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Combined Epitaxial Self-Assembly of the Block
Copolymer Lamellae on Hexagonal Prepattern within
Microgroove

Hyunjung Jung,® Sanghoon Woo0,” Sungmin Park,” Sumi Lee,” Minhyuk Kang,*
Youngson Choe,’ Jeong Gon Son,® Du Yeol Ryu,” June Huh** and Joona Bang**

Directed self-assembly (DSA) of block copolymers (BCPs) has emerged as an excellent
alternative method to replace or complement the conventional photolithography, due to their
~10 nm scale of microdomain ordering, the variety of microstructures, and compatibility with
current lithographic process. In DSA, BCP microdomains are controlled via guide patterns, and
two main techniques are popular; graphoepitaxy and chemoepitaxy. In this work, we
demonstrate the simple and feasible technology for DSA process by combining the
graphoepitaxy with “inexpensive” chemoepitaxial assembly to improve the alignment of
lamellar microdomains. For the chemoepitaxial assembly, the hexagonal surface patterns from
crosslinkable, cylinder-forming BCP were employed as a guiding assistance to the
graphoepitaxial assembly of overlaying BCP lamellar film. When the guiding patterns were
prepared on the hexagonal patterns, it was found that the degree of lamellar alignment is
significantly improved compared to the lamellar alignment on the homogeneous neutral layers.
The simulation results suggest that the underlying hexagonal pattern can assist the lamellar
alignment by reducing a large number of orientational states of lamellar layers. This strategy
can be applicable to various nanofabrication processes that require a high degree of fidelity in

controlling nanopatterns over large area with reduced cost.

Introduction

Block copolymer (BCP) lithography has been considered as
promising candidates for the fabrication of nanopatterns and
has the potential to integrate into current manufacturing
processes such as conventional photolithography, due to its cost
effective and high throughput nature.'* The resulting BCP
patterns have been used in various applications including
microelectronics, nanoreactors for nanoparticle/nanowire
fabrication, nanoporous membranes, etc.”® In this case,
significant efforts have been devoted to control the orientation
and the lateral ordering of BCP microdomains. On the flat and
untemplated substrates, the orientation of BCP microdomains
can be controlled but the lateral ordering is inherently limited
by grain defects, preventing their applications where
addresability is desired.'*'?

To overcome these limitations, directed self-assembly (DSA)
of BCP thin films has been employed to achieve a defect-free,
long-ranged ordering of microdomains. Two popular
approaches for DSA of BCP nanopatterns include a use of
chemically patterned surfaces and a graphoepitaxy with
topographic patterns.'>'® As preceding examples, Kramer and
coworkers demonstrated that the BCP microdomains can be
effectively aligned within topographical trenches or hexagon-
shaped wells.'” '8 The guide patterns for graphoepitaxy can be
readily fabricated by conventional photolithography process.

This journal is © The Royal Society of Chemistry 2015

Many groups have developed this methods further to employ
various kinds of BCPs or different types of topographic patterns
(e.g, photoresist patterns, imprinted patterns, etc).'” 2° The
ordering of BCP microdomains within trenches is mainly
governed by commensurability and interaction of each block
with substrates, and many studies have focused on the
enhancement of BCP ordering by adjusting the various
experimental variables, such as width of trenches, molecular
weight of BCPs, film thicknesses, annealing conditions, ete. 2?7
However, it is well known that the effect of confined geometry
diminishes as the distance from the sidewall is increased,
indicating the width of trench is an inherent limitation in
graphoepitaxy technique.?® * To overcome this limitation, an
additional tool, such as chemoepitaxial assembly, is introduced
to pattern the substrate on length scale similar to BCP
microdomains.*°

In this regards, Nealey and coworkers prepared the chemically
patterned surface to direct the self-assembly of BCP
microdomains.>’>* In addition to simple line or dot patterns,
they further demonstrated that various nonregular shapes or
sparse patterns can also successfully guide the BCP
microdomains into desired patterns.®> *® However, the major
drawback of this technique is that the surface should be
precisely prepatterned to have the same (or similar) length scale
as overlying BCP microdomains using costly and complicated
lithographic steps such as extreme UV lithography,*'** e-beam
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lithography,>*>® or immersion lithography.”’>° In this vein,

Ruiz and coworkers demonstrated that the crosslinked,
horizontally oriented cylinders that were prepared within
lithographic trenches can effectively aligned lamellar films due
to the registration between top lamellar pattern and the
underlying cylinder template.'® Later, Kim and coworkers
further extended this system to fabricate highly oriented
lamellar patterns over large area.'® In this system, the alignment
of lamellae films is determined by underlying cylinder patterns.
The monolayer of parallel cylinders is spin cast onto the trench
patterns and thermally annealed to form highly aligned cylinder
prepatterns. Since these cylinder patterns are aligned by
graphoepitaxial assembly induced by sidewall, it can be
expected that the effect of sidewall diminishes as the distance
from the sidewall is increased. Whilst these preceding examples
successfully demonstrated the improvement on the feasibility
and processability of either graphoepitaxy or chemoepitaxy, it
would be also highly desirable if one can develop a protocol
that can integrate the advantages of these two techniques into
one process.

We previously designed the crosslinkable poly(styrene-b-
methyl methacrylate) (PS-b-PMMA) BCP to fabricate the
three-dimensional multilayered structures showing the
perpendicular-oriented lamellae on top of the underlying
crosslinked cylindrical layer exhibiting perpendicular
orientation of microdomains.*® In this case, it was shown that
the PMMA lamellae are in good registration with the
underlying PMMA cylinders due to the minimization of
unfavorable wetting interactions at the interface of BCP films,
suggesting the possibility that these BCP patterns can be used
as “inexpensive” chemoepitaxial assembly surfaces. In this
work, we demonstrate that chemoepitaxial assembly via pre-
existing BCP hexagonal patterns on the substrate can be
effectively combined with graphoepitaxy technique to further
improve the lateral alignment of BCP lamellar domains. On the
hexagonal prepatterns of crosslinked cylinder-forming PS-b-
PMMA BCP films showing the perpendicular orientation of
PMMA cylinders, the microgroove patterns were fabricated via
conventional photolithography process. Then we applied two
PS-b-PMMA lamellae having the similar domain spacing with
underlying cylindrical BCP patterns. Consequently, it was
found that the alignment of lamellae with pre-existing BCP
patterns is significantly enhanced compared to the case where
no BCP patterns were employed on the surface within trenches.

Results and discussion

Scheme 1 depicts the experimental setup for our combined
epitaxial (chemoepitaxial/graphoepitaxial) assembly of BCP
lamellae using hexagonal prepattern and trench geometry. For

the wunderlying prepatterned layer, we synthesized the
crosslinkable  cylinder-forming PS-b-PMMA BCP  via
reversible addition fragmentation chain transfer (RAFT)

polymerization by incorporating a small fraction of
crosslinkable monomer in the styrene unit (3 mol % relative to
styrene unit) (Fig. S1). As a crosslinkable unit, we used the
Meldrum’s acid based monomer reported previously, which can
generate a highly reactive ketene group upon heating.*"** The
ketene group as a cross-linker has several advantages such as
fast cross-linking reaction and high cross-linking temperature
(> 200 °C). In particular, the high cross-linking temperature of
ketene group allow us to prepare well-ordered cylindrical
morphology annealed below the cross-linking temperature
when the annealing condition is properly chosen.** The number
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Scheme 1. Schematic illustration of the experimental setup for the combined
chemoepitaxial/graphoepitaxial assembly of lamella-forming BCPs on the
hexagonal prepatterns within microgroove.

average molecular weight (M,) of the crosslinkable PS-b-
PMMA is 61 kg/mol (polydispersity index of 1.09), and the
volume fraction of PMMA block was controlled to be 0.29 to
ensure the cylindrical morphology. The hexagonally arrayed
cylinders were prepared by thermal annealing of a crosslinkable
PS-6-PMMA BCP on the neutral layer at 190 °C for 12 hours,
and then thermally cross-linked at 250 °C for 10 min to render
the prepatterned film stable. The principal domain spacing (A¢)
of the cylindrical prepattern after crosslinking is measured to be
33.7 nm. Subsequently, a trench geometry is constructed by
introducing PMMA-selective sidewalls (SU-8) on the
hexagonal prepattern using i-line photolithography process. The
separation distance between the two adjacent sidewalls is 1.5-
um and the trench height is 250 nm. The lamella-forming PS-b-
PMMA BCP was then spin-coated and subsequently annealed
within the trench that has PMMA-selective sidewalls and
hexagonally patterned (PMMA dots in PS matrix) bottom
surface. The M,;’s of lamella-forming, symmetric PS-b-PMMA
BCPs on top of the hexagonal prepattern are 51 kg/mol
(frsvoume = 0.52) and 75 kg/mol (fpsyoume = 0.54) with the
interlamellar spacing (4;) of 28.3 nm and 38.1 nm, respectively
(Fig. S2). In fact, it is worth noting that the 2D hexagonal
patterns were not directly spin casted within trenches to avoid
the capillarity of underlying film near the sidewalls, which may
affect the alignment of overlying lamellar film via additional,
capillary-induced topographic effect. Instead, the hexagonal
patterns were prepared before fabricating the trenches, and
hence the (100) directions in the hexagonal patterns are not
aligned along the sidewall and they are randomly oriented
within trenches. Nevertheless, as will be discussed later, it was
shown that randomly oriented hexagonal lattices can guide the
overlying lamellae in three degenerate (100) directions and thus
effectively compensate the decreased effect of sidewall.

We begin with discussing the effect of the underlying
hexagonal pattern for guiding lamellar assembly in the absence
of the sidewall. Fig. la presents the scanning electron
microscopy (SEM) image of multilayer film where a lamellar
film of PS-6-PMMA with M, = 51 kg/mol is assembled on the
hexagonal prepattern. The PMMA domains, removed by
reactive ion etching after the assembly, appear dark in the SEM
image. The morphology of the multilayer clearly shows that
lamellar PMMA domains are positioned along the lines
connecting between PMMA cylindrical dots, indicating the
surface guidance effect of the prepattern on the lamellar
assembly. It is worth pointing out that the PS/PMMA interfacial
area at the boundary between lamellar and hexagonal layer gets
a minimum when A; = A, such that the lamellae can avoid
unfavorable PS/PMMA contacts effectively by being aligned
along (100) direction in Bravais-Miller hexagonal lattice. (Fig.
1b) As reported in our previous work, this process of
minimizing interfacial energy as well as the entropy-type
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Fig. 1. (a) SEM image for 51 kg/mol PS-b-PMMA lamellae (thickness of ~20 nm)
on the underlying hexagonal patterns from crosslinkable PS-b-PMMA cylinders
(M, = 61 kg/mol) after removing the PMMA microdomain; (b) Schematic
representation of the ideal registration of lamellar domain on the underlying
hexagonal pattern; (c) 1D GISAXS intensity profiles of lamellar/cylinder
multilayer film on the neutral layer.

interaction originated from the negative line tension** or
nematic interaction® give rise to the formation of lamellae
perpendicular to the substrate, favoring it over lamellae parallel
to the substrate.*” Therefore, similar principal domain spacing
between lamellar and hexagonal layer in this study, i.e., Ac/A;, =
1.19 for PS-6-PMMA with M,, = 51 kg/mol, and A;/1;, = 0.88
for PS-b-PMMA with M,, = 75 kg/mol, can help the formation
of lamellae orienting perpendicular to the substrate by locating
PS and PMMA Ilamellar domains on their corresponding
domains of the hexagonal morphology. Fig. lc presents 1D
grazing-incidence small-angle x-ray scattering (GISAXS)
profile for the lamellaec (M, = 51 kg/mol) on the cylindrical
layer. The double-peaked and the single-peaked GISAXS
profiles, which were obtained at the scattering angle above and
below a certain critical angle, support that the film is double-
layers with two different principal domain spacing, which
corresponds to 29.5 nm for the upper lamellar layer and 33.6
nm for the lower cylindrical layer, respectively. The slight
increase in the interlamellar spacing (29.5 nm) of the lamellar
layer on the prepattern, compared to its bulk value (4, = 28.3
nm), might be attributed to the aforementioned process of
minimizing interfacial energy between lamellar and hexagonal
layer, tending to be close to the principal spacing of hexagonal
layer, Ac = 33.7 nm.

We have just shown that the hexagonal prepattern can direct the
lamellar orientation perpendicular to the substrate. As seen in
Fig. 1, the distinct difference between the surface effect of
hexagonal prepattern and that of the conventional neutral layer
is that the former can induce not only the orientation of lamellar
planes perpendicular to the substrate but also the alignment of
lamellar planes along the (100) direction in the hexagonal
lattice of the underlying prepattern. The surface effect of the
hexagonal prepattern on the lamellar orientation, however,
results in only local orientation due to the rotational symmetry
of hexagonal lattice, i.e., the three degenerate states with
respect to the lamellar (local) orientations are equally probable.
Nevertheless, as will be shown below, this locally oriented but
poor-aligned lamellae can be reformed effectively to have a
near-perfect order when they are assembled within a trench
(even in a micrometer-wide trench) introduced on the

This journal is © The Royal Society of Chemistry 2015
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Fig. 2. SEM images of lamellar morphologies assembled within the 1.5-um wide
microgrooves and their image analysis via score distribution with respect to the
degree of alignment. (a) and (b) correspond to SEM images for the PS-b-PMMA
lamellae (thickness of ~ 230 nm) with M, = 51 kg/mol and 75 kg/mol on the
hexagonal prepatterns, respectively and (c) and (d) correspond to SEM images
for the PS-b-PMMA lamellae with M, = 51 kg/mol and 75 kg/mol on the neutral
layers, respectively. (e)-(h) represent the image analysis results (i.e., the
distribution of “alignment” pixels for the lamellae) for (a)-(d). In this case, the
local regions of the alignment parallel to the sidewalls (F, = 1.0) are colored cyan,
whereas the regions of misalignment are colored other colors. As a result, the
degree of lamellar alignment correspond to F, = 0.96 (e), 0.73 (f), 0.39 (g), and
0.58 (h).

hexagonal prepattern

Fig. 2a and 2b show the SEM images of lamellar
morphologies formed in the 1.5- pm-wide trench with two
PMMA-selective sidewalls on the hexagonal prepattern, which
are compared with those on the neutral layer (Fig. 2c and 2d,
also see Fig. S3). In the case of PS-b-PMMA lamellae with 1,
=28.3 nm (M, = 51 kg/mol) on the hexagonal prepattern, well-
aligned stripe pattern consisting of 54 lines is clearly seen
between the sidewalls of the 1.5-pm-wide trench (Fig. 2a),
whereas the orientational order is apparently poorer for the
same system but on the neutral brush (Fig. 2c). The
enhancement in orientational order is also evident for PS-b-
PMMA with a larger period (4, = 38.1 nm, M,, = 75 kg/mol) on
the hexagonal prepattern (Fig. 2b) when compared with the
pattern on the neutral brush (Fig. 2d). The alignment of
lamellae patterns was also examined by grazing-incidence
small-angle X-ray scattering (GISAXS). During the
measurement, the sample was rotated to adjust the beam
direction as 0°, 30°, 60°, and 90°, with respect to the lamellar
alignment. Consequently, it was observed that the intensity of
first-order reflections significantly decreases as the angle
between the beam direction and the lamellar alignment
increases (Fig. S4), clearly indicating that there are not many
multiple grains of the microdomains and a well-defined
lamellar alignment is maintained over the large area of the
sample. Furthermore, the internal structure of sample in Fig. 2a

Soft Matter, 2015, 00, 1-3 | 3
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was examined by cross-sectional SEM (Fig. S5). In this case, it
can be clearly seen that the wvertically oriented lamellar
microdomains were apparent throughout the thickness, and the
thin layer of underlying hexagonal patterns can be identified
underneath of lamellar films.

To quantify the degree of lamellar alignments, we estimated
the number fraction of the pixels in the “alignment” microstate
(F,) in the SEM images (Fig. 2e-2h), where the local regions of
non-parallel stripe orientations or misalignments are colored
(other than cyan representing the alignment parallel to the
sidewalls) on the SEM images. For the image analysis, we
selected at least five different SEM images (1.5 pm x 2.5 pm)
from 2-3 different samples to obtain the averaged F, values.
The lamellar patterns in the SEM images were divided into a
number of segments along the sidewall with ~75 nm length to
estimate the tilt angle with respect to the sidewall.*® The
aligned microstate was defined as an image unit containing a
segmented domain (PS)
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Fig. 3. (a) The CHC-LG-MDFT simulated images of lamellae in trench (a) on the
neutral substrate, (b) on the hexagonal prepattern with Ac = 0.5A,, (c) on the
hexagonal prepattern with Ac = 1.0A,, (d) on the hexagonal prepattern with A¢c =
2.0 In (a)-(d), regions of A-rich (¥(r) > 0) and B-rich (¥(r) < 0) domains in
the upper lamellar layer are colored translucent maroon and opaque blue,
respectively, whereas regions of A-rich (dots) and B-rich domains (matrix) in the
underlying hexagonal prepatterns are colored opaque maroon and translucent
blue, respectively, for visual clarification. The A-selective sidewalls are
represented by pink color. The images in the upper panels represent the
hexagonal prepatterns on which the lamellae are assembled.

©
: ©
¢

g Nt
- ©

= C

©

©

B

P

N o o o ¢
_—
=
2 jll.
e
- - T T T o
o e T~ ——— o v —

s
==
==

&
x

Paper

28.3 nm on the hexagonal pattern show near-perfect alignment
with F, = 0.96 (unity being perfect alignment), which is 2.5
times larger in F, than the lamellar alignment on neutral brush
(Fo = 0.39). In addition, we also examined the alignment of
lamellar patterns at different thickness levels after reactive ion
etching. After etching with different etching conditions, the
residual thicknesses of overlying lamellar layers were adjusted
as 140 nm, 130 nm, 40 nm, and 3 nm (Fig. S6). Consequently,
it was clearly observed that the alignment of lamellae maintains
at all thickness levels, successfully demonstrating a high degree
of fidelity of our strategy.

To better understand this combined epitaxial assembly of
BCP, we also simulated a model system of diblock lamellae
(consisting of A- and B-block) on the hexagonal pattern in
trench geometry by employing a mesoscale density functional
theory (MDFT). For the simulation, we numerically integrate
the Cahn-Hilliard-Cook (CHC) diffusion equation*”*® with the
Landau-Ginzburg (LG) free energy®>' and the surface free
energy (due to the bounding surfaces of BCP) where both the
conformational contributions of BCP and the pairwise
interactions between BCP and surface components are taken
into account. Using the CHC-LG density functional method,
thin films of symmetric BCP with the film thickness A= 2.5 A
on the hexagonal prepatterns having the principal spacing in the
range of 0.5\ < Ac < 2.0\ were simulated between two

1.0
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Fig. 4. The degree of lamellar alighment ®, as a function of A¢/A..

parallel to the sidewall. To determine the aligned microstate
among segmented domains, the angle tolerance for declaring
aligned microstate is set to be |¢| < 5°, where ¢ is the angle
between the line connecting the percolation point and the
tangential vector of the sidewall. We assigned the cyan color
for pixels having the tilt angle within 5° with respect to the
sidewall, whereas the other colors were assigned for pixels with
the tilt angle greater than 5°, indicating the misalignment. The
degree of lamellar alignments, F,, was calculated based on the
areal fraction of cyan-color region relative to the total area of
colored domains. As a result, the image analysis reveal that the
lamellar alignment by the selective sidewall is more effective
on the hexagonal prepattern than on the neutral brush, as shown
in Fig. 2e-2h. In particular, the PS-5-PMMA lamellae with 4, =

4 | Soft Matter, 2015, 00, 1-3

sidewalls with the separation distance W = 16 A;. (The details
of the simulation methods and the setup are described in the
Experiment and Simulation section.)

Fig. 3a-3d presents the simulated images of lamellae between
two selective sidewalls on the neutral substrate (Fig. 3a) and on
the hexagonal patterns with Ac = 0.5A (Fig. 3b), Ac = 1.0A
(Fig. 3c), and Ac = 2.0 (Fig. 3d), respectively. For Fig. 3, the
regions of A-rich (¥(r) > 0) and B-rich (¥(r) < 0) domains
in the upper lamellar layer are colored translucent maroon and
opaque blue, respectively, whereas regions of A-rich (dots) and
B-rich domains (matrix) in the wunderlying hexagonal
prepatterns are colored opaque maroon and translucent blue,
respectively. In contrast to the case of experiment (Fig. 2), the
effect of mismatch in the simulation was introduced by varying
the domain size of underlying hexagonal patterns, while
keeping the domain size (or M,,) of overlying lamellar patterns
in order to isolate the mismatch effect from the kinetic effect.
The simulation results show that the lamellar alignment on the
hexagonal prepattern having Ac = 1.0A, are the best among the
simulated cases, which bears out the experimental results that
the hexagonal prepattern with A = A enhances the lamellar
alignment when coupled with graphoepitaxial assembly.

This journal is © The Royal Society of Chemistry 2015
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In Fig. 4, the degree of lamellar alignment, @,, is plotted as a
function of A /A;, where @, is quantified from the “broken
bonds” formula by*>
@, =n,/(nc+n,+n,) (1)
Here n, is the number of the broken bonds (corresponding to
the lamellar interface) in the direction normal to the sidewall
(x-direction), and ny and n, are the number of the broken bonds
in y- and z- direction, respectively. The numbers of broken
bonds in each direction were estimated from the local A-
monomer fraction W(r) = @(r) — f (See Eq. (2) in Simulation
section), where @(r) and f is the local volume fraction of A-
monomer at the simulation grid point r and the mean fraction of
A-monomer, respectively. Since W(r) changes the sign from
negative (positive) to positive (negative) at the A/B interface,
the numbers of broken bonds can be computed by counting the
number of sign changes in each direction. The broken bonds
formula (®,) estimates the number of the interfacial points in x
direction (perpendicular to the sidewall direction) relative to
that of the total interfacial points in the simulation grids.
Therefore, @, is qualitatively same as F, in that @&, also
corresponds to the areal fraction of the simulation cells that two
dissimilar domains are next to each other in x direction (so that
segmented domains aligned along the surface direction). The
estimation of @, from simulation uses higher resolution than
that of F, from the image analysis. It should be also noted that
the both estimation methods gives the similar quantity with the
evaluation by the orientational factor (the second order
Legendre polynomial) that can be obtained from the scattering
profile, particularly when domains are strongly segregated.

Fig 5. The time-evolution of the lamellar alignment at the film depth (z = 0.934)
near the hexagonal prepattern with A¢/A. = 1.0 at the annealing time (a) t = 1 x
10%3t, (b) t = 1 x 10°3t, (c) t = 2 x 10°8t, (d) t = 3 x 10°5t, and (e) t = 4 x 10°5t. (5t
is the unit time step in the simulation.) In (a)-(d), the regions of A-rich and B-rich
domains in the upper lamellar layer are colored translucent maroon and opaque
blue, respectively, whereas regions of A-rich (dots) and B-rich domains (matrix)
in the underlying hexagonal prepatterns are colored opaque maroon and
translucent blue, respectively. The A-selective sidewalls are represented by pink
color.

This journal is © The Royal Society of Chemistry 2015
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From Fig. 4, the @, curve clearly indicates that the hexagonal
prepattern (AJ/Ap > 0) assists the graphoepitaxial lamellar
alignment as compared to the poorer lamellar alignment on the

neutral substrate (AJ/Ap = 0) which relies only on the
graphoepitaxial assembly driven from the sidewalls. The
maximum alignment is found at AJ/Ap = 1.0, where the

interfacial area between the phase-separating components at the
boundary between lamellar and hexagonal layer is minimized.
It is also worth noting that the multilayers in this work have a
lattice mismatch between underlying hexagonal layer and
overlying lamellar layer. In fact, the lattice mismatch in this
system is caused both by the difference in intrinsic domain size
between the hexagonal and lamellar layers, and also by random
orientation of the hexagonal lattice with respect to the sidewall
direction. While the former, characterized by A/A;, is rather
close to the lattice-match condition A./A; = 1, the orientation of
the hexagonal lattice is random with respect to the sidewall
direction because of our experimental setup as well as the
lattice defects. The simulation was also modeled to take into
account the lattice mismatch between two layers, simulating the
lamellar assembly on the randomly-oriented hexagonal lattice
in the range of A/AL = 0.5 ~ 2.0 with many lattice defects.
Among these simulated lattice mismatch cases, the best
orientational order was obtained at the A./A;, = 1 as shown in
Fig. 4, where the error bars (obtained from independent
simulations using different underlying hexagonal layers)
reflects partly the effect of randomness in hexagonal
orientations. Also, it can be expected that the periodic
fluctuations induced by the (mismatched) hexagonal pattern can
affect the graphoepitaxial lamellar assembly, being in harmony
or in conflict with lamellar lattice parameter depending on the
local situation. However, such chemo-induced periodic
fluctuations are rather weakly fluctuating fields, compared to
the strong fluctuating fields generated by the selective
interaction from the sidewall, due to the weakly repelling
interaction force between PS and PMMA. The weak interaction
between PS and PMMA plays a role in easy changes among
three quantized local orientational states, being ready to follow
the strong compositional fluctuations developed from the
sidewall. We also investigated the degree of lamellar alignment
@, as a function of the trench width W (Fig. S7). It is noted that
although both ®, —W curves in the investigated range are in the
way in sigmoidal curve, the @, for the hexagonal prepattern is
always larger than the neutral case. This clearly indicates that
the sidewall effect is extended to a larger distance when the
hexagonal prepattern is introduced.

Fig. 5 presents the time-evolution of the lamellar assembly at
the film depth (z = 0.93A) near the hexagonal prepattern with
AJ/AL = 1.0, which demonstrates the dynamic pathway of
graphoepitaxial lamellar alignment assisted by hexagonal
pattern. In Fig. 5 , the regions of A-rich and B-rich domains in
the upper lamellar layer are colored translucent maroon and
opaque blue, respectively, whereas regions of A-rich (dots) and
B-rich domains (matrix) in the wunderlying hexagonal
prepatterns are colored opaque maroon and translucent blue,
respectively. The A-selective sidewalls are represented by pink
color. In the early stage of the lamellar assembly (Fig. 5a - 5b),
the lamellar layers in the vicinity of the sidewalls are being
propagated from the sidewalls, while the lamellar orientations
in the mid-regions of the trench follow the local hexagonal
orientations of the underlying prepattern, less affected by the
distant sidewalls. The sidewall-driven, aligned lamellae are
only wiggled slightly to avoid the unfavorable A/B contacts at
the boundary between lamellar and hexagonal layer.

Soft Matter, 2015, 00, 1-3 | 5



Soft Matter

Meanwhile, the lamellae guided by the underlying hexagonal
pattern are assembled independently in the middle of the trench,
following one of three (100) directions in the local hexagonal
lattice. The collisions between the fronts of these two lamellar
propagation, which are from the sidewalls and from the
(pattern-driven) nuclei in the middle of the trench, creates bent
lamellar layers at the border of two lamellar growth (Fig. 5b).
As the assembly proceeds further, the bent lamellae are
reformed to be aligned by a zipping mechanism that the bend
corners are sequentially swallowed by the lamellar layers
developed from the sidewalls with an assistance of the
underlying hexagonal pattern (Fig. Sb-5e). It is worth pointing
out that the lamellar alignment via this zipping mechanism is
more efficient on the hexagonal pattern that reduces a large
number of orientational states of lamellar layers.

As a last aspect, it may be also necessary to consider the
positioning of lamellar domain with respect to the underlying
hexagonal domain, because our pattern analyses are focused on
the orientational order of lamellae with respect to the sidewall
direction. In fact, the thickness of lamellae within trench (~230
nm) is comparable to the trench height (~ 250 nm). Therefore,
we could not directly observe the underlying cylindrical layers
within trenches via electron microscopy due to thick overlying
lamellar layers (Fig. 2a and 2b), whereas it was confirmed that
the multilayers on the flat substrate, having much thinner
lamellar films (~ 20 nm), exhibit a remarkable positional match
between hexagonal and lamellar domains (Fig. 1a). However,
the simulated morphology at the deep film depth near the
hexagonal pattern (Fig. Se) suggests that the aligned lamellae
by the sidewall interaction are also nicely registered on their
corresponding hexagonal domains, finding a certain way to be
in harmony with strong fluctuations developed from the
sidewall.

Experimental

Synthesis of Crosslinkable PS-b-PMMA block copolymer

Thermally crosslinkable PS-5-PMMA BCP was synthesized
via reversible addition fragmentation transfer (RAFT)
polymerization. First, methyl methacrylate (50 g, 499 mmol),
2,2’-azobis(2-methylpropionitrile) (AIBN) (24 mg, 0.15 mmol),
and RAFT agent (450 mg, 1.50 mmol) were mixed and
degassed. The reaction was carried out 70 °C for 12 hr. The
reaction product was then precipitated into cold methanol,
resulting in PMMA-RAFT macroinitiator as a pink powder (M,
= 19,000 g/mol and PDI = 1.10). To add the cross-linkable

block PMMA-RAFT (10 g), styrene (71.9 g), the Meldrum's

acid containing monomer* (5.85 g), and AIBN (0.0082 g) were
mixed and degassed. The reaction was carried out at 70 °C or 48
hr. The reaction product was then precipitation into cold
methanol, resulting in cross-linkable PS-5-PMMA, as a pink
powder (M, = 61 000 g/mol and PDI = 1.09).

Preparation of BCP thin films & Micro trench pattern

Three lamellar forming PS-6-PMMA BCPs, M,, = 51 kg/mol
(frsvoume = 0.52) and 75 kg/mol (fpsyowme = 0.54), were
purchased from Polymer Source Inc. To prepare the aligned
BCP multi-layer films, a silicon wafer was first neutralized
using thermally cross-linkable PS--PMMA random copolymer
that has been reported previously®’. 0.4 wt% of thermally
crosslinkable PS--PMMA solution in toluene was spin coated
on a 6 inch silicon wafer (3000 rpm 120 sec). The coated
silicon wafer thermally cross-linked under N, condition for 10
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min. To prepare the multilayer structure, on top of the neutral
layer, the cross-linkable PS-b-PMMA BCP was spin coated
with 35 nm thickness. Thin films of lamella forming PS-b-
PMMA BCPs were prepared on the micro-patterned substrates
by spin-casting of toluene solutions. By adjusting the BCP
concentration in toluene, the thicknesses were controlled from
60 to 230 nm. Films were annealed at 190 °C for 12 hr
(crosslinkable BCP) or 250 °C for 48 hr (lamellar forming
BCPs). To fabricate the trench pattern on top of the cylindrical
layer were subsequently cross-linked at 250 °C for 10 min under
inert N2 condition. The linear micro pattern was prepared using
i-line photolithography process with a negative photoresist
(SU-8) on top of the neutral or cross-linked cylindrical layer.
To remove the PMMA block of lamellar pattern, the reactive
ion etching (RIE system SNTEK) mode was operate with Ar (3
sccm)/ O, (15 sccm) by a RF power of 20 W at 0.1 torr. The
etch rates for PMMA and PS are ~7.0 nm/sec and ~1.2 nm/sec,
respectively. Also, it should be noted that this RIE condition
can selectively remove the PS and PMMA polymer layers
without affecting the SiO, substrates. To secure the
reproducibility of the aligning lamella pattern, the same
procedure repeated 3 or more times.

Characterizations

Characterizations: All commercially obtained reagents and
solvents were used without further purification. Gel permeation
chromatography (GPC) was handled in THF on a Waters Corp.
supplied with a refractive index detector. Molecular weights
and PDI of polymers were calculated relative to the standard
linear polystyrene. Mass spectral data were assembled on a
Micromass QTOF2 Quadrupole/Time-of Flight Tandem mass
spectrometer (ESI-MS). At the Pohang Accelerator Laboratory
(PAL) 9A and 3C beamlines in Korea, grazing-incidence small-
angle X-ray scattering (GISAXS) experiments were carried out.
A CCD detector that was installed controllable the sample to
detector distance (SDD) was used to record 2D GISAXS
patterns. The detector was located at the end of a vacuum guide
tube where the X-ray (wavelength of 1.11 A) passed through
the sample.

Simulation

Simulation: The time evolution of the morphological structure
of a molten AB diblock lamellae on the hexagonal prepattern in
trench geometry is simulated by Landau-Ginzburg approach on
‘gllle basis of a Cahn-Hilliard-Cook (CHC) diffusion equation:*”-

oW (r)
at

a(F"'Fsurf)

=Mv2[ - ]+ £(r,0) (2)

Here the order parameter W(r) describes the deviation of local
A-monomer fraction from its average value at a position r
(defined by W(r) = @(r) — f where @(r,t) and f are the local
volume fraction of A-monomer and the mean fraction of A-
monomer), M is a mobility constant, F is the free energy of the
mesophase formed by diblock copolymer, Fgy.f is the free
energy associated with interaction between block copolymer
and its bounding surface (hexagonal pattern, sidewalls, free
surface), and & represents the thermal noise satisfying the
fluctuation dissipation theorem.

The free energy of mesophase has a functional form, F =
F[(W(r)], given approximately by Landau-Ginzburg free
energy:49'
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F= [dr [—%4’2(1') +Lw3(r) + 2w +

ZOW) |+ dr [ drG(r—r)PEY() (3)

Here 7 is a temperature-like parameter related to the Flory
interaction parameter between A- and B-monomer (), and u, 1,
and D are related to the architecture of block copolymer
determining conformational contributions when the block
copolymers are packed into a certain type of mesophase. The
last term represents a long-range repulsion penalizing long-
wavelength inhomogeneity through the Green function G with a
period-controlling parameter b where G(r—r') satisfies
VG(r—r') = —=8(r—r"). The surface free energy Fgy,r is
given as

Fsurf(llu) = fdrs(r)‘z”(r) (4)

where s(r) is a surface field proportional to the difference in
surface/polymer interfacial tension between surface/A-block
and surface/B-block and nonzero only at the position next to the
boundary surface if the surface attracts one of the blocks (s< 0
if the surface is attractive to A-block and vice versa). The
molecular parameters 7, 4, 7, D, and b for diblock architecture
can be approximately given as

31/2 r
T =20~ x) + yEray k=501 = L(00)/N

(5)

_ 1 _ 9
T 12f(1-f)’ 7 NZf2(1-f)?

(6)

where y is the y at the spinodal, Nis the chain length of
diblock copolymer in unit of segmental length, I'; and
[,(0,0) are Leibler vertex functions computed from the
monomer correlation functions.** °* 3 The CHC diffusion
equation of eq (2) is numerically integrated in the discrete space
with WXy X A=100a X 200a X 20a where W is the width
of trench, y is the transverse dimension, A is the film thickness,
and a is the unit spacing of the simulation grids. The time t is in
unit of a®?/M where a and M are set to be unity. For the
underlying hexagonal prepattern, we set f = 0.3 and yN = 16
for CHC equation and equilibrate a hexagonal morphology. The
graphoepitaxial assembly of lamella-forming BCP was then
simulated on the prepared hexagonal pattern by setting f = 0.3
and yN = 16. The reflection boundary conditions are used at
the boundary with sidewalls and with the free surface of the
film whereas Dirichlet boundary condition is used at the
boundary between the hexagonal pattern and the lamellar film.

Conclusions

In summary, we demonstrate an efficient method for
fabricating aligned line patterns using graphoepitaxial assembly
of BCP lamellae on hexagonal prepattern. It is found from both
experiment and simulation that the hexagonal prepattern can
assist the graphoepitaxial assembly of lamellar alignment as
compared to the lamellar alignment on the neutral substrate
even though the underlying hexagonal pattern contains
structural defects. The maximum enhancement in the degree of
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lamellar alignment was achieved when the principal domain
spacing of underlying hexagonal pattern is comparable to that
of the upper lamellar layer. While there have been enormous
studies on the DSA processes (i.e., graphoepitaxy or
chemoepitaxy), not many examples can be found on the
combination of two techniques. In this work, we successfully
demonstrate the synergetic effect of these two methods by
overcoming their inherent limitations. In this regards, our
approach can provide an important platform for DSA process
that can meet the industrial specifications such as a high-
fidelity and cost-effective processing over large area.
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In this work, we demonstrate the simple and feasible technology for DSA process by combining the graphoepitaxy with “inexpensive”
chemoepitaxial assembly to improve the alignment of lamellar microdomains.
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