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ABSTRACT: Self-assembly behaviors of cylinder-forming diblock copolymers
directed by an array of anisotropic nanoposts with elliptical shape are explored
by large cell simulations of self-consistent field theory. The strategy using & %,
elliptical nanoposts allows us to generate long-range order cylinders with single .« o
orientation by suppressing other selections of cylinder alignment. The g

anisotropy of nanoposts plays a significant role in improving the tolerance of

Elliptical Posts

E

7z

/////"
,///
7727,

b Circular Posts

commensurability conditions between the dimensions of nanopost lattices and ~ Smooth

the period of cylinders. Moreover, the local defect structures could be regulated Substrate

through varying the spacing and orientation of elliptical nanoposts. This work Large Cell
may provide useful guidelines for designing the topographical templates and lay Simulations

the groundwork for fabricating well-ordered nanostructures of block copolymer

lithography.

For the last several decades, self-assembly of block

copolymers has been extensively studied for its potential
utility in emerging nanotechnologies involving nanolithogra-
phy, nanotemplating, and ultra-high-density storage media.'~*
However, the structures formed during spontaneous self-
assembly commonly contain many defects that limit their
technological applications. Directed self-assembly of block
copolymers in thin films was recently demonstrated to form
defect-free nanostructures over large areas and precisely register
the domains on the substrates.”™""

One of the most investizgated techniques of directed self-
assembly is graphoepitaxy.'*>' In experiments, Ross and co-
workers designed a rectangular array of chemically function-
alized topographical nanoposts to direct the self-assembly of
cylinder-forming polystyrene-block-polydimethylsiloxane (PS-b-
PDMS) diblock copolymers on the substrates."® The in-plane
orientation and order of the cylinders are controlled by the
commensurability conditions between the dimensions of
rectangular lattice of posts and natural period of PDMS
cylinders. In most cases, large area-order cylinders are formed
by choosing appropriate spacing of circular nanoposts. As the
nanopost spacing increases, there is a tendency to form a
‘polycrystalline’ structure with several orientations. Such
observations of directed self-assembly are also confirmed by
computer simulaitons.'®'® This poses a significant stumbling
block to achieve the long-range order patterns due to the
isotropic characteristic of circular nanoposts used in experi-
ments.

A further challenge in the template design for block
copolymer lithography is to find a set of features that would
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provide additional orientation guidance to suppress other
selections of cylinder alignment. Sparked by recent works of
Chang et al.,”>** we theoretically design an array of anisotropic
nanoposts with elliptical shape to direct the self-assembly of
block copolymers via self-consistent field theory (SCFT) of
inhomogeneous polymeric fluids.**">® The elliptical nanoposts
have the ability to exclusively guide the orientation to achieve
the well-aligned nanostructures. Figure 1 displays the schematic
illustration of model for the self-assembly of block copolymers
directed by the elliptical nanoposts. The AB diblock copolymer
melts are confined between the substrate and air—polymer
interface. The volume fraction of the B blocks is fixed as fy =
0.32. Since solvent uptake reduces the effective interaction
parameter and the coarse-graining segment is larger than the
chemical repeat unit,”’ the combined Flory—Huggins param-
eter between the A and B segments is chosen as yN = 15.0,
which is much lower than the bulk value. The air—polymer
interfaces, substrates, and nanoposts attract the B blocks of
copolymers.

To explore order degree of patterns and orientation
distribution of block copolymer cylinders, which cannot be
obtained from the unit cell calculations, a series of large cell
SCFT simulations via acceleration of graphics-processing units
are performed. In the SCFT calculations, the block copolymers
self-assemble into the B-rich cylinders with period L, ~ 3.5R; in
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Figure 1. Schematic illustration of template consisting of an array of
elliptical nanoposts (black) between air—polymer interface (gray) and
substrate (red). The spacing of nanoposts in the y and z directions is
denoted by L, and L, respectively. H represents the height of
nanoposts. Inset is the top view of the elliptical nanopost with long
axis R,, short axis R}, and orientation angle @ between the long axis and
z direction.

the bulks, where R, is the unperturbed gyration radius of
polymer chains. Due to the features of the B-wetting substrate
and air—polymer interface, the film thickness is set as 2.2L, to
ensure the formation of cylinder monolayer. The Dirichlet
boundary conditions are applied in the normal (x) direction.
The periodic boundary conditions are imposed to the lateral (y
and z) directions in an ~21.0L, X 21.0L, simulation cell. We
could estimate the real size of the simulation cell by relating the
period L, to that of some experimental data. For example, the
samples of PS-b-PDMS with fppys = 33.5% and total molecular
weight of 45.5 kg:mol™" self-assemble into cylinder structures
with period ~35 nm.'® The actual size of the cell is about 0.74
X 0.74 pm? in the lateral directions. More details about the
model and numerical method are presented in the Supporting
Information (SI).

After obtaining the patterns of directed self-assembly, we
develop another computer program to calculate in-plane
orientation distribution of cylinders and order parameter of
patterns. The interfaces between the A- and B-rich domains and
the local tangent vectors along the interfaces are obtained from
the averaging density field in the y—z plane. The angle between
the tangent vector and z-axis is denoted by 6, which is
illustrated in the inset of Figure 2a. The distribution of angle 6
is used to characterize the local orientation distribution of
cylinders. To quantitatively measure the order of patterns on
the substrates, we introduce order parameter S to describe the
order degree of cylinder alignment, which is defined as***’

1 2

S 2(3 cos“ 8§ — 1) (1)
Here, 9 is the angle between the tangent vector of interface and
the local director. As the order parameter S approaches one,
perfectly ordered cylinders are generated in the template.

For the sake of comparison, Figure 2a shows the top-view
pattern of cylinder-forming block copolymers self-assembling
on the smooth substrates. The monolayer morphology of B-
rich cylinders exhibits only short-range order. This fact is clearly
demonstrated by the approximately uniform distribution of
cylinder orientation (lower panel of Figure 2a).

To impose long-range order on the cylinder structures, a
rectangular array of circular nanoposts is exploited to direct the
self-assembly of block copolymers on the substrates. The
patterns templated by the circular nanoposts with height H =
1.1L, and spacing at L,/L, = 2.1, 3.6, and 4.0 are displayed in
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Figure 2. Patterns (upper panels) and local orientation distributions
(lower panels) of cylinder monolayers of block copolymers in
templates. (a) Untemplated monolayer of cylinders on a smooth
substrate. (b—d) Monolayer of cylinders registered by circular
nanoposts with height H = 1.1L, and L,/L, = 1.5. The spacing L,/
L, increases from (b) 2.1 to (c) 3.6 and (d§ 4.0. The red and green
colors represent the substrate and B-rich cylinders, respectively. The
black domains represent the nanopost positions on the substrate. The
scale bars indicate the period L, of cylinders formed in the bulks. The
black arrows represent the commensurability orientation of cylinders.
Note that only a 1/4 portion of monolayers are displayed and the air—
polymer interfaces and B-rich domains close to the substrates are not
drawn in the top-view of the pattern. The local orientations € of
cylinders, which are schemed in the inset of (a), are characterized by
the angles of tangent vectors at the interfaces with respect to the z-axis.
Inset of (b) shows the enlarged profile of local density distribution of
B-type segment around a nanopost.

Figures 2b—d, respectively. The three-dimensional view of
patterns is also presented (Figure S3 of SI). For the case of L,/
Ly = 2.1, the period of cylinders is commensurate with the
spacing L, of nanoposts. The B-rich cylinders contact the
nanoposts to reduce the interfacial energy and orient along the
y-axis to minimize the strain energy. Due to a small amount of
necking or undulation near the nanoposts as illustrated in the
inset of Figure 2b, there also exist some local orientations
deviated from the y direction. The main reason is that the
nanoposts lead to distortion of polymer chains surrounding
them. The order parameter S of the pattern has a value of 0.92,
indicating that the cylinders of block copolymers are perfectly
registered on the substrates by the circular nanoposts.
However, as the spacing of nanoposts increases, the
commensurate nanoposts are not very effective in directing
the self-assembly of block cogolymers. As predicted from the
commensurability condition,'® the cylinders of block copoly-
mers are expected to align diagonally with respect to the
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nanopost lattice when the spacing L./L, of nanoposts has a
value of 3.6. However, there is no single cylinder orientation
that is completely filled in the template (Figure 2c). The
orientation distribution with two peaks at § = 30° and 150°
implies that two possible orientations of cylinders appear and
“polycrystalline” nanostructures with grain boundaries are
produced in the pattern. For the case of L,/L, = 4.0, the
cylinders are expected to orient along the y-axis. However, the
simulations produce cylinders with both the commensurability
and strained orientations, as depicted in Figure 2d. It is also
found that some cylinders are not connected to the nanoposts
even though the posts have a layer of B blocks surrounding
them. These facts lead to a broad distribution of cylinder
orientation and a poor order of cylinder alignment. It should be
mentioned that the film thickness and post height also have
effects on the order structures of block copolymers.'”** As the
posts are too short or tall, the B-rich cylinders are not aligned in
a preferential orientation. Film thickness affects mainly on the
number of cylinder layers. Increasing the film thickness leads to
the formation of cylinder multilayers.

As illustrated above, when the spacing of nanoposts satisfies
the commensurability condition of cylinder period, the block
copolymers could be directed into large-area patterns with
long-range order. However, due to the isotropic characteristic
of circular nanoposts, the cylinders with degenerate orientations
or mixture of commensurability and strained orientations are
observed for the case of large spacing of nanoposts. These
computational findings are consistent with the experimental
results of Ross and co-workers.'®** To introduce the
orientation selection of cylinders in the template, the nanoposts
with circular symmetry could be replaced by the well-spaced
elliptical nanoposts, which open a new route to deterministi-
cally guide the in-plane orientation of cylinder monolayers.

Figure 3 shows the self-assembly behaviors of block
copolymers directed by the elliptical nanoposts with a range
of aspect ratio R,/R,. The monolayer patterns of cylinders
registered by an array of elliptical nanoposts with aspect ratio
R,/R, = 1.6 and 3.0 are depicted in Figure 3a and b,
respectively. As the nanoposts have the anisotropic character-
istic, the probability of commensurability orientation (90°) in
the patterns has an increase in comparison with the case of the
circular nanoposts (Figure 2d), suggesting that a preference of
cylinder orientation could be established by the anisotropic
nanoposts (Figure 3a). Nevertheless, there still exist some
cylinders oriented along the unwanted directions. When the
anisotropy of nanoposts further increases, the block copolymers
are forced to align parallel to the long axis of nanoposts, and
thereby a long-range orientation order pattern is achieved in
the template (Figure 3b).

To estimate the anisotropic effects of nanoposts on the order
of patterns, the order parameters defined in eq 1 are calculated.
As shown in Figure 3¢, the circular nanoposts (case of R,/R, =
1.0) produce the patterns with poor order. As the nanoposts
become anisotropic, the domains around the posts are strongly
distorted. This results in an increase of stretching of polymer
chains or entropic energy penalty of system. To alleviate the
effects, the polymer domains are forced to orient along the long
axis of elliptical nanoposts. As a result, an increase of the aspect
ratio leads to the enhancement of alignment order of cylinders.
When the aspect ratio of nanoposts has a value of 2.4, the
cylinders are directed along the expected commensurate
orientation. The order parameter of such pattern approaches
one. As the anisotropy of nanoposts further increases, the
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Figure 3. Patterns (upper panels) and local orientation distributions
(lower panels) of cylinder monolayers programmed by elliptical
nanoposts with different aspect ratios (a) R,/R, = 1.6 and (b) R,/R, =
3.0 at fixed parameters L,/L, = 1.5 and L,/L, = 4.0. The elliptical
nanoposts orient along the y-axis. Note that only a 1/4 portion of
patterns are shown. (c) Order parameter S of pattern as a function of
aspect ratio R,/R;.

cylinders are still perfectly registered on the substrates and the
order parameter remains a high value. Recently, Xie et al.
exploited anisotropic posts to produce large-scale order
patterns from the directed self-assembly of block copolymers.*
The anisotropic posts in the Xie’s idea are used to control the
orientation of the nucleus, whereas the elliptical posts are
introduced to suppress other cylinder orientations by reducing
the entropic penalty in our scheme.

It is important to note that the number of registered
cylinders on the substrates is highly enhanced by the elliptical
nanoposts. As shown in Figure 3 and Figure S4 of SI, the
number of B-rich cylinders between the nanoposts in the z
direction increases correspondingly with the spacing L, and the
maximum value of cylinder number could reach 5 without
losing the long-range order. This is a significant improvement
compared with the case of circular nanoposts, where the dense
array of nanoposts is necessitated to produce well-aligned
nanostructures. This conclusion means that the orientation
guidance by the sparse array of elliptical nanoposts can be
considered to further enhance the throughput of electron-beam
lithography system, which will dramatically decrease the
electron-beam writing times and lower the fabrication cost of
semiconductor devices.

Another important aspect of template design is the tolerance
of commensurability condition for the nanoposts, which will
lower the precision requirements in the template fabrication
process. To clarify the tolerance for the nanoposts with
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different shapes, we consider the case of elliptical nanoposts
oriented at 33.7° commensurability angle and vary the spacing
of nanoposts. As shown in Figure 4a, the cylinders are not
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Figure 4. Patterns (upper panels) and local orientation distributions
(lower panels) of cylinder monolayers guided by elliptical nanoposts
with different values of spacing (a) L,/L, = 3.43 and (b) L,/L, = 3.50.
The aspect ratio R,/R, and orientation angle a of elliptical nanoposts
are 2.0 and 33.7° respectively. Note that only a 1/4 portion of
patterns are shown. (c) Order parameter S of pattern as a function of
spacing L,/L, of nanoposts under various aspect ratios R,/R;. The
angles shown on the top axis indicate the commensurability angle at
the corresponding spacing of circular posts.

aligned parallel to the long axis when templated by the elliptical
nanoposts with spacing L,/L, = 3.43, which has a large
deviation from the commensurability spacing L,/L, = 3.60.
From the orientation distribution, it is also found that several
orientations 33.7° and 63.4° of cylinders coexist in the pattern.
When the spacing of elliptical nanoposts is slightly deviated
from the optimum spacing, the cylinders preferentially align
parallel to the long axis of elliptical nanoposts, which is
illustrated in Figure 4b.

Figure 4c shows the order parameter S of pattern as a
function of the spacing L,/L, of elliptical nanoposts with
various values of aspect ratio R,/R;. The circular nanoposts,
corresponding to the case of R,/R, = 1.0, cannot effectively
program the cylinders to form long-range order patterns due to
lacking orientation selection. As the nanoposts become
anisotropic, the cylinders are encouraged to align parallel to
the long axis of elliptical nanoposts. However, as the spacing is
largely deviated from the commensurability spacing L,/L, =
3.60, the posts lead to considerable distortion of domains. The
B block-nanopost interfacial energy cannot make up the loss of
chain entropy. This gives rise to the coexistence of multiple
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orientations and breakdown of long-range orientation order.
When the deviation is small, for example, in the range of
spacing 3.50 < L,/L, < 3.66, the strained orientations are
frustrated by the elliptical posts, and the cylinders with 33.7°
orientation occupy the entire substrates. Such findings provide
significant guidance for experimentalists to lower the precision
requirement of template design by choosing the anisotropic
nanoposts.

In addition to program the periodic structures of block
copolymer cylinders on the entire substrates, one could locally
control the orientation of cylinders to form nontrivial structures
such as zigzag, T-junction, and nested-elbow structures (Figure
SS of SI), which are very similar to the structures registered by
the circular nanoposts.lé’17 On the other hand, replacing the
circular nanoposts with elliptical motifs also gives rise to the
local change of complex nonperiodic structures. For instance,
by placing additional nanoposts at bends, the cylinders are
reoriented and folded into tight meander structures shown in

Figures Sa,b. Although two types of nanoposts have the ability

(b)

Figure 5. Meander structures with sharp bends by adding a group of
nanoposts with (a) circular and (b) elliptical shapes at strategic
locations. Insets are the three-dimensional enlarged view of local
density distribution of B-type segments enclosed in the dashed boxes.

to produce the meander structures by the template design, the
local defects emerge as a significant difference. For the case of
circular nanoposts, a complex omega shape with a protrusion is
formed (inset of Figure Sa). Although the omega shape are not
seen in the block copolymer lithography so far, they were
observed in the Gido et al. work about the kink grain
boundaries of block copolymers.®® The formation of omega
shape results from a huge reduction in the curvature energy of
domains,®" which is enough to compensate for the increase in
the interfacial area and packing frustration due to the large
protrusions of defects. Introducing elliptical nanoposts into the
template could relieve such effects at the sharp bends, and
trigger the transition from the protrusion omega shape to a
smooth “chevron” shape (inset of Figure Sb). These
observations manifest the fact that the optimized template
containing the elliptical nanoposts is able to reduce the
roughness of complex nanostructures.

In summary, we first report the graphics-processing unit
implementation of polymer field-theoretic simulations for the
directed self-assembly of block copolymers. The large cell
simulations enable us to analyze orientation distribution of
cylinders and order degree of patterns. Using the simulations,
we corroborate the results that the long-range order
nanostructures with single orientation are achieved by virtue
of the anisotropic nanoposts. A large incommensurability is
tolerated without breaking the long-range orientation order for
the case of anisotropic nanoposts. Additionally, the anisotropic
nanoposts give rise to the local change of complex patterns with
nonperiodic features. The preceding results would provide
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useful information to rationally design the topographical
template containing anisotropic motifs to achieve long-range
orientation order nanostructures.
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