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Introduction

Block copolymer (BCP) self-assembly has recently attracted
significant interest, since the resultant bulk and thin film
morphologies offer ideal platforms for the generation of nanos-
copically ordered patterns in a range of the promising applica-
tions.1-5 The bulk phase behavior is classically dictated by the
molecular weight (N), interaction parameter ( χ), the relative
composition (Φ), and chain rigidity.6-8 As for thin films, how-
ever, interfacial interactions play an important role in influencing
the morphology and orientation of the BCP microdomains,9,10

allowing the desired nanopatterns or arrays.11-14 Preferential
wetting of one block component with the substrate or difference
in the surface energy of two components will lead to a parallel
microdomain orientation to the substrate,15-19 while the ba-
lanced interfacial interactions at surface (the so-called neutral
surface) favors a microdomain orientation normal to the film
surface.20,21

To address this challenge for the perpendicular microdomain
orientation, various strategies have been developed to control
microdomain orientations of BCP films including surface mod-
ification,22-28 external fields,29,30 solvent annealing,31,32 and sur-
face patterning.33,34 The simple approach to surfacemodification
using randomor functional copolymers has proven to be versatile
and extendable to a wide range of polymeric materials because
the balanced interfacial interactions can be tuned by controlling
the relative composition of copolymers. For example, using
hydroxyl-functionalized P(S-r-MMA) copolymer, characteristic
surface properties ranging from PS to PMMA can be obtained
depending upon PS/PMMA composition.20,21,35,36 The dewet-
ting behaviors of PS and PMMA homopolymers on the various
random copolymer brushes showed that the interfacial interac-
tions on the substratewere balanced at a styrene fraction of∼0.58
in the P(S-r-MMA).20

Recent studies on the surface neutrality for PS-b-PMMA
have shown that, when interfacial interactions are balanced
(Δγ = |γAs - γBs| close to 0) where Δγ is the difference in
interfacial energies between components A and B with the
substrate (s) for the random copolymer brushes, only the film
thickness around the lattice period (L0) controls themicrodomain

orientation.27 Detailed studies on film thicknesses favoring
a microdomain orientation normal to the film surface indicate
that the optimal conditions for the balanced interfacial interac-
tions (the so-called neutrality in random copolymer) are found
whenXS (styrene mole fraction)= 0.64, whereas for the lamellar
microdomains XS = 0.55. Nealey et al. also reported the
perpendicular window at selected thicknesses for lamella- and
cylinder-forming PS-b-PMMAs as a function of PSmole fraction
for various random copolymer brush and mat.37 These studies
in addition to the prior efforts provide a straightforward
set of guidelines to control microdomain orientation of
PS-b-PMMA.

Here, we discuss the compositional asymmetry effects on
the microdomain orientations of cylinder-forming PS-b-PMMA
by the thickness window where the cylindrical microdomains
orient normal to the film surface. The greater the asymmetry
of the PS-b-PMMA, the greater is the tendency for the micro-
domain orientation normal to the neutral surfaces, while the
optimal conditions for the balanced interfacial interactions holds
the same XS = 0.64 for the random copolymers.

Experimental Section

Hydroxyl (HO)-functionalized P(S-r-MMA), with XS ranging
from0.34 to 0.85, were synthesized by a nitroxide-mediated living
free radical polymerization.20,38 Number-average molecular
weights (Mn) and polydispersity (Mw/Mn) of P(S-r-MMA)s were
∼10 000 g/mol and less than 1.30, respectively. Rx defines the S
mole fractions in the random copolymers.27 Three cylinder-
forming PS-b-PMMA-y, having PS volume fractions (ΦPS) of
0.72, 0.76, and 0.80 where y is the volume percentage of PS, were
synthesized by the sequential anionic polymerization of styrene
and methyl methacrylate in tetrahydrofuran (THF) at-78 �C in
the presence of LiCl (high purity, Aldrich).Mn andMw/Mn of the
PS-b-PMMA copolymers were determined by size-exclusion
chromatography (SEC) with the multiangle laser light scattering
(MALLS), as listed in Table 1.

The surface modification by HO-P(S-r-MMA) was
accomplished by thermally annealing thin films on cleaned
Si wafers under vacuum at 170 �C, well above the glass transition
temperatures (Tg) of both PS (100 �C) and PMMA (115 �C) for
3 days, resulting in polymer chain brushes on the substrate after
repeated rinsing with toluene to remove the unreacted polymer
chains. The brush thickness of P(S-r-MMA)swasmeasured to be
∼4.6 ( 0.2 nm by ellipsometry (SE MG-1000, Nanoview Co.)
at an incidence angle of 70�. Scanning force microscopy (SFM;
Dimension 3100, Digital Instrument Co.) was operated in the
tapping mode to investigate the surface morphology of the BCP
thin films, with the PMMAmicrodomains appearing brighter in
phase due to the viscoelastic contrast between the two block
components.

Grazing-incidence small-angle X-ray scattering (GISAXS)
experiments were performed at the 4C2 beamline in the
Pohang Accelerator Laboratory (PAL), Pohang, Korea. The
operating conditions were set to a wavelength of 0.138 nm and
a sample-to-detector distance of 2.5m. The samples
were mounted in a vacuum chamber, and the incident angles
were set at 0.16� or 0.18�, which are above the critical angle
(0.135�) of PS-b-PMMA thin films. To enhance the X-ray
contrast, the PMMA component was selectively removed by
exposure to ultraviolet (UV) radiation and acetic acid treatment.
Transmission small-angle X-ray scattering (SAXS; at 4C1 bea-
mline) was used to characterize the morphologies of BCP in the
bulk state.
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Results and Discussion

Thin films of cylinder-forming PS-b-PMMAwere spin-coated
onto the substrates modified by various random copolymers.
Figure 1 shows the SFM phase images selected for thin films of
PS-b-PMMA-80 (PS volume fraction of 0.80) on R64 and the
corresponding two-dimensional grazing-incidence small-angle
X-ray scattering (GISAXS) patterns, after thermally annealing
thin films at 170 �C for 24 h under vacuum. When the film
thickness is 10.1 nm or less, the SFM images show that the
cylindrical microdomains on the covered region are oriented
normal to the film surface, but the others are featureless. Bearing
in mind that the interactions of the block components with the
substrate are nonfavorable, these results indicate that the BCP
film dewets the substrate, yielding areas that are devoid of the
PS-b-PMMA. As the film thickness increases, dewetting is
retarded and the surface becomes stable. For films with thick-
nesses from 13.1 to 44.4 nm, the cylindrical microdomains of
the PS-b-PMMA-80 are seen to orient normal to the film surface.

However, for thin films with thicknesses g49.5 nm, the ordering
and orientation of the cylindrical microdomains at the free
surface degrade, since the influence of the balanced interfacial
interactions fromR64 diminishes and the PS component of lower
surface energy tends to place at the top surface, consequently
causing the microdomains to orient parallel to the film surface.

GISAXSpatterns for the PS-b-PMMA-80 films onR64,where
the PMMAblock was selectively removed, are shown in Figure 1
along with the SFM images. In the scattering geometry, qy is the
scattering vector normal to the plane of incidence (parallel to the
film surface), where the d-spacing is related to qy by d= 2π/qy

max.
qz is the scattering vector normal to the sample surface, defined as
qz= (4π/λ) sinθ, where λ is thewavelengthof theX-rays and2θ is
the scattering angle. The scattering peaks for the 10.1 nm film
show a lower intensity only for the first-order peak near qy

max =
0.185 nm-1 at constant qz = 0.258 nm-1 due to the partial
orientation of the cylindrical microdomains normal to the film
surface. This intensity of the first-order reflection increases and

Table 1. Characteristics of Cylinder-Forming PS-b-PMMAs Used in This Study

sample code PS volume fractiona Mn
b Mw/Mn

b L0
c (nm) ^d on R62 (nm) ^ on R64 (nm) ^ on R66 (nm)

PS-b-PMMA-72 0.72 88 000 1.04 35.4 17.0-39.0 12.6-41.9 17.6-39.3
PS-b-PMMA-76 0.76 86 000 1.06 34.9 13.3-40.1 13.6-42.5 13.1-41.7
PS-b-PMMA-80 0.80 87 000 1.06 34.0 14.1-45.8 10.8-45.4 14.1-44.8

aPS volume fractions of PS-b-PMMAwere calculated based onmolar compositions by 1H nuclearmagnetic resonance (1HNMR)withmass densities
of two components (1.05 and 1.184 g/cm3 for PS and PMMA, respectively). bMolecular weight (Mn) and polydispersity for PS-b-PMMA were
characterized by size-exclusion chromatography (SEC) with the multiangle laser light scattering (MALLS). cLattice periods (L0 or d-spacing, d =
2π/qy

max) for PS-b-PMMA were calculated based on the primary peaks (qy
max) along the in-plane scattering in the GISAXS patterns. dThe symbol ^

indicates the thickness range for the cylindrical microdomain orientation normal to the film surface on the substrates modified by R62, R64, and R66.

Figure 1. SFM phase images and the corresponding two-dimensional GISAXS patterns at incident angles of 0.16� (10.1 nm thickness) and 0.18� (the
others) for thin films of cylinder-forming PS-b-PMMA-80 on the substrate modified by R64 (having a PS mole fraction of 0.64) at various film
thicknesses after thermally annealing thin films at 170 �C for 24 h. To increase the scattering contrast, PMMAmicrodomains were removed from all
thin film samples by UV exposure and subsequent rinsing with acetic acid. Arrows are drawn to compare the peak maxima.

http://pubs.acs.org/action/showImage?doi=10.1021/ma900110w&iName=master.img-000.jpg&w=447&h=336
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higher-order peaks appear as the film thickness increases.
GISAXS patterns for thin films with thicknessese44.4 nm show
a sharp first-order peak at qy

max = 0.185 nm-1 along constant
qz = 0.292 nm-1 with higher-order peaks at qy = 0.321, 0.370,
and 0.489 nm-1 at scattering vector ratios of 1:

√
3:
√
4:
√
7 relative

to a first-order peak, indicating a hexagonally packed arrays of
cylindrical microdomain oriented normal to the film surface with
a d-spacing of 34.0 nm (d= 2π/qy

max). These results are in good
agreementwith the SFMresults evenwhen a dewetting of the film
is observed. However, for films with thicknesses of 49.5 and
55.0 nm, the GISAXS patterns show not only Bragg rods
associated with the microdomain orientation but also a ringlike
scattering pattern arising from the random orientation of the
microdomains. This thickness dependence of the microdomain
orientations can be attributed to the commensurability between
the films thickness and the lattice period (L0).

The thickness window of PS-b-PMMA-80 where the cylind-
rical microdomains orient normal to the film surface was conse-
quently determined as a function of XS for random copolymers
anchored to the substrate, where XS ranges from 0.34 to 0.85, as
shown in Figure 2. When XS < 0.48, the cylindrical microdo-
mains were oriented parallel to the film surface, regardless of the
film thicknesses due to the preferential interactions of the PMMA
block with the random copolymer brushes. For R48 to R59 (XS

= 0.48-0.59), the microdomains were found to orient normal to
the film surface for a narrow thickness window, with the width of
the thickness window increasing slightly with increasing XS. A
larger thickness window to obtain a microdomain orientation
was observed for XS = 0.62-0.66, with the largest thickness

window (from 10.8 to 45.4 nm) occurring at
XS = 0.64, which represents the optimal conditions for the
balanced interfacial interactions at this composition. Increasing
XS to 0.85 narrows the thickness window substantially (from 29.4
to 31.8 nm). For XS > 0.85, the microdomains orient parallel to
the film surface due to the enhanced interaction of PS block with
the randomcopolymer brushes. The SFM images (in Figure 2) on
the surface morphologies, taken out of thickness window, illus-
trate dewetting morphologies such as hole/islands, degraded
ordering structures.

In comparison to a previous report on cylinder-forming
PS-b-PMMA-72 studied,27 it is noticeable for PS-b-PMMA-80
that the same optimal conditions for balanced interfacial
interactions (the so-called neutrality condition) was observed in
the current study forXS=0.64 ranging fromXS=0.62 to 0.66 in
the random copolymers. It should be also pointed out that, even
in thin films of cylinder-forming PS-b-PMMA-76, the same
optimal conditions were found atXS= 0.64 in a similar manner.
This result confirms that the optimal composition of the P(S-r-
MMA) for the balanced interfacial interactions is equivalent to
XS = 0.64 as long as the cylindrical morphology is conserved,
regardless of the relative compositions of PS-b-PMMA.
Moreover, for thin films of a highly asymmetric cylinder-forming
PS-b-PMMA-80, the more extensive compositional range of XS

from 0.48 to 0.85 as well as the larger thickness window in the
vicinity of the neutral surfaces (XS ∼ 0.64) indicates that the
cylindrical microdomain orientation normal to the neutral
surfaces is favored for the more asymmetric PS-b-PMMA
(the shorter PMMA).

Figure 2. Thickness window for PS-b-PMMA-80, where the cylindrical microdomains orient normal to the film surface, as a function of S mole
fraction (XS) of random copolymers anchored to the substrate,XS ranging from0.34 to 0.85. The SFMphase images on the surfacemorphologies atA,
B, and C points, taken out of thickness window, illustrate dewetting morphologies such as hole/islands, degraded ordering structures, as the
nonperpendicular microdomain orientations in thin films.

http://pubs.acs.org/action/showImage?doi=10.1021/ma900110w&iName=master.img-001.jpg&w=300&h=339
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According to the self-consistent-field (SCF) calculations
by Wang et al.,39,40 the microdomain orientation of BCP thin
film on the neutral surface was demonstrated by two competing
effects, as follows. The decrease of polymer density near surface
can enhance the neutrality (or surface-induced compatibiliza-
tion), which favors the perpendicular microdomain orientation.
In contrast, the entropic preference for the short component
associated with the location of chain ends adjacent to the
short component favors the parallel microdomain orientation.
In the case of asymmetric cylinder-forming PS-b-PMMA,
the latter represents that the composition in the random
copolymers depends on the block composition of PS-b-PMMA
for the rebalanced interfacial interactions on the surface to
compensate this entropic preference, which is inconsistent with
our results that the same balanced interfacial interactions
(XS = 0.64 in the random copolymer) were observed for thin
films of three different cylinder-forming PS-b-PMMAs. Accord-
ingly, this phenomenon might be dominantly correlated to the
enhanced neutrality by the decrease of polymer density near
surface favoring the perpendicular microdomain orientation,
which is in turn expected to be significant in the thin films of
highly asymmetric cylinder-forming PS-b-PMMA due to the
overall enrichment of junction points closer to short PMMA
component on the surface.

Figure 3 summarizes the thicknesswindows as a function of PS
volume fraction (0.72, 0.76, and 0.80) in the cylinder-forming PS-
b-PMMAs on the substrates modified by three different random
copolymers,R62,R64, andR66,which are taken in the vicinity of
the balanced interfacial interactions. The thicknesses are normal-
ized by L0 for comparison and listed in Table 1. For all cylinder-
forming PS-b-PMMAs in this study, the largest thickness
window was found for thin films on R64. The compositional
dependence of the cylinder-forming PS-b-PMMAs on the thick-
ness windows indicates that the greater the asymmetry of the PS-
b-PMMA, the larger is the thickness window. This behavior is

more evident on the surfaces modified by R62 and R66 in a
similar tendency.

Summary

The microdomain orientations in thin films of cylinder-form-
ing PS-b-PMMAs, having PSvolume fraction (ΦPS)=0.72, 0.76,
and 0.80, were investigated as a function of film thickness and the
compositionof theP(S-r-MMA) anchored to the substrate. From
the thickness window where the cylindrical microdomains orient
normal to the film surface, a larger range of thickness windows
was observed for XS = 0.62 to 0.66, with XS = 0.64 being the
optimal conditions for the balanced interfacial interactions on the
substrate. Especially for the thickness window of cylinder-form-
ing PS-b-PMMA-80, the more extensive compositional range of
XS from 0.48 to 0.85 as well as the larger thickness window in the
vicinity of the neutral surfaces (XS ∼ 0.64) indicates that the
greater the asymmetry of the PS-b-PMMA (the shorter PMMA),
the greater is the tendency for the microdomain orientation
normal to the neutral surfaces. This compositional asymmetry
effect in BCP thin films on the microdomain orientation, sig-
nificant in the thin films of highly asymmetric cylinder-forming
PS-b-PMMA, might be dominantly correlated to the enhanced
neutrality by the decrease of polymer density near surface
favoring the perpendicular microdomain orientation on the
neutral surfaces.
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