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ABSTRACT: Random copolymer brushes of poly(styrene-r-methyl methacrylate) (PS---PMMA) have previously
been used to control the wetting behavior of poly(styrene-b-methyl methacrylate) (PS-b-PMMA) block copolymer.
Here we demonstrate that the use of random copolymer may be generalized to other block copolymer systems.
A series of poly(styrene-r-2-vinylpyridine-r-hydroxyethyl methacrylate) (PS-r-P2VP-r-PHEMA) random copoly-
mers was synthesized and evaluated as brush layers to control the orientation of domains in thin films of
poly(styrene-b-2-vinylpyridine) (PS-6-P2VP) block copolymer. On nonpreferential brushes, thin films of PS-b-
P2VP had a mixed orientation of domains consisting of a perpendicular orientation of lamellar domains near the
copolymer—substrate interface and a parallel orientation of lamellar domains at free surface because of the lower
surface energy of the PS block. The composition window of brushes that induce vertical orientation of domains
near the substrate ranges from 47.8% styrene to 57.0% styrene, as determined by SEM and GISAXS measurements
of films after removal of the parallel-oriented domains at surfaces (remaining film thickness &~ 50 nm). When the
PS-b-P2VP film was confined between two brushes having compositions within the above range, perpendicular-
oriented lamellae that traversed the film thickness were obtained.

Introduction

A perpendicular orientation of domains in block copolymer
thin films is desirable for creation of nanoscale templates for
pattern transfer applications.' > Several methods, including
electric field alignment,6’7 solvent annealing,8‘9 surfactant-
assisted assembly,'” self-assembly on brush surfaces,'' >° and
directed assembly on chemically patterned surfaces,'**' ~2® have
been explored to induce vertical orientation of block copolymer
domains in thin films. One of the most promising methods is
chemical modification of substrates by random copolymers
composed of the same monomers as the block copolymer such
that the surfaces are not preferential in wetting behavior toward
either block of the copolymer.'® *° The seminal work of
Mansky et al. showed that grafting an end hydroxyl poly(styrene-
r-methyl methacrylate) (PS-r-PMMA) random copolymer to a
silicon substrate could elicit the perpendicular domain formation
in poly(styrene-b-methyl methacrylate) (PS-6-PMMA) thin
films.'® As the styrene fraction in the PS-~-PMMA coating was
increased from O to 1, the substrate transitioned from PMMA
wetting to PS wetting, and they reported the optimal condition
for perpendicular orientation of domains occurring at a styrene
fraction of 0.58. More recent research by Ryu et al.,'” In et
al.,'® Han et al.,"® and Bang et al.?® demonstrated that incorpora-
tion of a few percentage of a third monomer, e.g., benzocy-
clobutene, hydroxyethyl methacrylate (HEMA), epoxy, acrylate,
and azide groups, into PS--PMMA allowed them to deposit
brushes on substrates through either cross-linking or covalently
bonding to control the orientation of PS-6-PMMA domains.

The vast majority of research has focused on thin films of
PS-b-PMMA.. One attractive property of this system with respect
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to formation of perpendicular structures is that the surface energy
difference of PS and PMMA is close to zero at convenient
annealing temperatures and a perpendicular orientation of
domains throughout the film can be achieved on nonpreferential
substrates.?” For most block copolymers other than PS-b-PMMA
a large surface energy difference between blocks can result in
preferential wetting of one block at the free surface of the film
and lead to a parallel orientation of domains.?” Few studies on
other copolymers have been reported, probably at least in part
due to the need to control both the surface energy difference
between blocks and the interfacial energy difference between
each block and the substrate to achieve vertically oriented
domains that propagate entirely through the film thickness.
Alternatively, nonequilibrium processing such as solvent an-
nealing can be used to achieve vertical orientation of copolymers
that have a large surface energy difference between their
respective blocks, such as poly(styrene-b-2-vinylpyridine-b-tert-
butyl methacrylate) (PS-b-P2VP-b-PBA),?® poly(isoprene-b-
lactide) (PI-b-PLA),?® and poly(styrene-b-ethylene oxide) (PS-
b-PEO).*

Here we explore the use of PS-7-P2VP random copolymers
to modify the substrates to control the domain orientation in
PS-b-P2VP films. Our rational for choosing PS-b-P2VP in this
work is that its blocks exhibit a large difference in surface
energy, which makes PS-b-P2VP a representative model system
for block copolymers with large surface energy differences.?”
Additionally, PS-6-P2VP has been widely studied for both
scientific and technological purposes.** > It has many potential
applications, such as the selective incorporation of functional
moieties into the P2VP block that are electrically or optically
active®> "’ or enhancement of etch selectivity in pattern transfer
operations.**~*° Following In et al.,'® the mechanism of random
copolymer attachment to the substrate that we used involved
incorporation of ~2 mol % hydroxyl groups in the random
copolymer. The resulting random copolymer, poly(styrene-r-
2-vinylpyridine-r-hydroxyethyl methacrylate) (PS-r-P2VP-r-
PHEMA), was designed to provide a brush surface for PS-b-
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Scheme 1. Synthesis of PS-r-P2VP-r-PHEMA Random
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P2VP via subsequent covalent bonding of the hydroxyl groups
in the HEMA monomer to the silicon substrate.

Experimental Section

A. Materials. Styrene (S, 2), 2-vinylpyridine (2VP, 3), and
hydroxyethyl methacrylate (HEMA, 4) were purchased from
Aldrich and purified through an Al,O3 column before use. PS-b-
P2VP (M, = 52—57 kg/mol (52—57K), natural period L, =~ 69
nm, PDI = 1.08; 40—40 kg/mol (40—40K), L, ~ 53 nm, PDI =
1.07) and PS-b-PMMA (M,, = 52—52 kg/mol (52—52K), L, ~ 49
nm, PDI = 1.05) were purchased from Polymer Source, Inc. The
alkoxyamine initiator, 2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-
3-azahexane, was synthesized as reported in the literature.*”
Tetrahydrofuran (THF), N,N-dimethylformamide (DMF), and hex-
anes were purchased from Aldrich and used as received.

B. Polymerization of PS-r-P2VP-r-PHEMA (5) and Thin
Film Preparation. Random copolymers (5 in Scheme 1) were
synthesized with 2 mol % of HEMA and varying compositions of
S and 2VP by nitroxide-mediated controlled radical polymerization
(NMP).'® A representative polymerization procedure is described
for the synthesis of copolymer 51.5S. A mixture of initiator 1
(0.0244 g, 0.075 mmol), S (1.155 g, 11.1 mmol), 2VP (0.903 g,
8.6 mmol), and HEMA (0.042 g, 0.32 mmol) was degassed by three
freeze—thaw cycles. The mixture was heated at 120 °C for 24 h
under a nitrogen atmosphere. Conversion of both S and 2VP in the
random copolymerization was determined to be greater than 95%
in all cases. The resulting copolymers were dissolved in THF and
then precipitated in hexanes. The fraction of S in final copolymers
was determined by 'H NMR spectroscopy.

Thin films of PS-r-P2VP-r-PHEMA were deposited on piranha-
cleaned silicon wafers by spin coating at 4000 rpm from a 1 wt %
DMF solution. The samples were then annealed at 160 °C for 24 h
to create a covalent bond between PS-r-P2VP-r-PHEMA and the
silicon substrate as before.'® Unbound polymers were removed by
repeated sonication in warm DMF. Solutions of PS-b-P2VP in DMF
were then spin coated on PS-r-P2VP-r-PHEMA-coated silicon
wafers and annealed at 170 °C for 3 days under vacuum to develop
the equilibrium morphology. The sandwiched structure was prepared
by spin coating the copolymer solution on a PS-r-P2VP-r-PHEMA-
modified substrate. Another PS-r-P2VP-r-PHEMA-modified sub-
strate was placed on the film surface and clamped in place. After
annealing and cooling to room temperature, the top cover was
removed by inserting a razor blade between the two wafers.
Analysis was performed on areas where fracture occurred at the
interface between the polymer film and the top surface.

C. Instrumentation. 'H NMR spectra were recorded on a Varian
UNITY 500 spectrometer. M, and polydispersity index (PDI) of
the copolymers were determined by gel permeation chromatography
(GPC) relative to a PS standard with THF as the eluent. Film
thicknesses were measured with a Rudolph ellipsometer. The static
contact angle of deionized water was measured at ambient tem-
perature using a Future Digital Scientific model OCA15 video
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goniometer. A LEO 1550 VP field-emission scanning electron
microscope (SEM) was used to image the block copolymer films
using a 1 kV acceleration voltage. To increase the contrast between
the PS and the P2VP domains in the SEM images, SEM samples
were exposed to saturated I, vapor in a sealed glass gar for 6—8 h,
which selectively stained the P2VP domains. The surface topog-
raphy of the thin films was imaged using a NanoScope Illa
multimode atomic force microscope (AFM, Digital Instruments)
with an ultrasharp cantilever tip (NSC15/no Al, MikroMasch Inc.)
in tapping mode. Small angle X-ray scattering (SAXS) measure-
ments were performed on a Ragaku SAXS system at the Materials
Science Center, University of Wisconsin. The sample was annealed
at 190 °C under vacuum for 30 min before measurement. Oxygen
plasma treatment was performed on a Uniaxis 790 RIE etcher
(Plasma-Therm, Inc.) at the Wisconsin Center for Advanced
Microelectronic (WCAM) at the University of Wisconsin. For the
purpose of removing surface layers of the block copolymer film,
the oxygen plasma was operated at 35 °C, 50 W power, 10 mTorr
pressure, and an oxygen flow rate of 10 SCCM. Because PS and
P2VP have similar etch selectivity under our optimized conditions,
plasma etching did not induce significant surface roughness.

Near edge X-ray atomic fine structure (NEXAFS) measurements
were performed at the Synchrotron Radiation Center (SRC) of the
University of Wisconsin. Absorption spectra of the brushes were
taken at the C 1s edge in the total electron yield mode. The
stoichiometry was determined by fitting the data with an interpola-
tion between three normalized reference spectra (from the ho-
mopolymers PS and P2VP and from the 50/50 wt % diblock
copolymer PS-H-P2VP). The data reported here were collected at
normal incidence. They were independent of the incidence angle.

Grazing incidence small angle X-ray scattering (GISAXS)
measurements were performed at Beamline 4C2 at the Pohang
Synchrotron Radiation Center, South Korea, with a wavelength of
A =1.3807 A. We used 40—40K PS-b-P2VP (L, ~ 53 nm) instead
of 52—57K PS-b-P2VP (L, ~ 69 nm) for GISAXS analysis because
the lower M, copolymer will have a peak at a higher ¢ value, and
therefore, the GISAXS peak was not blocked by the beam stop
present at low g. GISAXS patterns of each sample were taken at
an incidence angle ranging from 0.10° to 0.20°, which spanned
the critical angle for the copolymer samples (a.c &~ 0.14—15°) and
was below the silicon critical angle.

Results and Discussion

The PS-r-P2VP-r-PHEMA random copolymer was success-
fully synthesized by NMP. The styrene (S) contents in feed,
bulk polymers, and their corresponding brushes are summarized
in Table 1. The percentage of S units in the final, purified
copolymers was 2.4—5.4% lower than the percentage of S in
feed, by 'H NMR analysis. On the basis of the reactivity ratio
of S and 2VP (rayps = 1.26 and rs2vp = 0.53) we could estimate
that the random copolymers would be P2VP enriched at the
early stages of copolymerization and PS enriched at the later
stages.*! The M, values of all 11 PS-r-P2VP--PHEMA samples
were ~30 000 g/mol with PDI of ~1.25. The average number
of hydroxyl groups per chain was estimated to be ~4 based on
2 mol % HEMA in the copolymerization reactants.

After deposition the brushes were characterized by ellipsom-
etry, AFM, goniometry, and NEXAFS to determine the thick-
ness, surface topography, contact angles, and chemical com-
positions, respectively. The film thickness of the PS-r-P2VP-
r-PHEMA was measured to be ~5—6 nm, similar to previous
work with PS-r-PMMA-r-PHEMA brushes.'® No phase contrast
or topographical difference was observed in AFM analysis of
the brushes. Static contact angles of water on the brush layers
increased monotonically with increasing styrene content in the
random copolymers and were between the measured contact
angles of pure PS (92.8°) and pure P2VP (61.7°) (Table 1).
The brush composition could be different from the bulk
composition of the random copolymer due to the nature of the
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Table 1. Characteristics of PS-r-P2VP-r-PHEMA (5) Copolymer Brushes

sample”
25.9S 35.6S 41.8S 42.58 44.6S 47.8S 51.58 52.4S 57.0S 60.8S 67.6S
%S in feed 30.0 40.0 45.0 47.5 50.0 52.5 55.0 57.5 60.0 65.0 70.0
%S found” 25.9 35.6 41.8 42.5 44.6 47.8 51.5 524 57.0 60.8 67.6
%S found® 34+5 37+2 43 £ 4 45 +2 47 £ 4 50+2 52+£3 54 £3 57+ 4 63 £ 3 68 £3
contact angle? 70 72 74 75 76 77 77 77 78 79 79

“ 44.6S represents that the mol % S found in the copolymer was 44.6 mol %. It also has 2 mol % HEMA and 53.4 mol % 2VP. * By 'H NMR spectroscopy.
¢ By NEXAFS. ¢ Static water contact angle; 2% error based on three measurements. Water contact angles of PS and P2VP were 92.8° and 61.7°,

respectively.

Figure 1. AFM of 52—57K PS-b-P2VP (L, = 69 nm) annealed at 170
°C for 3 days on PS-r-P2VP-r-PHEMA brushes of varying styrene
content: (left column) height images of 50 um x 50 um sections; (right
column) topographical analysis. Initial film thickness: 7, &~ 130 nm
(~1.9 L,). An island-to-hole transition was observed as the brush
composition progressed from 35.6S to 67.6S.

random copolymerization. To correlate the compositions in bulk
and on brushes NEXAFS was used to probe the composition
in the thin brush layers."'>** The representative NEXAFS spectra
are shown in Figure S1 of the Supporting Information. Insertion
of a nitrogen (N) atom into the aromatic carbon (C) ring of
P2VP creates a distinct additional peak in the s* region. It
originates from the two C atoms adjacent to the N whose C 1s
level is shifted toward higher binding energy due to charge
transfer to the N. The stoichiometry of S and 2VP was
determined by fitting the data with an interpolation between
three normalized reference spectra. The brush compositions
determined by NEXAFS agreed well with their corresponding
bulk compositions from 'H NMR analysis (Table 1). We quote
the bulk compositions as the final compositions of the brushes
for this paper.

25.98 44.6S 47.8S 51.58 57.08 60.8S

Figure 2. Difference in domain orientation with film thickness, as
shown by SEM images of PS-b-P2VP (40—40K) films on substrates
treated with random copolymers after oxygen plasma etching (with I,
staining): (A and B) the remaining film thicknesses were ~50 and ~30
nm, respectively.

The brush compositions that induce perpendicular orientation
of domains near the substrate were determined by AFM
measurement of the film topography. Previous research has
shown that the preferential wetting behavior of PS or P2VP to
the substrate will produce hole or island structures when the
film thickness deviates from the characteristic values of (n +
1/2)L, for asymmetric wetting and nL, for symmetric wetting,
where n represents quanta of the bulk lamellar period Lo.**~*
We analyzed the morphology of 130 nm thick films of PS-b-
P2VP (52—57K, L, ~ 69 nm). For a lamellae-forming block
copolymer with a film thickness of 1.9 L,, as is the case here,
holes will form when one of the blocks resides at both the
interface and the free surface of the film (symmetric wetting)
and islands will form when one block resides at the interface
and the other block resides at the free surface (asymmetric
wetting). Figure 1 shows the tapping-mode height images of
six representative films and their corresponding sectional
analyses. PS-b-P2VP showed different preferential wetting
behaviors on PS-rich and P2VP-rich substrates. For example,
island formation was observed for 35.6S- and 41.8S-modified
substrates, which indicated asymmetric wetting with the P2VP
block at the substrates. At the other end of the spectrum of brush
compositions, PS-b-P2VP on the 57.0S- and 67.6S-modified
substrates formed holes with the PS block at the substrates. The
island (35.6S and 41.8S, asymmetric wetting) to hole (57.0S
and 67.6S, symmetric wetting) transition was clearly observed
when we changed the compositions of PS-r-P2VP-r-PHEMA
copolymer brushes from 35.6S to 67.6S. The composition for
nonpreferential wetting toward both blocks should occur in the
vicinity of the island-to-hole transition point for a noncommen-
surate film thickness.'® Topographical analysis showed that the
roughness decreased with increasing S up to 51.5 mol % S and
then increased as the S content increased beyond 51.5 mol %.
The root-mean-square roughness (Ry) values of the six samples
on PS-r-P2VP-r-PHEMA-modified substrates (from 35.6S to
67.6S) were 17.4, 16.9, 11.5, 5.8, 8.3, and 18.3 nm. 51.5S had
the smallest R, compared to the other five samples, suggesting
that the composition for nonpreferential wetting should be close
to 51.5S. Similar analyses of the hole/island transition were used
by Peters et al. to identify the nonpreferential wetting composi-
tion for PS-b-PMMA on SAMs.'® In their work PS-b-PMMA
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Figure 3. Difference in domain orientation with film thickness, as shown by GISAXS of three different thicknesses of 40—40K PS-b-P2VP films
on three representative PS-r-P2VP-modified substrates. The arrows indicated the first- and second-order peaks attributed to the lamellar structure.
GISAXS was performed with an incidence angle of 0.16°. The two thinner sets of films were generated from an oxygen etch back of the 106 nm

thick film.

film was featureless on a specific SAM, which was characteristic
of nonpreferential wetting behavior.

More convincing evidence of some of the random copolymer
brushes inducing perpendicular orientation near the substrate
came from SEM and GISAXS analysis of PS-b-P2VP films that
were partially etched by oxygen plasma to expose the domain
structure within the film. The initial film thickness was 106 nm
(~2L,, L, &~ 53 nm for M, = 40—40K PS-b-P2VP). We did
not observe perpendicular lamellae at the free surface with SEM
because the PS block had a lower surface energy and therefore
resided at the free surface of the film. In order to probe the film
structures near the substrate region an oxygen plasma etching
process was used to remove the top surface layers of the films.
After removal of ~56 nm of the film at the surface (the
remaining film thickness was ~50 nm), the onset of fingerprint-
like structures was present in the assembled films on brushes
47.8S, 51.5S, and 57.0S (Figure 2A). A clearer picture of
fingerprint-like structures in the films that were etched to a
thickness of 30 nm confirmed that the perpendicular structure
was formed near the substrate interface in Figure 2B. We
observed the change in domain orientation with the increase of
styrene fraction in the brushes from a mixed (perpendicular and
parallel) lamellar orientation on brushes 25.9S and 44.6S to a
perpendicular orientation on brushes 47.8S, 51.5S, and 57.0S
to a mixed orientation on brush 60.8S. The exact origin of the
white dots in SEM mages is unknown, but they could be iodine
aggregates or the dotted domains due to damage from RIE. The
styrene content (47.8S—57.0S) in the brushes for a perpendicular
orientation of PS-b-P2VP domains was similar to that in random

copolymer brushes found to be chemically neutral for PS-b-
PMMA (~58% styrene).'®'®

GISAXS, a nondestructive technique to probe the average
three-dimensional orientation of domains over large areas, was
used to probe the film structures on the 11 brushes in this study.
The GISAXS patterns (o = 0.16°) of films on three representa-
tive brushes (25.9S, 47.88S, and 60.8S) before and after oxygen
plasma etching are shown in Figure 3. For films with a thickness
of 106 nm, the intensity of first-order peaks was very low due
to the presence of parallel oriented domains on the free surface
of the films.*® After removal of ~56 nm of the films (remaining
thickness &~ 50 nm) a strong scattering peak at g, = 0.0118
A~1 appeared from the film deposited on 47.8S brush, corre-
sponding to a perpendicular orientation of lamellar domains in
the film with a d spacing of 53.4 nm, which agrees with the
bulk natural lamellar period (L, = 53.2 nm) of 40—40K PS-
b-P2VP, as determined by SAXS. Comparing GISAXS profiles
of 50 nm thick PS-b-P2VP films on all 11 brushes that we tested
(Figure 4) we found that the scattering intensity increased with
the increase of styrene content from brush 25.9S to brush 47.8S,
and then the scattering intensity dropped as the styrene content
was increased beyond 47.8S. After removal of an additional 20
nm of film (remaining thickness &~ 30 nm) a second-order peak
with ¢ = 0.0235 A~ appeared on brush 47.8S (Figure 3), which
correlated to the presence of perpendicular lamellar domains
in the SEM image, as shown in Figure 2B.*’ The appearance
of the more-intense first-order scattering peak in films on brushes
25.9S and 60.8S also indicated the presence of a portion of
perpendicular domains near the substrate interface on these two
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Figure 4. 3D plot of 2D GISAXS profiles of 50 nm thick PS-b-P2VP
(40K—40K) films on 11 brushes at oo = 0.16°. The scattering intensity
increased with the increase of styrene content from brush 25.9S to brush
47.8S, indicative of increased uniformity of domain orientation, and
then dropped as with styrene content was increased beyond 47.8S.
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Figure 5. Top-down SEM images of perpendicular domains at the top
surface of 40—40K PS-b-P2VP films sandwiched between two sub-
strates modified with PS-r-P2VP-r-PHEMA brushes (after I staining):
(A) film thickness &~ 47 nm (0.7 L,); (B) film thickness &~ 105 nm (1.5
L,). White particles or spots in the SEM image could be from iodine
aggregates or silicon oxide particles from the substrates.

brushes, which is consistent with the fact that there were more
perpendicular domains observed in the etched films by SEM
analysis in Figure 2B.

We could construct a schematic of the internal domain
structure of PS-b-P2VP films throughout the film thickness
based on both SEM and GISAXS analysis.?>*® The domain
structure consisted of a mixed morphology of perpendicular
lamellar domains that propagate ~50 nm from the substrate
interface but transition to parallel lamellae at the air interface
due to the affinity of the PS block for the free surface of the
film. In another study by Wang et al. Monte Carlo simulation
of copolymers confined between neutral and strong preferential
boundary conditions supported the presence of the described
mixed morphology that we observed experimentally.*’

To assemble perpendicular structures throughout the film
thickness a series of 47 nm thick (~0.7 L,) and 105 nm thick
(~1.5 L,) films of 40—40K PS-b-P2VP were sandwiched and
annealed between two PS-r-P2VP-r-PHEMA -treated substrates.
Perpendicular alignment of PS-b-P2VP domains at the substrate
interface was evidenced by the top-down SEM analysis of the
films after removing one of the brush-coated substrates.'
Among these modified substrates, brushes 44.6S, 47.8S, 51.5S,
and 52.4S induced vertical alignment of PS-b-P2VP domains
for both of thicknesses that were tested, and representative SEM
images are shown in Figure 5. The other PS-r-P2VP-r-PHEMA-
treated substrates, e.g., 42.5S, 57.0S, and 60.8S, induced PS-
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b-P2VP morphologies with either disconnections or missing
domains due to the deviations of S and 2VP fractions from the
composition window for vertical orientation of PS-b-P2VP
domains (Figure 5). Kellog et al.’® studied two different
confinement conditions, e.g., PS-r-PMMA-covered nonprefer-
ential walls and preferential walls, for PS-b-PMMA films. They
also found that perpendicular orientation of domains of PS-b-
PMMA throughout the film thickness was only achieved under
confinement of PS-r-PMMA-covered nonpreferential walls. The
composition window (44.6 < %S < 57.0) for perpendicular
orientation of domains confined between two brushes was
similar to the window determined from both SEM and GISAXS
measurements. In most cases, the patterns were aligned in one
direction, which may have been caused by shear during
clamping.'>>" Similar alignment effects were also observed for
52K—52K PS-b-PMMA films with a thickness of 1.0 L, and
1.5 L, sandwiched between two PS-r-PMMA (58%S) modified
substrates (see Supporting Information, Figure S2).

Conclusion

This work demonstrated the generalizablility of using random
copolymer brushes as a nonpreferential surface for assembly
of block copolymers with large surface energy differences, such
as PS-b-P2VP. Brushes within a composition range from 47.8S
to 57.0S induced vertical orientation of domains near the brush-
modified substrate in PS-b-P2VP thin films, which was evi-
denced from both the analysis of island—hole configurations
seen in AFM and the SEM images and GISAXS measurements
of oxygen plasma-etched PS-b-P2VP films on brush surfaces.
The fact that the method presented here created nonpreferential
surfaces as well as vertically oriented lamellae for block
copolymers with blocks that have very different surface energies
provides further evidence that the method should be applicable
to a broad variety of block copolymers as long as it is feasible
to synthesize the corresponding random copolymer.
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