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Abstract: Morphological characteristics and formation of symmetric polystyrene-block-poly(1,4-butadiene) copolymer
(PS-5-PBD) in thin films upon solvent-annealing were investigated by using atomic force microscopy (AFM). The thin
films solvent-annealed in cyclohexane revealed the perforated lamellae of poly(1,4-butadiene) in the matrix of poly-
styrene while those solvent-annealed in »-hexane exhibited highly disordered patterns. Interestingly, when the thin films
of PS-b-PBD were solvent-annealed with binary mixtures of cyclohexane and n-hexane, the morphological transition
from the perforated lameallae to the perpendicularly-oriented lamellae of poly(1,4-butadiene) could be induced by chang-
ing the mixing ratio of both solvents. We also demonstrated that after microdomians of poly(1,4-butadiene) were suc-
cessfully degraded by UV-O;, linear poly(dimethy! siloxane) chains were back-filled into the etched regions of the thin

film and then converted to silica nano-objects by oxygen plasma treatments.

Keywords: morphology, block copolymers, self-assembly, solvent-annealing, thin films.

Introduction

Block copolymers (BCPs) are capable of presenting a rich
variety of well-ordered nanostructures including sphere, cyl-
inder, lamella, etc. with periodic length in the range of 10-100
nm because of the immiscibility between chemically dissimilar
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polymers linked covalently at one end. Thus, BCPs have been
considered as the potential candidates for nanotechnology and
polymeric materials physics. In the bulk, BCP morphology can
be determined by the total degree of polymerization (N), the
volume fraction of one block (f3), and the Flory-Huggins inter-
action parameter between the blocks (ya).'> On the other
hand, in thin film, as additional parameters such as the film
thickness and interfacial tension can play a significant role, it
becomes more complicated to understand its morphology.* In
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particular, such BCP nanostructures can provide many possible
applications such as nanolithography,™® ultra high-density data

storage media,”" 12.13

nanostructured templates, > and photonic
crystals' when they are prepared in thin films. In general, to
take BCP morphology in thermodynamic equilibrium for the
feasible applications mentioned above, the thin film is ther-
mally annealed above the glass transition temperature (7,) of
both blocks, so that its ordering quality is improved and defect
levels become reduced. However, the window of annealing
temperatures for BCPs is normally limited because of their
possible thermal degradation. Recently, some remarkable
methods to achieve well-defined BCP ordering in large areas
have been introduced, including interfacial interaction con-
trol,>"* electric field,'*"” solvent vapor treatment,'®* chemically

> and epitaxial growth.®

patterned substrate,*® graphoepitaxy,’

The solvent-annealing, among several approaches intro-
duced above, has advantages for practical reasons. Namely,
this approach imparts a relatively simple and fast process to
prepare highly ordered BCP nanostructures in large area as
compared to others. In addition, this process does not need any
preliminary treatment of BCPs and substrates. To induce their
microphase separation, one only needs to control the evap-
oration of solvents from the film surface and the swelling
degree of BCP microdomains. However, the interplay of sol-
vents with blocks during solvent-annealing may affect exten-
sively the existing thermodynamic parameters and make the
system more complicated to understand. Hence, it is necessary
to investigate the kinetics and mechanism of the solvent-
annealing process for interesting BCPs.

Many research groups have reported the long-range ordering
of a number of BCPs in the thin film after solvent-annealing
treatment. The kinetics of polystyrene-block-polybutadiene-
block-polystyrene (SBS) copolymers in thin solvent-cast films
with different evaporation rates was investigated by Kim and
Libera."® According to their results, the evaporation rate of sol-
vents played an important role in determining the morphol-
ogies of SBS. The ordering behavior of different types of
BCPs upon solvent-annealing was also studied. Krausch and
coworkers conducted intensive studies on the morphological
evolution of a polystyrene-block-poly(2-vinylpyridine-block-
poly(tert-butyl methacrylate) copolymer induced by solvent-
annealing."” They proved that the ordered nanostructures of
BCPs developed from the film surface to the substrate due to
the evaporation of solvent vapor. Recently, Russell and
coworkers have reported the ordering and the orientation of
cylindrical microdomains of a wide range of amphiphilic

BCPs via solvent-annealing, =272

In this study, we present the morphological transition of a
symmetric polystyrene-block-poly(1,4-butadiene) copolymer
(PS-b-PBD) in the thin film by solvent annealing with binary
mixtures of cyclohexane (CHX) and n-hexane (HX). With
varying composition of the solvent mixtures, transformation
from the perforated lamellae to the perpendicularly-oriented
lamellae was observed by atomic force microscopy (AFM). It
was found that this transformation of PS-5-PBD microdomians
was sensitively affected by the affinity of solvents for different
blocks. Studies were performed as a function of the mixing
ratio of both solvents and annealing time. In addition, we dem-
onstrated that these well-defined nanostructures of PS-b-PBD
thin films can be utilized as templates to produce nano-objects.

Experimental

Materials. The symmetric polystyrene-block-poly(1,4-buta-
diene) copolymer (PS-b-PBD, M, ps = 19900 g/mol, M,,pzp =
22000 g/mol) was purchased from Polymer Source. And its
polydispersity index (PDI) was 1.03. Poly(dimethyl siloxane)
(PDMS, 10000 cSt.) was also purchased from Dow Corning.
All polymers for this study were used without further puri-
fication. Cyclohexane (CHX) and »-hexane (HX) were pur-
chased from Sigma-Aldrich and used as received without
further purification. Si wafers (p-type, Si<100>) with a native
silicon oxide layer were purchased from LG Siltron Inc. The
pieces were 1.5 cm long and 1.5 cm wide.

Sample Preparation. Premeasured PS-5-PBD was dis-
solved in toluene at room temperature. The BCP solution was
mechanically stirred for 24 hrs. Thin films of PS-56-PBD were
spin-coated on Si substrates. Si substrates were cut into pieces
with dimensions of 1 cm x 1 cm. To clean the surface of Si
substrates before their use, they were first sonicated in acetone
for 30 min and then exposed to UV-O; for 10 min. The BCP
film thickness was controlled by changing concentration (0.7~
1.5 wt%) of polymer solution and spin-coating rate and mea-
sured by ellipsometry. The BCP thin films were placed in a
small closed vessel at ambient condition. To induce ordering of
PS-b-PBD, 0.2 mL of either neat solvent (CHX or HX) or
mixed solvent of CHX and HX was introduced into the cham-
ber by a syringe. Finally, the BCP thin films were picked out
from the chamber at a certain time of solvent-annealing and
dried at room temperature.

Atomic Force Microscopy (AFM) Measurement. Surface
topologies of PS-b-PBD thin films were assessed by atomic
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force microscopy (Digital Instruments, Nanoscope III) in both
the height and phase contrast operated in tapping mode. The n-
doped Si tips (1-10 Ohm ‘- cm) of Vecco were used to scan the
surface of thin films in an area of 3 um x 3 pum at a typical
scan rate of 6 um per second. The images obtained from all
specimens were constructed using 512 scan lines.

UV-Ozone Treatment. The UV-Ozone generator was used
to induce degradation of PBD blocks in thin film of PS-5-
PBD. 6 mercury lamps (20 W x 6) were horizontally posi-
tioned on the top of the chamber in this generator. The distance
from the surface of specimens to the lamps was approximately
10 cm. After certain doses of UV-Os;, the surface of thin films
was washed with HX several times to extract degraded PBD
chains and dried at ambient condition.

Fabrication of Silica Nanostructures. To fabricate silica
nanodots and nanolines, linear poly(dimethyl siloxane) was
dissolved in HX. A thin layer of PDMS was deposited by the
spin-coating process on the thin film surface of PS-5-PBD that
was treated by UV-O;. As this specimen was thermally
annealed at 70 °C for 30 min, PDMS was backfilled into the
empty space generated by extracting PBD domains. To fab-
ricate silica nanodots and nanolines, PDMS filled in pores was
converted to silica by additional doses of oxygen plasma for
1 hr.

Results and Discussion

Figure 1 shows AFM images of the as-spun PS-5-PBD film.
A thin film with 27.4 nm in thickness with a flat surface was
achieved after spin-coating 1.0 wt% BCP/toluene solution on
the Si substrate. However, as shown in Figure 1, highly dis-
ordered nanoscale structures were observed over the whole
surface area. These disordered structures resulted from the
incompatibility of two blocks during the spin-coating process,

Figure 1. AFM images ((a) height mode; (b) phase mode, 1.5 um
x 1.5 pum) of the as-spun film of PS-5-PBD.
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but have not fully developed because fast evaporation of sol-
vents suppressed kinetically a microphase separation of block
copolymers. Therefore, when the as-spun thin film of block
copolymers is placed under certain circumstances to provide
enough mobility to BCP chains such as the existence of sol-
vent vapor, these chains can attain enough mobility and are
able to continuously advance microphase separation of block
copolymers. It is noted that some research groups reported that
inversion of the contrast between PS and PBD, where the PS
phase and PBD phase became dark and bright, respectively,
could occur when the microscope was fulfilled at moderate
tapping.”** However, because our AFM experiments were
operated at hard tapping, the glassy PS phase and rubbery PBD
phase in phase mode of our AFM images appear as bright and
dark regions, respectively.

As exhibited in Figure 2(a), in spite of their irregular order-
ing, discrete microdomains of PS-5-PBD were observed when
the as-spun thin film was exposed to CHX vapor, which is a
-solvent for PS blocks and a good solvent for PBD blocks,
for 10 min. With further solvent-annealing (60 min), it was
found that microdomains of PS-5-PBD were self-organized
and then the perforated lamellae at a high degree of ordering
were generated as shown in Figure 2(b). Even though CHX

Figure 2. AFM images (phase mode, 1.5 um x 1.5 um) of PS-b-
PBD thin films solvent-annealed in (a) cyclohexane for 10 min; (b)
cyclohexane for 60 min; (c) n-hexane for 10 min; (d) n-hexane for
60 min, respectively.
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Scheme 1. A schematic illustration of the morphology of the thin
films of polystyrene-block-poly(1,4-butadiene) copolymer solvent-
annealed in vapor of a binary mixture of cyclohexane and n-hexane.
(a) perforated lamellae; (b) perpendicularly-oriented lamellae,
respectively. Dark and bright colors indicate PBD blocks and PS
blocks, respectively.

has a higher affinity for the PBD block, according to our
AFM results, PBD blocks formed the microdomains which
are minor in the PS matrix. According to image analysis of
AFM, the diameter of PBD domains was about 28 nm. The
distance between the nearest microdomains of PBD was also
around 38 nm. This phenomena may be related to the indi-
vidual surface free energy of PS and PBD blocks. PBD
chains tend to position at the surface of the film due to its
lower surface free energy (32.5 mN/m) than that (36 mN/m)
of PS chains.”'?** Therefore, the BCP film is basically com-
posed of two layers with the homogeneous PBD as the top
layer and the PS and PBD blocks as the inhomogenous bot-
tom layer (Scheme 1). To advance microphase separation
between PS and PBD, PBD blocks may need to form micro-
domains in the PS matrix, which is the majority in the inho-
mogeneous bottom layer.

On the other hand, when the BCP thin film was exposed to
HX which is selective solvent for PBD blocks for 10 min,
irregularly ordered microdomains of PS-56-PBD were also gen-
erated (Figure 2(c)). After a solvent-annealing time of 60 min,
PBD chains were dragged to the surface of the thin film by the
vapor of HX while ill-defined structures still remained under
the surface (Figure 2(d)).

He and coworkers conducted extensively the phase behavior
of SBS and SB copolymer in thin films. They showed that
slightly different affinities of solvents for blocks could dra-
matically affect their morphologies.?'**** Moreover, the affin-
ity of solvents for polymers is changeable in a given system.
Therefore, it is essential to consider the relative affinity of sol-
vents for BCPs systematically.

The relative affinity of solvents for each block can be ade-
quately elucidated by the polymer-solvent interaction param-
eter (yp.s) between the polymer (P) and the solvent (S) as

shown in eq. (1).
Zp_s = V(Ss—3p) /RT+0.34 (1)

where, V; is the molar volume of the solvent, R is the gas con-
stant, 7T is the temperature, and & and o are the solubility
parameters of the solvent and the polymer, respectively. The
solubility parameter of PS and PBD are 9.1 and 8.3 cal"?/cm*?,
respectively. The calculated polymer-solvent interaction
parameters (yp.s) between individual blocks of PS-b-PBD and
solvents are listed in Table 1.

For complete miscibility between polymer and solvent, the
value of ypg should be below 0.5 according to the Flory-Hug-
gins criterion.”’** Thus, from the calculation of interaction
parameters, it is seen that CHX used in this study is a é&-solvent
for PS blocks and a good solvent for PBD blocks while HX is
a selective solvent for only PBD blocks. Hence, CHX can pro-
vide a higher degree of swelling for PBD blocks than for PS
blocks.

In addition, HX can swell only PBD blocks but does not
affect PS blocks. To control the mobility of BCP chains as well
as BCP ordering during the solvent-annealing process, it is a
routine method to utilize mixtures of different solvents.'>** The
morphological transition from the perforated lamellae to per-
pendicularly-oriented lamellae has been observed with increas-
ing contents of HX in the binary mixture.

Figure 3 shows AFM images in phase mode of PS-6-PBD
thin films that were solvent-annealed in binary mixtures of
CHX and HX in different mixing ratios. When thin films were
solvent-annealed in the vapor of a binary mixture of which
majority is CHX, well-defined dot patterns of PS-5-PBD were
still obtained (Figure 3(a)). However, with an increase of the
HX concentration, it was found that discrete dots and con-
tinuous lines coexisted as shown in Figure 3(b). Interestingly,
when the thin film of PS-5-PBD was exposed to the vapor of
a binary mixture containing equivalent amounts of both sol-
vents, highly ordered continuous-line patterns were achieved
(Figure 3(c)). In contrast, irregularly ordered line and dot pat-
terns were generated from the thin film that was solvent-

Table 1. Polymer-Solvent Interaction Parameters (yps) between
Blocks (P) of PS-b-PBD and Solvents (S)

Cyclohexane n-Hexane
Polystyrene 0.4981 1.0728
Poly(1,4-butadiene) 0.3426 0.5662

Polymer(Korea), Vol. 36, No. 4, 2012
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Figure 3 AFM images (phase mode, 1.5 um x 1.5 um) of PS-5-PBD thin films solvent-annealed in the binary mixtures of cyclohexane and
n-hexane with various mixing ratios: (a) 90/10; (b) 70/30; (c) 50/50; (d) 30/70; (e) 10/90, respectively.

annealed in the vapor of a binary mixture with HX as the
majority, as seen in Figure 3(d) and 3(e).

In order to trace morphological evolution of PS-b-PBD upon
solvent-annealing, the AFM images of PS--PBD thin films
were taken as a function of time during solvent-annealing in a
binary mixture of CHX:HX = 50:50 (Figure 4). At the initial
stage of the solvent-annealing process, highly disordered dot
patterns of PBD blocks were formed in the matrix of PS blocks
as shown in Figure 4(a). With further annealing (30 min), dot
patterns congregated to form line patterns (Figure 4(b)). Then
line patterns were observed eventually on the entire surface
area after a solvent-annealing time of 1 hr (Figure 3(c)). The
periodic distance of line patterns was about 35.3 nm. There-
fore, we show that the combination of these two different sol-
vents not only induce the link of PBD microdomains by
swelling PBD blocks but also help maintain the perpendicular
orientation of lamellae to the substrate. Significant changes of
morphological characteristics were not observed even though
they can also be affected by its thickness. Figure 5 displays
AFM images of PS-b-PBD thin films of differing thickness
that were solvent-annealed in a binary mixture (CHX:HX =
50:50) for 60 min. From the thin film with two different thick-
nesses of 14.4 nm (Figure 5(a)) and 54 nm (Figure 5(b)), well-
defined lamellae oriented vertical to the substrate were also
obtained.

Block copolymers have been regarded as possible templates
to fabricate nanoscale features. Especially, block copolymers
containing PBD blocks have been used as the mask for litho-
graphic techniques because PBD blocks supply sufficient etch-
ing contrast for reactive ions like oxygen plasma or irradiation
of UV-0;. So, to confirm morphological characteristics of PS-
b-PBD thin film in this study, PBD blocks were selectively
etched after the thin films were exposed to UV-Os. This etch-
ing treatment would reveal the exact position of PBD micro-
domains. As mentioned above, a homogeneous PBD layer

Zo ), 364 A43, 20129

Figure 4. AFM images (phase mode, 1.5 um x 1.5 pum) of PS-5-
PBD thin films solvent-annealed in the vapor of the binary mixture
of cyclohexane and n-hexane (50/50) with various annealing times:
(a) 10 min; (b) 30 min, respectively.

Figure 5. AFM images (phase mode, 1.5 pum x 1.5 pum) of PS-5-
PBD thin films solvent-annealed in the binary mixtures of cyclo-
hexane and n-hexane (50/50) with different thicknesses: (a) 12 nm;
(b) 54 nm.

exists on the surface of thin films. As exhibited in Figure 6(a),
this rubbery layer makes it difficult to see BCP morphology
under the surface of the thin films. However, after exposure to
UV-0O; for 4 min, morphologies of PS-5-PBD thin films were
successfully uncovered as shown in Figure 6(b) and 6(c). These
highly ordered porous dot and line patterns corresponded to
those in the AFM images given in Figure 2(b) and 3(c).
In nanolithography, BCPs containing inorganic components
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Figure 6. AFM images (height mode, 1.5 um x 1.5 pm) of PS-4-PBD thin films (a) solvent-annealed in the binary mixtures of cyclohexane
and n-hexane (50/50) for 1 hr, and its thin films exposed to UV-Ozone for (b) 30 sec; (c) 3 min.

(a) (b)
N (©)

PDMS

(e) (d)

SRR o
s ~ e

Scheme 2. A schematic illustration for fabrication of silica nano-
objects. (a) solvent-annealed PS-5-PBD thin film; (b) UV-Oj; treated
thin films; (c) spin-coated PDMS on porous thin film; (d) PDMS
filled into pores; (e) silica nano-objects induced by oxygen plasma
treatment.

Figure 7. AFM images (height mode, 1.5 pm x 1.5 pum) of (a) silica
nano-dots; (b) silica nano-lines.

are often used to fabricate inorganic nano-patterns via their
self-assembly.*® These types of BCPs can provide good order-
ing quality of their microdomains for even small-molecular-
weight species due to their high values of y between two
blocks whereas the solvent-annealing for their microphase sep-
aration is very sensitive to the annealing condition involving
types of solvent, substrates and humidity etc. and even requires
pre-treated substrates. Hence, the use of BCPs exhibiting a

higher etching contrast for one block is often preferred. PS-b-
PBD can become one of the promising candidates for this
practical reason. As mentioned above, PBD blocks can be
degradable easily during the traditional etching process. Thus,
these porous thin films could be used as a desirable template
to fabricate silica nanodots and nanolines. As linear PDMS
was spin-coated on these porous thin films obtained from UV-
0; etching and thermally annealed at 70 °C for 30 min, PDMS
chains were backfilled into the pores due to the capillary force.
When these backfilled films were exposed to oxygen plasma,
the organic part of the remaining BCP film was degraded
while PDMS was converted to silica. Consequently, silica nano-
dots and nanolines were fabricated (Scheme 2).

Figure 7(a) and 7(b) show AFM images (height mode) of
highly ordered silica nanodots and nanolines, respectively.
Thus, it is confirmed that arrays of silica nano-objects were
successfully produced without changing the dimensions of the
original BCP templates.

Conclusions

Morphological transitions of symmetric polystyrene-block-
poly(1,4-butadiene) copolymers from the perforated lamellae
to perpendicularly-oriented lamellae were investigated upon
solvent-annealing. The perforated lamellar structures of the
thin film were developed in the vapor of pure cyclohexane
which is the @-solvent for PS block and a good solvent for
PBD block while ill-defined structures of PS-b-PBD were
obtained in the vapor of n-hexane, a selective solvent for PBD
block. In contrast, as the film was solvent-annealed in the
binary mixture of cyclohexane and n-hexane, perpendicularly-
oriented lamellae were produced. All transitions occurred
without significant changes in size and separation distance of
PBD microdomains. In addition, the PS-5-PBD thin film with
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highly ordered nanoscale structures were successfully utilized
as a template to fabricate silica nano-objects by using con-
version from PDMS to silica as induced by oxygen plasma
treatment.
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