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Chemically Directed Self-Assembly of
Perpendicularly Aligned Cylinders by Liquid
Crystalline Block Copolymer

N. Yamashita,® S. Watanabe, ® K. Nagai,®* M. Komura,® T. lyoda,**®° K. Aida,° Y.
Tada,® and H. Yoshida*®

Chemical epitaxy with density multiplication process was applied to the perpendicularly oriented
hexagonal cylinder nanostructure of liquid crystalline block copolymer (PEO-b-PMA(AZ)) thin
film through thermally induced microphase separation by using newly designed PMA(AZ)24
brush. The hexagonal lattice orientation with 1.9 tera-cylinders/inch? was laterally controlled
for long-range-ordered direct self-assembly. Furthermore, the direct pattern-transfer of the
assembled structure to an Au nanodot array was demonstrated by doping of HAuCI 4 selectively
into the PEO cylindrical maicrodomains and then vacuum ultraviolet light irradiation to cause

polymer etching and reduction of the Au ions.

1. Introduction

Photolithography has been powerful method widely for surface
nanopatterning on various substrates in the recent progress of
semiconductor industry and the smallest size achieved by the
most advanced technique reaches about 15 nm in half-pitch.
Toward the next-generation lithography with 10 nm or below?,
much attention has been drawn to self-assembled nanostructures
of block copolymer thin film as an alternative technique. The
perodic nanostructures such as body-centered cubic lattices of
spheres, lamellae, gyroids, and hexagonally arranged cylinders?2
are formed with dimensions between 5 to 100 nm through
microphase separation, Especially, lamellae or cylindrical
microdomains perpendicular to substrates can be readily applied
as lithographic masks. However, actual use of the block
copolymers has been still limited due to the difficulties in
obtaining long-range lateral ordering and controlling the
microdomain orientation.

To overcome this situation, graphoepitaxy*® and chemical
epitaxy® processes were developed to direct the self-assembly
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and to place the microdomains on intended locations. The
directed self-assembly (DSA) facilitates orientation-defined
ordering and defect suppression. Nealey and coworkers
demonstrated epitaxial assembly of perpendicularly oriented
microdomains of poly(styrene-b-methacrylate) (PS-b-PMMA)
on chemically pre-patterned templates with periodicity ranging
from 20 to 50 nm fabricated by advanced lithographic
techniques.®* Furthermore, their recent studies established a
DSA process flow, which is compatible with semiconductor
fabrication plants, and achieved minimum defect level required
by the industry.®

Challenges still remain both in materials and processes of DSA
to further minimize pattern dimensions, maintaining the
perpendicular orientation of the microdomains in thin films. The
minimum feature size of the assembled nanostructure is
determined by its segregation energy, which is represented by
the product of the Flory-Huggins interaction parameter (y) and
the total polymerization degree (N) of each segment composed
by the block copolymer. The second important point is that
perpendicular orientation of the microdomains in thin film

J. Name., 2013, 00, 1-3 | 1



Journal of Materials Chemistry C

configuration is ensured by neutral tension of the segment to the
film surface. PS-b-PMMA, one of the rare block copolymers to
fulfill the neutral condition at thermal annealing temperature, has
potential limitation on the minimum periodicity of the pattern
down to ca. 20 nm in full pitch due to weak segregation force
between PS and PMMA. Alternative types of block copolymers
possessing higher y parameters have been widely investigated to
overcome this limitation,*6-18 but in turn it is difficult to achieve
perpendicularly oriented structures solely by applying a simple
thermal annealing process. The polymer segments of the high-y
block copolymers have contrastive wettability to a substrate,so
that the resulting lamella or cylinder is oriented parallel to the
surface.® Another strategy to adopt single layers of parallel
cylinders or spheres have been taken in for DSA applying a
simple thermal annealing process.

In order to satisfy both smaller feature sizes and
perpendicular orientation, we propose to apply side-chain liquid
crystalline (LC) block copolymers. Several researches have
revealed the significant effects of LC ordering of the side-chains
on the microphase separation due to homeotropic orientation of
the liquid crystalline microdomains.?%-2 Interaction between the
LC side-chains dominates the interaction between the polymer
blocks, and thus the LC ordering strongly influences the
microphase separated structures of the LC block copolymers.
PEO-b-PMA(AZz), one of such block copolymers, consists of
poly(ethylene oxide) (PEO) as a segment forming cylindrical
microdomains, and poly(methacrylate) with azobenzene
mesogens in the side chain (PMA(AZ)) as a segment forming a
matrix phase (Figure 1).2428
In contrast to the conventional non-LC block copolymers, the LC
azobenzene mesogen-mesogen interaction functions as an
additional elastic energy term (FLc) in the expression of total free
energy (F) of the PEO-b-PMA(AZz) thin film system. Total free
energy of the system is given by the following equation.’3

F = Fpoly, poty + Felastict Fpoly, air + Fpoly, sub + FLC Q)

where Fpoly, poty is the interfacial energy between PEO and
PMA(AZz), Feastic is the conformational entropy of the polymer
chains, Fpoly, air is the interfacial energy between the polymer and
the free air surface, and Fpoly, sub is the interfacial energy between
the polymer and the substrate. The hydrophilic PEO and
hydrophobic PMA(AZz) segments are highly segregated, and FLc
further enhance the total segregation power between the
segments. Actually, a periodicity as small as 7 nm in full pitch
was achieved in the PEO hexagonal cylindrical microdomains in
PEO21-b-PMA(AZ)20.2": %8

Another advantage is perpendicular orientation of the PEO
hexagonal cylindrical microdomains to a substrate by just
thermal annealing process, which is due to homeotropic
anchoring of the Az mesogens to the air/free interface. The PEO
cylindrical microdomains come down from the air surface
towards the substrate surface during the cooling step of thermal
annealing process.?*#2° With these characteristics, PEO-b-
PMA(Az) can form perpendicularly oriented cylinders with
smaller feature size on various substrates, without applying

2 | J. Name., 2012, 00, 1-3

additional ingenuities such as pre-treatment of substrate surface,
application of extra field such as an electric field, nor control of
interfacial energy of the free surface.3%-4°

Herein, we applied chemical epitaxy method with density
multiplication process to DSA of PEO-b-PMA(Az) and obtained
orientation-controlled array of the PEO cylindrical
microdomains, hexagonally in lateral and perpendicularly in
axial directions, with periodicity below 10 nm half pitch. The
chemical epitaxy of PEO-b-PMA(AZ) was achieved by applying
lithographically defined templates, whose surface was modified
with newly synthesized PMA(Az)-OH brush. We also report a
direct pattern-transfer of the assembled structure to orientation-
defined gold nanodot array by selective doping of Au ions into
the perpendicularly oriented cylindrical PEO domains with
hydrophilic nature, followed by simultaneous reduction and
block copolymer etching.

2. Experimental details

2.1. Materials

PMA(AZz)24-OH was newly synthesized as a LC brush layer for
the LC block copolymer, PEO-b-PMA(AZ), due to chemical
matching between them, by atom transfer radical polymerization
(ATRP). The number-averaged molecular weight, Mn, was
determined to be 12 kg-mol* and polydispersity index, Mw/Mn,
was determined to be 1.2. Hydroxyl-terminated polystyrene
PS35-OH had My = 3.7 kg'mol! and Mw/Mn = 1.1, which was
commercially available from Polymer Source Inc., Canada.
Amphiphilic LC diblock copolymer, PEO114-b-PMA(AZ)24 (Mn:
5 kgrmol?! - 11.8 kg:moll, Mw/Mn = 1.1, weight fraction of
PMA(Az) ¢rpmaaz) = 0.72), was synthesized by ATRP according
to our previous report.2 25 These chemical structures are shown
in Figure 1. Details of the PMA(AZz)24-OH and PEO114-b-
PMA(Az)2a synthesis are described in the supporting
information and figures therein (at Figure S1 and section 2).
The PEO114-b-PMA(AZ)24 self-assembles PEO cylindrical
microdomains in a PMA(Az) matrix. The (10) lattice spacing of
hexagonally arranged PEO microdomains measured by small-
angle X-ray scattering (SAXS) was 16.8 nm. The properties of
PMA(AZ)22-OH, PS35-OH, and PEO114-b-PMA(AZ)24 are
summarized in Table 1.

(a) (b) (c)
0 0
LO\AOW& Ho\/\Oer %yon

n-C4Hg n-CqHg

Fig. 1 Chemical structures of (a) PEOi1s-b-PMA(Az)2s, (b) newly
synthesized PMA(Az).4-OH, and (c) commercially available PS3s-OH.

This journal is © The Royal Society of Chemistry 2012
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Table 1. Characterization of polymers used in this study.

Journal of Materials Chemistry C

Table 2. Characteristics of the surfaces of bare, PS brush modified-,
and PMA(Az) brush modified Si substrates.

Materials (kgﬂol) Ml Mo PEfglr{?(Eht
PMA(AZ)24- OH 12 12
PS35-OH 3.7 1.1
PEO114-0-PMA(AZ) 24 16.8 1.1 0.28

2.2. Substrates

Before use, Si wafers were cleaned by immersion in piranha
solution (7:3 mixture of concentrated sulfuric acid (H2SO4) and
30 wt% aqueous hydrogen peroxide (H202)) at 80 °C for 10 min,
washed with deionized water, and dried by applying a nitrogen
gas stream.

Chemically modified substrates were prepared by the process
described below. The piranha-cleaned Si substrates were spin-
coated with 1.0 wt% PMA(AZ)24-OH or PSss-OH dissolved in
toluene. The PMA(AZz)24-OH or PSss-OH were grafted onto the
Si substrates by annealing at 170 °C for 48 h under vacuum. After
the thermal treatment, the substrates were rinsed twice with
toluene to remove unreacted hydroxyl-terminated polymer
chains. PMA(AZ)24-OH and PS3s-OH layers were formed on the
Si substrates. The attachment of the hydroxyl-terminated
polymers on the substrate was confirmed by X-ray photoelectron
spectroscopy (XPS) (AXIS-HS, Shimazu KRATOS Co.). A
tapping mode atomic force microscope (AFM) (Dimension Icon,
Veeco) measurement was carried out to characterize surface
topology of the brush layers (see supporting information Figure
S2). The thicknesses of the brush layers were measured by

(a) PMA(Az) brush layer d
M AN (i) -—
- =
Graft Patterning
Si wafer PMA(Az)-OH (e-beam litho.
and O, RIE)
PEO-b-P\I‘VQA(Az) N
(iif) (iv) » ._._1_' 0
I I » .. e q A
in- Th |
s::;' an:;':Ici’ng L
| | I [ | Il
I—
(b)

PMA(Az) matrix

Si  pMA(AZ) brush layer

PEO cylinder

Selective doping of
Auv precursor into PEO cylinder

Etching block copolymer &
reduction of Au precursor

Fig. 2 (a) Schematic illustration of a chemical epitaxy process. (i) grafting
of PMA(Az)24-OH onto a Si wafer, (ii) patterning of PMA(Az).4 brush layer
by e-beam lithography, O RIE (iii) PEO114-b-PMA(Az).4 coating, and (iv)
thermal annealing at 140 2C for 2 h. (b) Schematic illustration of a
fabrication process of an Au nanorod array templated by PEO
microdomains of PEO-b-PMA(Az) self-assembled on the chemically
patterned template of ds = 35 nm with 4x density multiplication.

This journal is © The Royal Society of Chemistry 2012

Thickness of XPSCls XPS N1s Contact angle
Brushes brush layer (nm) (degree)
(CPS) (cPs)
None 6.2x 10% <5
PSa5-OH 5 2.7x10" 88
PMA(AZ)24-OH 4 8.6x10° 52%10° 83
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Fig. 3 SEM images of PMMA resist layers patterned by e-beam
lithography. Lattice spacing ds of hexagonally positioned circular holes
patterned in the PMMA resist layers were (a) 29 nm, (b) 33 nm, (c) 35
nm and (d) 36 nm. All scale bars indicate 100 nm. Bright area shows
PMMA resist, while dark circular areas are holes opened in the PMMA
resist layers.

ellipsometry (ESM-4500, ULVAC). The characteristics of the
PMA(Az) and the PS brush layers thus obtained are summarized
in Table 2.

2.3. Chemical epitaxy

Chemical epitaxy of PEO-b-PMA(AZz) was carried out following
a process schematically illustrated in Figure 2 (a). Chemically
patterned templates were prepared by patterning PMA(AZ) brush
layer deposited on Si substrate by electron beam (e-beam)
lithography as shown in Figure 2 (a) (ii). Firstly, a PMMA layer
was coated on the PMA(AZ) brush surface as a positive e-beam
resist. Secondary, a hexagonal array of circular holes was
patterned in the PMMA layer by Vistec VB6 e-beam system
operated at 100 kV, followed by wet development. A (10) lattice
spacing of the hexagonally arranged holes (ds) were designed to
be 29, 33, 35 and 36 nm. The ds values were varied around twice
the (10) lattice spacing of PEO cylindrical microdomains self-
assembled by PEOi14-b-PMA(AZz)22 on Si substrates (do).
Thirdly, the PMA(AZ) brush layer was patterned by oxygen
reactive ion etching (Oz2 RIE) using the patterned PMMA layer
as a mask. The SEM images of the remaining PMMA resist
layers after Oz RIE process are presented in Figure 3. Finally, the
PMMA resist layer was removed by dissolving in N-
methylpyrrolidone and toluene solution.

J. Name., 2012, 00, 1-3 | 3
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In the next step, PEO114-b-PMA(AZ)24 thin films were spin-
coated on the patterned PMA(AZ) brush surfaces from 1.5 wt %
toluene solution (Figure 2 (a) (iii)). Unless otherwise stated, film
thickness (tr) of PEO114-b-PMA(AZz)24 was 25 nm. The PEO114-
b-PMA(AZ)24 films were self-assembled by thermal annealing at
140 °C for 2 h and natural cooling to the room temperature under
vacuum (Figure 2 (a) (iv)). Morphology of the self-assembled
films thus obtained was observed by a field emission scanning
electron microscope (SEM, S-4800 and SU-8020, Hitachi High-
Technologies). The PEO microdomains were selectively stained
by RuQa4 for improved contrast under the SEM measurements.

2.4. Direct pattern transfer of PEO cylindrical microdomains
to Au nanodot

Au precursor was selectively doped into the PEO cylindrical
microdomains of the PEO-b-PMA(AZ) thin film self-assembled
on the chemically patterned template by placing an aqueous
solution of hydrogen tetrachloroaurate(lll) tetrahydrate
(HAUCl4+4H20) (0.5 M) on the PEO-b-PMA(AZ) surface for 2
h at room temperature. After doping, the sample surface was
rinsed with ethanol to remove excess gold ions remaining on the
PEO-b-PMA(AZ) surface and dried by applying a stream of
nitrogen gas. The samples were then irradiated by vacuum
ultraviolet (VUV) for 30 min with a Xe excimer lamp (A = 172
nm, 10 mW-cm™, 30 Pa, UER20H-172A, USHIO Inc.) in order
to reduce Au* ions in PEO cylinders to zero valence Au®as seen
in Figure 2 (b). By this procedure, metal nanodots were formed
and block copolymer thin film was removed, simultaneously.
The structure of Au nanodot arrays was observed by SEM (SU-
8020, Hitachi High-Technologies).

3. Results and discussion

3.1. Morphology of PEOai1s-b-PMA(AZz)24 thin film on Si
wafers

Figure 4 shows a top-view SEM image of the PEOu14-b-
PMA(AZz)24 thin film self-assembled on Si wafer by thermal
annealing, its 2-dimensional fast Fourier Transform (2D-FFT)
image, and a cross-sectional SEM image of the thin film.
Thickness of the PEO114-b-PMA(AZ)24 thin film was 50 nm for
this observation. As seen in Figure 4 (a), the PEO microdomains,
which appear with bright contrast under SEM, formed hexagonal
packed arrangement. Perpendicular orientation of the PEO
cylinders in axial direction against the substrate was confirmed
by the cross-sectional image (Figure 4 (c)). The (10) lattice
spacing of PEO cylindrical microdomains assembled on the Si
surface (do) was determined to be 17.5 nm from the positions of
the peaks in the 2D-FFT image (Figure 4 (b)). The do was slightly
larger than that of the bulk determined by a small angle X-ray
scattering measurement, i.e. 16.8 nm. As can be seen in Figure 4
(a), assembly of PEO-b-PMA(AZ) has superior long-range order
forming large ordered grains, which might be due to its large
segregation force and LC ordering. However, grain boundaries
still exist and orientation of the lattice gradually alters with
distance as detected in the 2D-FFT image as isotropic halos
coexisting with spots. In order to design and arrange the

4| J. Name., 2012, 00, 1-3

Fig. 4 (a) A SEM image of PEO114-b-PMA(Az)24 thin film self-assembled
on a Si wafer and (b) its 2D-FFT image. (c) Cross-sectional SEM image of
the PEO114-b-PMA(Az)24 thin film self-assembled on a Si wafer. PEO
microdomains of the sample were selectively stained with RuOas to
obtain contrast under SEM, which appear brighter compared to the
unstained PMA(Az) matrix. Film thickness was 50 nm.

cylindrical microdomains in a controlled orientation-defined
structure, we introduced directed self-assembly of PEO-b-
PMA(Az) applying chemical epitaxy process.

3.2. Evaluation of PMA(Az) brush layer on Si wafer
Chemical epitaxy of block copolymer thin films utilizes pre-
patterned templates with surface energy contrast to direct the
location of the self-assembled microdomains. % 12 For PS-b-
PMMA system, there is an established method to modify the
surface energy by forming PS-ran-PMMA brush layer on the
substrate surface.*! In this study, we first tried to develop a brush
material, which is suitable to achieve chemical epitaxy of PEO-
b-PMA(AZ).

PEO-b-PMA(AZ) is composed of hydrophilic PEO and
hydrophobic PMA(Az). Therefore, chemical templates
composed of hydrophilic and hydrophobic surfaces might be
applicable for the directed self-assembly of PEO-b-PMA(AZ).
As oxidized Si surface is hydrophilic, we investigated two kinds
of polymer brushes to modify the Si surface to hydrophobic
nature. One of the brushes was composed of PS, which has been
widely used for the chemical modification, and the other was
composed of PMA(Az), which has the same chemical structure
as one of the components of PEO-b-PMA(Az). Hereinafter
referred to as PMA(AZ) brush and PS brush layers, respectively.

The PS and PMA(AZz) brush layers were deposited on Si
substrates by grafting hydroxyl terminated polymers, i.e. PS-OH
and newly synthesized PMA(Az)-OH, respectively. Formation
of the brush layers was confirmed by X-ray photoelectron
spectroscopy (XPS) measurements (Table 2). The intensity of C
1s peak at 284 eV detected from the PS and PMA(Az) brush
surfaces increased more than one order of magnitude compared
to that detected from the bare Si substrates. Note the C 1s signal
detected from the bare Si substrate might be due to organic
surface contamination. A N 1s peak at 399 eV, which
corresponds to the N=N bond of the azobenzene mesogens, was
only detected from the surface with PMA(Az) brush layer. These

This journal is © The Royal Society of Chemistry 2012
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results confirm the existence of PS and PMA(Az) brushes on the
Si wafers. AFM measurements of the substrate with brush layers
also indicated the existence of brushes on the Si substrates
(shown in Figure S2).

In order to understand the wettability of the brush surfaces,
we measured contact angle of the water against three kinds of
substrates; bare Si substrate oxidized by Oz RIE treatment, Si
substrate with PS brush, and Si substrate with PMA(Az) brush.
As listed in Table 2, oxidized Si surface was completely
hydrophilic with contact angle less than 5°. On the other hand,
the PS brush and the PMA(AZ) brush surfaces exhibited similar
contact angle around 85°, which confirms that surfaces modified
with these brushes were significantly hydrophobic.

As a next step, we studied the behavior of PEO-b-PMA(AZ)
thin film on the brush surfaces. The thin films of PEO114-b-
PMA(Az)24 were coated on the PS br ush (Figure 5 (C) and (d))
and the PMA(Az) brush surfaces (Figure 5 (a) and (b)), and
subsequently self-assembled by thermal annealing. A PEO114-b-
PMA(AZz)24 block copolymer thin film was formed uniformly on
the PMA(AZ) brush surface (Figure 5 (a)), while partially
dewetted from the PS brush surface (Figure 5 (c)). However,
microscopically, hexagonal arrays of perpendicularly oriented
PEO cylinders were assembled in the PEO-b-PMA(AZ) film on
the both surfaces, as can be clearly seen by the SEM images
presented in Figures 5 (b) and (d). These results imply that the
chemical composition of the brush layer had no discernible
impact on the axial orientation of the cylindrical PEO
microdomains, in spite of the significant difference in the wetting
behavior of PEO-b-PMA(AZ). For conventional non-LC block
copolymers, including PS-b-PMMA, substrate surface have to be
neutralized to orient the microdomains in the direction
perpendicular to the substrate, which generally requires carefully
tuning of the brush composition.*? This is not the case for PEO-

Fig. 5 SEM images of PEO114-b-PMA(Az)24 thin films on PMA(Az) brush
layer ((a), (b)) and on PS brush layer ((c), (d)). Images (a) and (c) were
observed under lower magnification, while images (b) and (d) were
taken under higher magnification. PEO microdomains of the sample
were selectively stained with RuOs to obtain contrast under SEM.
Therefore, PEO domains appear brighter than PMA(Az) matrix in high
magnification images ((c) and (d)).

This journal is © The Royal Society of Chemistry 2012
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b-PMA(AZ). As mentioned in the introduction section, the PEO
microdomains in  PEO-b-PMA(Az) thin film orient
perpendicular against its free surface by homeotropic alignment
of the LC mesogens in the matrix phase and grow down toward
the substrate. Therefore, surface chemistry of the substrate does
not influence the orientation of the PEO cylindrical
microdomains.3” This characteristic is especially attractive for
the chemical epitaxy with density multiplication, which requires
orienting microdomains perpendicularly on the brush surface at
the location in between the chemical guiding marks.

To further understand the nature of the brush layers, number
density of the polymer chains attached to the Si substrate (¢) was
estimated using equation (2)%3 44

o =phNa/Mn 2

where Na represents the Avogadro’s number, Mn is the number-
average molecular weight of the polymer chain composing the
brush layer, and h and p are the mean height and the mass density
of the brush layer, respectively. For the PMA(Az) brush layer
with Mn = 12 kg-mol, which was employed in this study, h was
measured to be 4 nm by ellipsometry, while the bulk value of 1.1
g-cm™ was used for p on the assumption of little difference
following previously reported papers.*® 4 From these values, ¢
was estimated to be 0.22 nm2. The PMA(AZz) chains form much
stretched conformation than that of non-LC type polymers due
to the existence of azobenzene mesogens in their side chains.
Therefore, the PMA(AZ) chains are expected to be spread on the
substrate, while non-LC type block copolymer chains are
normally expected to form mushroom type of the conformation.
In spite of its lower o, the PMA(Az) brush exhibited
characteristics suitable for chemical epitaxy of PEO-b-PMA(AZz)
system. Its hydrophobicity can create significant chemical
contrast against the oxidized Si surface and its surface can be
coated uniformly with thin film of PEO-b-PMA(Az) without
dewetting behavior. Therefore, we conclude that the newly
synthesized PMA(AZ) brush would be suitable to use for the
chemical epitaxy of PEO-b-PMA(AZz).

3.3. Directed self-assembly of PEO114-b-PMA(AZ)24 with
density multiplication

Chemical epitaxy of PEO114-b-PMA(Az)24 was studied applying
patterned PMA(AZ) brush layer as a chemical template followed
by the process illustrated in Figure 6. As schematically illustrated
in Figure 2 (ii), the chemical templates composed of the
PMA(Az) brush surface with hexagonal array of circular
openings with oxidized Si surfaces were fabricated by e-beam
lithography. The (10) lattice spacing of the circular a with the
oxidized Si surface, ds, was designed according to the well-
established relation of ds = nxdo, where n should be an integer
number for ideal density multiplication with a factor of n2.1% 12
In this study, we varied n from 1.7 to 2.1 to investigate the effect
of lattice spacing mismatch between the patterned template and
the self-assemble block copolymer. Since the (10) lattice spacing
of the PEO114-b-PMA(AZ)24 assembled on Si wafer was do = 17.5
nm, four types of chemical patterns were fabricated with ds = 29

J. Name., 2012, 00, 1-3 | 5
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Fig. 6 SEM images and corresponding 2D-FFT images of the PEO114-b-
PMA(Az)24 thin films assembled on the chemically patterned templates
with lattice spacing of (a) ds = 29 nm, (b) ds = 33 nm, (c) ds = 35 nm, (d)

s = 36 nm and (e) on the un-patterned region of the template. The
templates were fabricated by patterning PMA(Az) brush layer by e-
beam lithography. All scale bars indicate 200 nm. PEO microdomains of
the sample were selectively stained with RuOa to obtain contrast under
SEM, which appear brighter compared to the unstained PMA(Az) matrix.

nm(n=1.7),ds=33nm (n=1.9),ds=35nm (n=2.0) and ds =

36 nm (n = 2.1). The PEO114-b-PMA(AZ)24 thin films were
uniformly coated and self-assembled by thermal annealing on the

6 | J. Name., 2012, 00, 1-3
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Fig. 7 Schematic illustrations demonstrating pattern interpolation
manners for (a) 3xand (b) 4x density multiplication. Black filled circles
(@) show hexagonal lattice points formed by the PEO cylindrical
microdomains, and blue opened circles (0) indicate the lattice of the
underlying chemical template.

templates with different ds. Dewetting behavior was not observed.
Top-view structure of PEO114-b-PMA(AZ)24 thin films on the
patterned templates, as well as on the un-patterned PMA(AZ)
brush layer, were captured by SEM and obtained images are
summarized in Figure 6.

First, as shown in Figure 6 (c), PEO114-b-PMA(AZ)24
assembled almost a single hexagonal lattice of perpendicularly
oriented cylindrical PEO microdomains on the chemical
template with ds= 35 nm (n = 2.0). The corresponding 2D-FFT
image exhibited hexagonal spots with 4 orders of peaks. The
lateral orientation of the hexagonal lattice of the PEO
microdomains agreed with that of the underlying chemical
template. Analysis of the peak positions in the 2D-FFT image
gave an average (10) lattice spacing of the PEO microdomains
(d) of 17.5 nm, which was equal to do, and was half of the lattice
spacing of the template ds. From these results, we concluded that
the PEO cylindrical microdomains were registered on the
template as illustrated in Figure 7 (a). The PEO microdomains
should be located on and in between the chemical patterns,
multiplying the density o f the chemical template by a factor of
4. The areal density of the hexagonal lattice achieved was 1.9
tera-rods/inch?. Most importantly, we emphasized that ultrahigh
density lattice of perpendicularly oriented cylindrical
microdomains were obtained with controlled lateral orientation.

Figure 6 (a) shows the morphology of PEO114-b-PMA(AZ)24
thin film on the chemical template with ds=29 nm (n=1.7=
3). Although the PMMA resist employed to prepare the chemical
template consisted considerable amount of defects (see Figure 3
(a) in the experimental section), the PEO microdomains formed
a single hexagonal lattice with less-defects. The corresponding
2D-FFT image exhibited hexagonal spots with 4 orders of peaks.
The lattice spacing of the self-assembled lattice determined from
the 2D-FFT image was d = 17.0 nm, which was closed to 1/y 3
of ds. In addition, the orientation of the self-assembled lattice was
30° rotated compared to that of the underlying template (compare
the orientation of the lattice of the template presented in Figure

This journal is © The Royal Society of Chemistry 2012
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3 (@ and that of the self-assembled PEO cylindrical
microdomain in Figure 6 (2)). These results imply that the PEO
cylindrical microdomains were arranged on the template with a
manner illustrated in Figure 7 (b) and, as a result, the density of
the template was multiplied by a factor of 3. On the templates
with ds = 33 nm (n = 1.9) and ds = 36 nm (n = 2.1), SEM
observations revealed that the cylindrical PEO microdomains
were partially registered on the template forming distorted lattice.
For ds = 33 nm, as presented in Figure 6 (b), 2D-FFT pattern of
the SEM image exhibited hexagonal spots coexisting with weak
halo peaks. The orientation of hexagonal spots was found to be
same as that obtained for ds = 29 nm. An average lattice spacing
determined from spot positions was d = 18.6 nm, which
corresponded roughly to 1/v 3 of ds. These results suggest that
the PEO microdomains were arranged partially on the template
with the same but with much imperfect manner compared to that
for ds = 29 nm, multiplying the density of the template with a
factor of 3. For ds = 36 nm, the 2D-FFT image showed halo peaks
with weak hexagonal spots as presented in Figure 6 (d). The
orientation of the hexagonal spots was same as that observed in
the 2D-FFT pattern for ds = 35 nm. Position of the spots
corresponded to d = 18.1 nm, which was half the value of ds.
These results suggest that the PEO microdomains were directed
to form the lattice on the chemical template obeying the manner
for the 4x density multiplication, but resulted in the distorted
arrangement.

By inspection of the morphologies of PEO114-b-PMA(AZ)24
thin films self-assembled on the chemical templates with ds of
29, 33, 35, and 36 nm, only templates with ds = 29 and 35 nm
were found to be effective to obtain orientation- defined lattice
with density multiplication. These findings suggest that precise
control of the lattice dimensions of the chemical template is
necessary to achieve epitaxial arrangement of the PEO
cylindrical domains. In the case for 3x density multiplication,
PEO microdomains were registered on the template with ds = 29
nm resulting in the orientation-defined single lattice with d =
17.0 nm, while the lattice obtained on the template with ds = 33
nm was partially distorted with d = 18.6 nm. As natural domain
spacing of the PEO114-b-PMA(AZ)24 was do=17.5 nm, it can be
roughly estimated that the domain spacing was compressed
about 3 % for the former case and extended about 6 % for the
latter case. Similarly, in the case for 4x density multiplication,
the PEO microdomains formed defined single lattice with d =
17.5 nm on the template with ds = 35 nm, while the lattice
obtained on the template with ds = 36 nm was considerably
distorted with d = 18.1 nm (103 % of do). These consideration
may imply that domain spacing of PEO-b-PMA(AZz) can
extended or compressed about a few percentage by the chemical
template. The natural conformation of PMA(Az) segments of
PEO-b-PMA(AZz) are stretched with low flexibility, which are
confined in smectic layer at the liquid crystalline state. Therefore,
stretching or compressing of the main chains is expected to be
energetically unfavored. However, in spite of these limitation,
the current experimental results suggest that there are some
flexibility in the domain spacing of PEO-b-PMA(AZz) to register
their microdomains on the chemical pattern of the template.

This journal is © The Royal Society of Chemistry 2012
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Nevertheless, the tolerance of the mismatch in lattice constant
between the template and the block copolymer for PEO-b-
PMA(AZz) is smaller than that of the non-LC block copolymer.
For example, Tada et al. observed that PS-b-PMMA can be
stretched about 8 % to form single lattice by chemical epitaxy
with 4x density multiplication.*?

In addition to these experiments, voronoi analysis which is
commonly used to characterize its region boundary was
performed to calculate defect densities of the PEO cylindrical
microdomains on the each substrate followed by procedure using
free software of Image J as described in elewhere.*® The analysis
was carried out for totally five nanopatterns on four different
chemically patterned templates (ds = 29, 33, 25, and 36 nm) and
non-patterned template. In case of the successfully demonstated
directed-self-assembly of the PEO cylindrical microdomains by
the chemically patterned templates with ds = 29 nm and 35 nm,
there were few defects on the PEO cylindrical microdomains
arrangement as shown in Figure S3 and Table S1 compared with
that of the PEO microdomains without chemically patterned
template.  Moreover, the PEO cylindrical microdomains
arrangement on the chemically patterned templates with ds = 33
nm and 36 nm had quite larger amount of defects as compared to
that on the templates with ds = 29 nm, 33 nm, and even without
chemically patterned template.

As mentioned in the introduction section, the orientation of
the PEO cylindrical microdomain in the thin film was dominated
by the LC homeotropic alignment to form perpendicular
orientation. The PEO microdomains are known to come down
from the free air interface to the substrate.?® On the other hand,
current study revealed that the lateral placement of the PEO
cylindrical microdomains is predominated by the chemically
patterned templates. In other words, in the chemical epitaxy
process with PEO-b-PMA(Az), control of lateral placement and
axial orientation of the PEO cylinders can be decoupled to a
certain degree, the former controlled by the template surface and
the latter by the free surface. These characteristic allow us to
achieve chemical epitaxy of microdomains with perpendicular
orientation against the substrate with density multiplication
without utilizing neutralization of the brush layer.

3.4. Direct pattern-transfer of PEO cylindrical
microdomains self-assembled on the chemical template to a
single orientation-defined Au nanodot array

For the actual use in the applications, it is indispensable to
transfer the patterns of the block copolymer thin film to the
useful materials. We tried to transfer the hexagonal PEO
microdomains assembled on a chemically patterned template to
an Au nanodot array by applying template method reported
previously.30: 3540 PEQ is one of the well-known ion-conductive
host materials. The template method employs the PEO
cylindrical microdomains assembled by PEO-b-PMA(AZ) as
nano-sized ion reactors, into which Au precursors are selectively
penetrated and are reduced to form Au nanodots.3> 4% Note, in
our process, PEO chains were not removed / etched from the
cylindrical microdomains to create nano-holes to transfer the
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Fig. 8 (a) A SEM image of Au nanorod array templated by PEO cylindrical
microdomains of PEO114-b-PMA(Az)24 self-assembled on the chemically
patterned template of ds = 35 nm with 4x density multiplication. The

(10) lattice spacing was 17.5 nm, and (b) its corresponding 2D-FFT image.
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Fig. 9 XPS spectra of Au-doped PEO114-b-PMA(Az)24 thin film (black) and
Au nanorod array after removal of the block copolymer thin film (red)
in the binding energy region of Au 4f. Open circles are measured results
and solid lines show their Gaussian fit.

pattern to gold nanodots as in the case for most of the pattern
transfer processes.

The PEO cylindrical microdomains with d = 17.5 nm self-
assembled by 4x density multiplication process on the
chemically patterned template with ds = 35 nm were transferred
to Au nanodots following the process schematically illustrated in
Figure 2 (b). First, the Au precursor was selectively doped into
the PEO cylindrical microdomains. Selective doping was driven
by the coordination of Au®* ions to un-paired electrons on the
oxygen atoms of PEO segments. The Aus* ions inside the PEO
cylindrical microdomains were then reduced to zero valence, and
the block copolymer was etched simultaneously by the VUV
irradiation for 30 min following the process reported
previously.*°

Formation of the nanodot structure was confirmed by SEM
observation presented in Figure 8 (a). A 2D-FFT image of the
SEM image (Figure 8 (b)) exhibited hexagonal spots clearly
showing that the Au nanodots were arranged in a single
orientation-defined hexagonal lattice. The lateral orientation of
the lattice and its lattice spacing determined from the peak
positions of the 2D-FFT image were identical to those of the self-
assembled PEO114-b-PMA(AZ)24. From these findings, we

8 | J. Name., 2012, 00, 1-3

concluded that the PEO cylindrical microdomains were
successfully transferred to the Au nanodots maintaining their
arrangement defined by the chemical template.

The obtained sample with nanodots was analyzed by XPS to
conform its composition. Figure 9 shows Au 4f XPS spectra of
Au-doped PEOu114-b-PMA(AZ)24 thin film (black) and Au
nanodot array after VUV irradiation (red). In the spectra of Au-
doped PEO114-b-PMA(AZ)24, two peaks were detected at 84.2
and 88.0 eV, which can be assigned as Au 4f72 and 4fs2 relating
to zero valence Au°, respectively. The Au precursor residue
was still remained on the block copolymer thin film after rinsing
with ethanol, so that zero valence Au® was only detected by XPS
measurement. In contrast, different Au valence states (Aus*, Aut,
and zero valence Au®) were observed in the sample after VUV
treatment. New peaks emerged at 85.2 eV, and 87.3, 88.7, and
90.9 eV, which can be assigned as Au 4f7,2 and 4fsy2, respectively.
These peaks can be attributed to Au* and Aus*. 40 46.47 These
results reveal that Au ions penetrated inside the PEO cylindrical
microdomains in the block copolymer thin film were partially
reacted by the VUV irradiation intricately, and suggest that zero
valence Au® was formed simultaneously during the polymer
etching process by the VUV treatment.

To study the uniformity of the process, SEM observations
were performed at five discrete positions inside the patterned
area of the chemical template, namely at the regions closed to the
four edges and the center of the patterned area of 50x50 pm?2. As
for the comparison, SEM observation was also conducted at the
position outside the patterned region. The SEM images obtained
are presented with their 2D-FFT images in Figures 10 (a) to (f),
with the low magnification SEM image showing locations of the
observations (Figure 10 (g)). The 2D-FFT patterns of the SEM
images observed inside the patterned area were identical with
hexagonal spots at same azimuth (Figures 10 (a) ~ (e)). On the
other hand, the 2D-FFT image of the micrograph observed
outside the patterned area revealed a halo peak, which indicated
that Au nanodots are arranged in the non-orientation-defined
distorted lattice (Figure 10 (f)). These results strongly suggest
that the Au nanodots were arranged in a single lattice extending
the whole patterned area.

Finally, we would like to note that, in this study, size of the
patterned area was limited to 50x50 um?, mainly because of the
limitation in the e-beam lithography to fabricate the chemical
template. Therefore, the process can be extended to macroscopic
size required for actual applications, by applying large scale
photolithographic processes to fabricate the patterned templates.
Moreover, the developed pattern-transfer process can be applied

to various metals and metal oxides, as we have reported before.3*-
35, 38-40

4. Conclusions

In this study we have demonstrated the fabrication of laterally
orientation-defined lattice of perpendicularly oriented
cylindrical microdomains in axial direction, applying chemical
epitaxy of LC block copolymer, PEO-b-PMA(Az). The
assembled structure was further transferred to gold nanodot array.

This journal is © The Royal Society of Chemistry 2012
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Fig. 10 SEM images of Au nanorod arrays observed at five discrete areas selected from the chemically patterned area of the template ((a) to (e)), and at the
area outside the chemical pattern (f). The insets are 2D-FFT images corresponding to these SEM images. The SEM images were taken at the areas shown in
a low magnification SEM image (g) over viewing whole chemically patterned region of the template.

The developed process is based on the unique combination of
the polymers composing the block copolymer, i.e. hydrophilic
PEO and hydrophobic PMA(Az) with liquid crystalline side
groups.

First, we have demonstrated that the chemical epitaxy of PEO-b-
PMA(Az) can be achieved by utilizing the chemical template
prepared by patterning the newly synthesized PMA(AZz) brush
layer with e-beam lithography. A laterally orientation-defined
lattice of perpendicularly oriented cylindrical PEO
microdomains with areal density of 1.9 tera-rods/inch? was
achieved by multiplying the density of the template by a factor
of 4. The key factor for the successful assembly was to utilize
LC block copolymer with strong segregation to obtain small
feature size and to control the axial orientation of the cylindrical
domains as well as their lateral placement. The former was
achieved by the strong segregation between PEO and PMA(Az),
which was further enhanced by the LC interaction in the
PMA(AZz) side chain. The latter, which is generally difficult to
achieve by use of conventional high-y block copolymers, was

This journal is © The Royal Society of Chemistry 2012

realized by homeotropic alignment of the LC mesogens against
the block copolymer film surface. In other words, by introducing
LC moiety, we have shown the possibility to decouple the control
of lateral placement and axial orientation of the microdomains,
i.e. the former to be directed by the chemical template and the
latter to be controlled by the film surface.

In the next step, we showed direct pattern-transfer of the
assembled structure to an orientation-defined Au nanodot array.
The pattern transfer was realized by selective doping of Au ion
into the hydrophilic PEO microdomains, not removed to be
nanoholes, which is another advantage in the PEO-b-PMA(AZ)-
based template processes. It might be important to emphasized
that dense hydrophobic matrix composed of PMA(Az) with side
chains forming smectic phase enhanced the selectivity of ion
doping process. Although area of the Au nanodot array obtained
in this study was limited to 50x50 um?, the process can be readily
expanded to macroscopic size for industrial use by applying large
scale lithographic tools. Furthermore, the selective doping
process can be applicable to various materials (e.g, metals, metal

J. Name., 2012, 00, 1-3 | 9



Journal of Materials Chemistry C

oxides, polymer, semiconductor, ion liquids) instead of Au.
Therefore, the developed process, which combines
nanolithography, self-assembly, and selective ion doping, with
full utilization of LC interaction, provides a promising
fabrication method for extension of lithographic capabilities to
smaller dimensions below 10 nm.
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