inset
A1 of figure 1a. The combined area fraction of PMMA
(APMMA) in figure 1a is 21.4% which was lower than the
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Figure 1. Phase separated morphology of as-cast PS/PMMA blend thin films on glass substrate spin coated from a 2% solution in
toluene. The composition ratio PS:PMMA varies as (a) 3:1, columns of PMMA in the PS matrix. (b) 1:1, columns join up to form larger
PMMA islands. (c) 1:3, continuous PMMA matrix. Insets A2, B2, and C2 show the morphology of the PS phase after selective etching of
PMMA.
Table 1.

Surface energy/surface tension and solubility parameter values [30].

Polymer/Solvent

Surface energy/Surface tension
(c, in mJ m-2 or mN m-1)

Hildebrand solubility parameter
(d, in cal1/2 cm-3/2)

PS
PMMA
Toluene
1-Chloropentane
Acetic acid

41.9
43.5
28.52
25.02
27.30

9.1
9.5
8.9
8.5
10.3

weight fraction of PMMA. This clearly suggested that
during the spin coating process, the PMMA phase-separated
earlier from the solution layer due to its lower solubility and
deposited on the substrate. But as it has higher surface
energy than PS, it fails to wet the substrate and occupied
lower surface area forming columns. A higher molecular
weight of PMMA as compared to the PS further aggravated
the slower migration of PMMA. The same sequence of
events was also responsible for the morphology obtained of
the symmetric blend composition 1:1 (figure 1b), where the
spread of the PMMA domains was limited to APMMA
= 39.6%. Some of the columns joined up to form larger
islands of PMMA with average diameter dI-PMMA
= 1.22 ± 0.51 lm. In contrast to both figure 1a and b,
inverse phase separation was observed in figure 1c with a
blend composition of 1:3 with 25% of PS and 75% of
PMMA. In this case, PMMA formed the continuous
domain, which was further asserted by the complementary
AFM image of the sample after selective etching of the
PMMA domains (showed as an inset of figure 1c). In this
case, a larger amount of PMMA present in the casting
solution results in a continuous PMMA matrix, while PS
occupies the domains in between. Due to the preferential
spreading of PS, APMMA = 58.3% which is still lower than

75%. Control experiments reveal a phase inversion from a
continuous matrix of PS to a continuous PMMA matrix
around the blend composition of 65% PS and 35% PMMA.
However, this aspect needs a detailed investigation and will
be taken up separately.

3.2

Phase separated morphology of patterned films

Once we understood the as-cast morphology of the blend
films with different compositions, we explored the solvoselective patterning of blends in the presence of a selective
solvent. Figure 2 shows the AFM images of the blend films,
which were patterned using the grating stamp in the presence of 1-chloropentane. It is well known that solvent
vapour exposure is an elegant strategy to reduce the effective glass transition temperature of a polymer below room
temperature, which has been particularly used in polymer
thin film dewetting experiments [11,37,38]. The solvent
molecules penetrate into the polymer matrix, thereby
increasing the spacing between the molecules. This, in turn,
reduced the cohesive interaction between them and the
effective viscosity of the polymer. Even blend thin films
have been subjected to solvent annealing for morphological
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Figure 2. AFM images of blend films patterned in the presence of 1-chloropentane solvent vapour. The composition ratio PS:PMMA
varies as (a) 3:1, (b) 1:1 and (c) 1:3. Insets A1, B1 and C1 show a cross-sectional profile along the line segments shown on each surface.
Insets A2, B2 and C2 are the images of the samples after selective removal of the PS phase.

Figure 3. Schematic illustrating the suggestive mechanism for pattern replication by CFL in the presence of selective solvents
(a) 1-chloropentane and (b) acetic acid.

reorganization [39]. However, the key difference in our
approach is the use of a solvent that only liquefies one of the
polymers, while the other phase remains in the solid-like
phase. d1-chloropentane = 8.5, which is closer to dPS and hence
1-chloropentane can selectively liquefy PS phase while the
PMMA domains remain intact. As shown in the schematic
in figure 3, when the cross-linked PDMS stamp is brought
in conformal contact for patterning the blend thin film, the
higher PMMA domains act as a spacer, thereby preventing

complete conformal contact between the film and the stamp
which is normally achieved in embossing-based replication
techniques. Consequently, we now have a complicated
system comprising of one liquid phase (PS) in close proximity of two solid surfaces, the PMMA domains and the
stamp surface.
The morphology of the patterns shown in figure 2a clearly
highlights the pattern replication sequence: the molten PS
meniscus first rises along the contours of the pre-existing
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Figure 4. AFM images of blend films patterned in the presence of acetic acid solvent vapour. The composition ratio PS:PMMA varies
as (a) 3:1, (b) 1:1 and (c) 1:3.

PMMA domains below every stamp protrusion due to confined capillary-driven dynamics of the meniscus. Once the PS
meniscus came in contact with the stamp protrusions, it
spread horizontally below each stamp protrusion, submerging all the PMMA columns existing on its path. In contrast,
below every stamp valley, the PS meniscus fails to reach the
stamp surface and moves under the stamp protrusion instead,
leaving the PMMA columns bare. The preferential spreading
of PS only below the stamp protrusion results in a unique
hierarchical final morphology, which comprises a grating
structure superposed on an array of tiny columns in the areas
of the grooves of the replicated structure. It is interesting to
highlight that the pattern obtained is not a mere negative
replica of the stamp, but a positive replica obtained due to
confined capillary dynamics under stamp protrusions. The
proposed pattern replication sequence was also confirmed by
the fact that the average height of the PMMA domains
(hPMMA) which was *45 ± 2 nm for the as-cast 3:1 blend
film (figure 1a) increased to *79 ± 3 nm for PMMA columns under the stamp valleys (profile shown as section A1A1, figure 2a). The inset A2 of figure 2a shows the intact
PMMA columns after washing in 1-chloropentane to selectively remove the PS phase.
A similar sequence of pattern replication occurred in a
1:1 blend film with 50% of PS and 50% of PMMA (figure 2b). The liquefied PS meniscus climbs the PMMA
domains and comes in contact with the stamp protrusions.
PS then spreads along the stamp protrusions forming a
positive replica of the grating patterns. It is important to
note here that for cross-linked PDMS, cPDMS
= 24.4 mJ m-2 and the interfacial energies between the
three polymers were calculated to be cPS–PMMA
= 2.1 mJ m-2, cPMMA–PDMS = 9.1 mJ m-2 and cPS–PDMS
= 5.4 mJ m-2 [35]. These values signify that while PDMS
is non-wettable by both PS and PMMA, the lower interfacial energy with PS makes it more favourable to form an
interface. Thus, PS phase also covers most of the top surface of the intact PMMA domains. As there was a lesser
amount of PS in the film compared to the 3:1 blend film, the
maximum stripe height shown by the scale bar of the AFM
image was lower in this case (*105 nm). The inset B2
shows the morphology of the PMMA phase after the

extraction of PS by 1-chloropentane. Figure 2c shows 1:3
blend film with continuous PMMA phase patterned in the
presence of 1-chloropentane. The confined PS phase climbed over the PMMA domains and the maximum stripe
height increased to 200 nm. The portions of PMMA that
came in contact with PDMS stamp protrusions were covered by the PS phase.
Figure 4 shows the morphology of the imprinted blend
films in the presence of acetic acid vapours. In this case,
only the PMMA domains liquefied as dacetic acid = 10.3,
which is closer to dPMMA and the PS domains remained
solid like. In the case of a 3:1 PS/PMMA blend, the morphology comprises PMMA stripes formed along the contours of the stamp over pre-existing PS domains. As the
PMMA columns seen in figure 1a come in contact with the
PDMS stamp, the neighbouring columns join up forming
patches of the replicated stripe. The PMMA column below
the stamp protrusions flows into the grooves resulting in
grating-like structure, which is the negative replica of the
stamp pattern. This mechanism has been illustrated in
figure 3b. In the case of 1:1 blend, as more amount of
PMMA is present in the film, the fraction of mould filling
achieved during the patterning becomes more effective
resulting in a better negative replica of the stamp pattern. In
the case of 1:3 blend thin film, the mould filling results in
grating-like structure, superimposed over the pre-existing
PS domains, which can be clearly seen in figure 4c.

4.

Conclusion

In conclusion, we have reported a unique solvo-selective
CFL-based patterning technique for a polymer blend thin
film of PS and PMMA. The method is totally distinct from
all the reported methods of patterning a polymer blend thin
film till date, where the generic approach has been to take
both the constituent phases of the blend to the low viscous
state and subsequently engender capillary-driven mould
filling resulting in a perfect negative replica of the stamp
pattern. In contrast in this study, only one of the constituent
phases was liquefied by exposure to a selective solvent,
which allowed the other phase to retain its domain integrity
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even during the pattern replication step. This resulted in
unique hierarchical patterns that combine the structure
imposed by the stamp as well as the phase-separated
domains. The intact phase-separated domains, in fact, act as
spacers during the pattern replication and facilitate the
dynamics of the liquefied phase along its walls under the
stamp. We have shown that the final morphology not only
depends on the morphology of the as-cast blend film, but it
becomes possible to achieve a completely different patterned film depending on the choice of the selective solvent
vis-à-vis, which of the phase has been liquefied. This can be
used as a simple one-step technique for creating hierarchical
patterns by combining the concepts of self-organization and
top-down soft lithography. While we report the concept and
the first results here, the system requires significant level of
parametric investigation as several other parameters like
concentration and molecular weight of the constituent
polymers, choice of substrate pattern and its nature of
interaction with the phases as well as the surface energy of
the stamp used are likely to strongly influence the final
pattern morphology.
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