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Abstract

The morphology change of an asymmetric polystyrene-block-poly(2-vinyl pyridine) (PS-b-PVP) diblock copolymer micellar film was inves-
tigated during solvent vapor annealing in chloroform. Initially, smaller islands in nanometer-length scale form at the film surface. Further an-
nealing results in the growth of the islands composed of the PS-b-PVP cylinders above the bottom brush layer. For comparison, a film of the
block copolymer prepared from THF solution (without micellar structure) was also studied. The surface morphology of the film from THF
evolves via spinodal dewetting mechanism during solvent vapor annealing. At a long time solvent vapor annealing, the two kinds of the films
display the same surface morphologies, which are determined by the interplay between the surface field and autodewetting.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Block copolymers (BCP) can self-assemble into a range of
well-defined, ordered nanostructures including spheres, cylin-
ders, lamellae, and double gyroids, depending on the relative
volume fraction of the constituent polymers [1—4]. Thin films
of block copolymers are recognized as ideal candidates for use
as templates and scaffolds for the engineering of nanostruc-
tures with applications ranging from magnetic storage to opto-
electronic materials, etching resists and sensors. Recently, it
has been demonstrated that solvent annealing can be utilized
as one important approach to produce a long-range ordered
thin film of a block copolymer [5—15]. For example, Niu
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and Saraf described a dynamical feature in highly ordered
block copolymer films made by solvent annealing and dis-
cussed about the mechanism [5]. Fukunaga et al. investigated
the effect of the solvent removal speed on the resulting mor-
phologies of ABC triblock copolymer films during solvent
annealing and reported that large-scale alignment of the
microdomains was obtained [8]. Xuan et al. obtained well-
ordered hexagonally packed nanocylinders in the symmetric
diblock copolymer poly(styrene-block-methyl methacrylate)
(PS-b-PMMA) thin films by controlling the selectivity of the
solvent, film thickness and the vapor exposure times [9].
Peng et al. systematically studied the effect of solvent selectiv-
ity on the solvent-annealed block copolymer thin films. Differ-
ent film structures are formed in symmetric PS-b>-PMMA thin
films after solvent annealing depending on the nature of the
solvent [11,12]. Cong et al. showed that water (it is not a sol-
vent for PS and P4VP) can induce the morphology change of
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) micel-
lar thin films [13]. Zhao et al. investigated the surface
morphologies of thin asymmetric PS-b-PAVP films after
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annealing in methanol vapor, a selective solvent for minority
P4VP block [14]. Kim et al. showed that solvent evaporation
at a controlled rate could provide a very simple but robust route
to generate almost defect-free microstructures over large areas
in poly(styrene-block-ethylene oxide) (PS-b-PEO) diblock
copolymer films [10]. Most of the approaches mentioned above
are focused on the relative orientation of a microphase-sepa-
rated morphology with respect to a substrate surface when the
experimental variables, such as the surface field, film thickness,
solvent evaporation rate, solvent selectivity, annealing condi-
tions, etc. are changed [5—15]. However, the detailed mecha-
nisms involved in these treatments remain unclear. Moreover,
correlation between the initial morphologies of block copoly-
mer thin films prepared from different solvents and the resulting
morphological developments are little considered.

Generally, preferential wetting of one block at an interface
occurs to minimize the free energy of the system, leading to
a parallel orientation of the microdomains [16—18]. In sym-
metric diblock copolymers, quantization of the film thickness
often takes place. When the thickness of the film is not com-
mensurate to the equilibrium lamellar spacing, either holes or
islands are nucleated on the film surface to adjust the local film
thickness to the preferred quantized values. When the interac-
tion with the surface is significantly reduced, a thickness
incommensurability may lead to perpendicular orientation of
the lamellae with respect to the boundary surfaces [17].

However, when the interaction between one block and the
substrate surface (the surface field) is very strong, a stable
brush can form. In the case of dense brush, the homopolymer
or the same blocks cannot penetrate into the brush deeply,
which may lead to autodewetting of the materials. It has
been reported that PS homopolymer dewets PS brush layer
attached to the substrate surface under certain conditions
[19]. Large disordered droplets of block copolymers also auto-
phobically dewet the dense brush layer of the ordered copoly-
mer chains in block copolymer thin films slightly above the
order—disorder transition temperature [20,21]. Lee et al. re-
ported that autophobic dewetting played an important role in
the formation of the hierarchical surface pattern induced by re-
sidual solvent in thin films of the PS-b-PVP block copolymer
(pps = 0.37) [22].

It has been reported that various kinds of block copolymer
micelles could be prepared in solution [23,24]. In particular,
nanometer-sized micellar monolayer films prepared from
block copolymer micelle solutions using Langmuir—Blodgett
self-assembly, dip coating or spin-coating methods are versa-
tile as templates for nanostructured materials, where the stabil-
ity of the morphology is critical in future applications [25—33].
In this work, we studied the time evolution of the surface
structures of the micellar films of an asymmetric diblock co-
polymer of PS-b-PVP during solvent annealing. For compar-
ison, another type of the block copolymer film prepared from
THF solution without micellar structure was also studied.
With this approach, a systematic investigation into the effects
of the initial morphology on the development of surface
structures in thin block copolymer films after solvent anneal-
ing was performed.

2. Experimental part
2.1. Materials

Polystyrene-block-poly(2-vinyl pyridine) (PS-b-PVP) with
a polydispersity index of 1.07 was purchased from Polymer
Source, Inc. The number average molecular weights of PS
and PVP blocks were 54,900 g/mol and 18,600 g/mol,
respectively.

2.2. Substrate preparation

Silicon (Si) substrates (~2.5 cm x 2.5 cm) with a native
silicon oxide layer on the surface were cleaned with a mixed
solution of concentrated H,SO, and H,O, (30%) (70/30 v/v)
at 80 °C for 30 min, thoroughly rinsed with Milli-Q water
and dried under a stream of nitrogen gas.

2.3. Film preparation

The micellar films were prepared by spin coating the
0.5 wt% and 0.25 wt% toluene solutions of PS-b-PVP on sili-
con substrates at 2500 rpm. The films were dried at 50 °C in
a vacuum for 12 h to remove residual solvent. The film thick-
nesses measured by using a Tencor-10 surface profiler on sil-
icon substrates were about 22 nm and 11 nm, respectively. To
change the initial morphology of a block copolymer film,
a ~22 nm thick film was also prepared from tetrahydrofuran
(THF) solution of PS-b-PVP. Since THF is a nonselective sol-
vent for PS and PVP, the as-cast thin film prepared from THF
solution shows no micellar structure. The films prepared from
different solvents were exposed to the saturated chloroform
vapor in a closed desiccator at room temperature for different
periods of time, and then the samples were removed to
ambient atmosphere and promptly dried.

2.4. Characterization

Atomic Force Microscopic (AFM) images were obtained
using a Digital Instruments Dimension 3100 scanning force
microscope in the tapping mode using Olympus cantilevers
with spring constants ranging between 33.2 N/m and 65.7 N/
m and resonant frequencies of 277.3—346.3 Hz (as specified
by the manufacturer).

X-ray Photoelectron Spectroscopy (XPS) was performed on
an ESCALAB 250 (Thermo Electron Co., America) spectrom-
eter with an Al Ko (hv =1486.6 eV) mono X-ray source.
Spectra were obtained at a take-off angle of 15°.

3. Results and discussion

3.1. The morphology change of PS-b-PVP micellar films
under chloroform vapor

3.1.1. PS-b-PVP micellar films with ~22 nm thickness
It is well known that in a selective solvent for the PS
blocks, e.g., toluene, nanometer-sized micelles consisting of



2436

a soluble PS corona and an insoluble PVP core are formed
above the critical micelle concentration. A micellar film of
diblock copolymers can be easily formed by spin coating.
The AFM height image and phase contrast image of a spin-
cast PS-H6-PVP micellar film from 0.5 wt% toluene solution
on a silicon substrate surface are shown in Fig. 1. The brighter
and darker areas in the images correspond to the PVP micro-
domains and the PS matrix, respectively. The surface exhibits
a closely packed quasi-hexagonal structure, which is consis-
tent with the surface morphology observed in Refs. [26,32,33].

After the film was treated in the chloroform vapor for dif-
ferent times, the surface of the film was examined with AFM.
At relatively short annealing time in chloroform vapor, small
islands of about 40 nm in diameter appear on the film surface
with an average height of the islands being only ~4 nm
(Fig. 2a). At a higher magnification, the surface does not
exhibit any lateral structures, indicating that the micellar struc-
ture disappears at this moment. This morphology may repre-
sent a disordered, intermediate stage driven by the interplay
between microphase separation and dewetting. If the film is
treated further, the islands grow to form larger domains. The
microphase separation is driven by long-range repulsion due
to incompatibility between the two component blocks, where-
as dewetting is by destabilizing long-range intermolecular
forces such as dispersive or van der Waals’ forces. In the cur-
rent case, the morphology evolution is influenced by the com-
bination of the two simultaneous processes, both of which lead
to the decrease of the free energy of the system. The size and
the height of the islands increase with annealing time as evi-
denced in Fig. 2b and c. The brighter parts are composed of
islands and the lower or darker regions are defined as the bot-
tom layer. The line scans in Fig. 2a—c also show the height of
the islands (the height from the top surfaces of islands to the
bottom layer surface). To distinguish the structure difference
between the top surfaces of islands and the bottom layer sur-
face, AFM images were taken from the island surface and
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the bottom layer surface. Fig. 2b1 and bl’ are the AFM height
and phase images obtained from the selected island surfaces
(black box bl in Fig. 2b), respectively, after annealing for
13 h. Fig. 2c1 and cl’ are the AFM height and phase images
obtained from the selected island surfaces (black box cl in
Fig. 2¢), respectively, after annealing for 24 h. One can always
find a striped surface pattern at an island surface (Fig. 2b1 and
cl). The composition of the copolymer used in this work
(@pyp =0.25) and the surface free energies of PS and PVP
(vps =39.8 mN/m, ypyp=45.1 mN/m [34]) suggest that the
copolymers in islands form cylinder morphology with a PVP
core and a PS shell. Although the heights of the islands in-
crease with annealing time, the striped surface patterns remain
unchanged. The lateral period between neighboring cylinders
determined by AFM is about 50 nm. This value is larger
than the height of the islands (Fig. 3). However, in the lower
regions in Fig. 2b and c, the surfaces are very smooth and fea-
tureless. Fig. 2¢c2 and ¢2’ show the AFM height and phase im-
ages taken at the lower regions from the selected black box c2
in Fig. 2c. This can be attributed to the formation of a brush
layer of PS-b-PVP on silicon surface. The film thickness in
the lower regions is ~ 11 nm from the AFM measurement of
the scratched surface. The changes of the island height and
the thickness of the bottom layer (the height from the surface
of darker regions to reference silicon substrate surface) with
time were measured and displayed in Fig. 3. It should be noted
that at relatively short annealing times (1—13 h), the data
points showing the higher thickness of bottom layer are not
the thickness of brush layer. It may contain excess block co-
polymers, which may be in disordered state. If the annealing
time exceeds 24 h, the thickness of the bottom layer almost
does not change. It can be deduced that this value (~ 11 nm)
is the thickness of the bottom brush layer.

In order to investigate the origin of the stripped patterns,
a film was annealed for 4 h and then the surface morphology
was carefully monitored by AFM. When the image was
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Fig. 1. AFM height and phase images of the micellar film of the PS-b-PVP block copolymer spin cast on silicon substrates from 0.5 wt% toluene solution.
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Fig. 2. AFM heightimages and their sectional profiles along the lines shown in the images of the micellar films of the PS-b-PVP block copolymer after solvent annealing
in chloroform vapor for (a) 1 h, (b) 13 h, and (c) 24 h. (b1), (c1) and (c2) are the AFM height images scanned from the selected areas marked as black boxes b1, cl and c2
in (b) and (c), respectively. (b1’), (c1’) and (c2') are the AFM phase images from the selected areas marked as black boxes b1, ¢1 and ¢2 in (b) and (c), respectively.
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Fig. 3. Changes of the island height and the bottom layer height as a function
of solvent vapor annealing time.

scanned at a lower magnification, small islands were also
observed. Fig. 4a displays that the sizes of islands (about
200—900 nm in diameter and about 7 nm in height) at the
film surface are larger than those in Fig. 2a. Fig. 4c shows
the morphology obtained at a higher magnification which ap-
pears at the surface of what may be considered the initial stage
of cylinder formation. This morphology may be interpreted as
the initiation of aggregate formation of the copolymer chains
above the brush layer to form cylinders. Then more amounts
of block copolymer chains migrate to the nucleation sites,
leading to the growth of the cylinders/islands (the diameter
and the length of the cylinders increase with time). The
observed islands in Fig. 2b and ¢ are composed of cylinders.
With increasing the annealing time, the smaller islands merge
into larger ones. The island growth should follow the 2D
Ostwald ripening mechanism [35—37]. However, only islands
of less than 50 nm height on the film surface were observed
since the initial thickness of the micellar film was in the order
of ~22 nm.

3.1.2. PS-b-PVP micellar films with ~ 11 nm thickness

It is well known that PS-b-PVP forms a stable brush layer
adjacent to the substrate due to the strong interaction of PVP
block to the SiO, substrate in a thin film [22]. In order to
monitor the structural evolution of a bottom brush layer at
substrate surface upon annealing, a film of ~11 nm (prepared
from a 0.25% toluene solution) was treated in chloroform
vapor for different times. Fig. 5 shows the AFM images of
the block copolymer film before and after annealing. For the
spin-cast film, the spherical surface domains similar to the
ones in Fig. la were observed. However, the domain sizes
are smaller than those in Fig. la. After treatment with chloro-
form vapor, the film surface becomes smooth and featureless
and the morphology does not change with annealing time,
indicating that no excess block copolymer chains exist to
form cylinders/islands at the film surface after the formation

of the brush layer. The contact angle is close to that of pure
PS film (~90°) and any Nls peaks were not observed in
high-resolution XPS spectrum (Fig. 6), providing evidence
that the surface of the brush layer is composed of PS blocks.
Since the block copolymer chains in the bottom brush layer
are tightly attached to the substrate surface, the brush layer
is quite stable. Santer and Riihe observed that the topography
of the brushes of poly(methyl methacrylate-block-glycidyl-
methacrylate) (PMMA-b-PGMA) diblock copolymer can be
turned into a flat, featureless surface after exposing the sam-
ples to a good solvent for both blocks, though the as-prepared
brushes can appear as ripple-like, worm-like and spherical-like
morphologies [38,39].

It has been reported that PS-b-PVP chains adsorbed from
the copolymer solution onto mica surface form a homogeneous
brush with PVP blocks anchored on the polar mica surface
which corresponds to a lamellar coating. The thickness (e)
of the PVP layer and the equilibrium average brush height
(L) of PS segments can be expressed by [40]:

e = kN/l\I/BN];()/B (l)

I — aPSN]231/23N;4/23 2)

where £ is the prefactor (~1.1), N5 and Ny are the numbers of
repeat unit of PVP and PS, respectively, and a is the monomer
length (aps =0.19 nm). The calculation yields a PVP thick-
ness (e) value of 0.25 nm and PS height (L) value of 9.82 nm.
Thus the total thickness of the brush is about 10.07 nm in
solution.

Generally, the thickness value measured by AFM in thin
films of block copolymers is smaller than the calculated value
in solution because PS will take a collapsed conformation after
solvent extraction. However, in this case, the bottom brush
layer has a height of ~11 nm based on the AFM image of
the scratched surface (Fig. 3), which is in good agreement
with the predicted value calculated from Egs. (1) and (2).
This means that the chain packing in the upper PS brush layer
is more pronounced than that at the bottom PVP brush layer
since PS block has larger molecular weight than PVP block.
Therefore, it can be deduced that a dense PS layer forms at
the top surface of the silicon substrate. It has been reported
that, in the case of the dense brush layer, the homopolymer
or the same blocks cannot penetrate into the brush deeply,
leading to autodewetting of the materials [41].

3.1.3. The morphology change mechanism of a micellar film
with ~22 nm thickness

It has been reported that PEO, PVP (hydrophilic polymers)
and PMMA (hydrophobic polymer) have a relatively strong in-
teraction with SiO, or mica substrate surfaces [9,42,43]. When
PS-b-PMMA or PS-b-PEOQ is cast on a Si substrate with a SiO,,
surface layer, the PMMA or PEO preferentially segregates to
the substrate while the PS segregates to the air interface due
to the presence of asymmetric boundary condition. However,
in a selective solvent for PMMA or PEO, solvent vapor mol-
ecules have a stronger tendency to attract PMMA or PEO
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Fig. 4. AFM images of the micellar films of the PS-b-PVP block copolymer after solvent annealing in chloroform vapor for 4 h. (a) is AFM height image obtained
at a lower magnification and (b) is its sectional profile along the line in the image. (c) and (d) are AFM height and phase images scanned at a higher magnification

to show the initial stage of cylinder formation or nucleation sites of islands.

than PS to maximize the PMMA—solvent or PEO—solvent
contacts. Xuan et al. observed that PMMA blocks are pulled
toward the film surface under selective solvent vapor environ-
ments. Using solvent annealing method, thin PS-b-PMMA or
PS-b-PEO copolymer films exhibiting surface-parallel or
surface-perpendicular morphology or one with well-ordered
hexagonally packed cylinders could be obtained [9,10].

However, for thin PS-b-PVP diblock copolymer films, the
VP blocks strongly anchor to the SiO, surface via the interac-
tion between pyridine units and OH groups at the substrate
surface [44]. Upon solvent vapor annealing with a good sol-
vent for PVP block, a stable brush layer on SiO, surface forms.
Therefore the morphology changes are different from those of
PS-b-PMMA or PS-b-PEO films.

The mechanism of the morphology change of a ~22 nm
thick micellar film during solvent annealing can be explained

as follows. Chloroform is known as a good solvent for both PS
and PVP with a slight selectivity toward P2VP [45]. In the
presence of chloroform solvent, the swollen PVP core and
the PS matrix in the film (Fig. 7a) become more mobile and
can reorganize themselves easily (Fig. 7b). More PVP blocks
in micellar cores migrate to the SiO, surface. The main driving
force is the strong polar interaction of substrate surface with
VP units. This process leads to the formation of a bottom
brush layer (Fig. 7c and d), where the PS blocks adopt a
stretched conformation due to the composition asymmetry of
the block copolymer. At the same time, parts of the PS-
b-PVP molecules migrate to the film surface and begin to
self-assemble into cylinders (with a PVP core and a PS shell)
oriented parallel to the substrate surface. Then the cylinders
grow to form islands upon increasing the annealing time
(Fig. 7d). In the case of the dense brush layer (Fig. 7f), if
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Fig. 5. (a) and (b) are AFM height and phase images of the micellar films of the PS-5-PVP block copolymer spin cast on silicon substrates from 0.25 wt% toluene
solution. (c) and (d) show AFM height and phase images of the micellar films after solvent vapor annealing for 5 days.

the PS blocks above the brush layer cannot penetrate into the
brush deeply, an interface with corresponding interfacial free
energy will be established [41]. The excess energy associated
with this interface can induce dewetting (autodewetting). It
has been reported that PS homopolymer can dewet PS brush
layer attached to the substrate surface under certain conditions
[19]. Large disordered droplets of block copolymers also auto-
phobically dewet the dense brush layer of the ordered copoly-
mer chains in block copolymer thin films slightly above the
order—disorder transition temperature [20,21]. In our case,
autophobic dewetting between the dense brush layer and the
PS-b-PVP cylinders (with a PVP core and a PS shell) above
it dominates the island growth process at longer annealing
time. Therefore, the lamellar morphology cannot form on
the brush layer. Elbs et al. observed that for films of the asym-
metric diblock copolymer PS;4-b-PVPg¢ with small thickness,
a stepped surface and a striped surface morphology were ob-
served after vapor treatment in chloroform. In the first terrace

of polystyrene-block-poly(2-vinyl pyridine)-block-poly(tert-
butyl methacrylate) (PS;;-b-PVP,¢-b-PBMAs;,) triblock co-
polymer film, the striped pattern was also observed [46].

3.2. The morphology change of PS-b-PVP films prepared
from THF upon annealing in chloroform vapor

If the initial films of the PS-b-PVP block copolymers were
prepared from different solvents, e.g., THF (almost nonselec-
tive to PS and PVP), one may find that the morphology devel-
opment process in chloroform vapor is different from that of
the film spin cast from toluene solutions. Fig. 8 shows the
morphologies of a ~22 nm thick film prepared from THF
and treated in chloroform vapor for Oh, 4h, 1 day and 4
days. The AFM height and phase images of the spin-cast
film display that the cylinders of PVP with parallel orientation
and perpendicular orientation coexist (Fig. 8a and b). Upon
annealing in chloroform vapor, the film forms a bicontinuous
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Fig. 6. High-resolution XPS Cls and N1s spectra of ~11 nm thick micellar
films of the PS-b-PVP block copolymer after solvent vapor annealing for 5
days.

spinodal-like pattern on the bottom brush layer. The pattern
eventually evolves into droplets, as shown in Fig. 8a—e. It
has been reported that thin symmetric PS-b>-PMMA diblock
copolymer films can form bicontinuous pattern on a “brush”
of height of L/2 (L is the interlamellar spacing in the bulk)
on the substrate after annealing at temperatures higher than
the bulk order—disorder transition temperature [20]. However,
all the surfaces of the terraces in Fig. 8c—e form a stripped
morphology. The phase image in Fig. 8f shows both the brush
and the terrace regions. Comparing Fig. 2 with Fig. 8, one can
find that, for the two kinds of films prepared from toluene and
THEF, though their initial morphologies are different, the same
patterns are obtained after chloroform vapor treatment for
a long time scale. However, the evolution processes to the final
structures are different from each other. THF is a nonselective
solvent for both PS and PVP blocks. When PS-b-PVP is cast
from THF solution on a silicon substrate with a native SiO,
surface layer, the PVP blocks preferentially segregate to the
substrate surface and form a brush layer. The other block
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Fig. 7. Schematic illustration of time evolution of the microstructure in PS-b-
PVP micellar film with ~22 nm thickness. (a) As-cast PS-b-PVP micellar film;
(b) swollen PVP chains begin to migrate to both SiO, and film surfaces, when
exposed to chloroform vapor for a certain period of time; (c) a brush layer on
SiO, surface begins to form, and at the same time PS-b-PVP chains self-
assemble to form small islands/cylinders on film surface; (d) islands are
formed on the film surface after a long time annealing; (e) plane view of a
island surface in (d); (f) schematic illustration of the substrate surface induced
PS-b-PVP diblock copolymer brush. The figures were not drawn to scale.

copolymer chains adsorbed on the brush layer cannot evolve
into their equilibrium states due to the fast evaporation of sol-
vent during spin coating. That is, the bottom brush layer has
already been formed during the spin-coating process. When
the film is annealed in chloroform vapor, the solvent molecules
can penetrate into the PVP and the PS microdomains uni-
formly and lead to the film rupture spontaneously (known as
spinodal dewetting). The film rupturing process is driven by
surface energy [20,47], and the hills will grow at expense of
the valleys. After annealing for a long time, the spinodal-
like pattern decays into large droplets. The dewetting process
is accompanied by the evolution of the nonequilibrium cylin-
drical microdomains being annealed to equilibrated ones.

4. Conclusion

Upon solvent vapor annealing in chloroform, the effect of
the initial morphology at the free surface of an asymmetric
PS-b-PVP diblock copolymer on the topographical structures
of the resulting films was investigated where the PVP compo-
nent has a strong preferential affinity for the SiO, substrate.
For a micellar film of the block copolymer prepared from tol-
uene solution, the surface morphology develops via a nucle-
ation and growth mechanism, while it evolves via spinodal
dewetting mechanism for a film prepared from THF solution.
Identical final morphologies are obtained for the two kinds of
the films after a long time solvent vapor annealing. These
results reveal that the initial morphology can influence the
process of the pattern evolution that develops at the free
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Fig. 8. (a) and (b) are the AFM height and phase images of the spin-cast PS-b-PVP film obtained from THF solution. (c)—(e) are the AFM height images of the
films after solvent annealing in chloroform vapor for 4 h, 1 day, and 4 days, respectively. (f) is the AFM phase image from sample (d) showing the difference
between the island surface and the bottom brush layer surface.
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surface of the PS-H-PVP diblock copolymer during solvent
vapor annealing.
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