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ABSTRACT: We report a first study on the use of chemically nanopatterned substrates to induce long-
range ordering (in the plane of the film) of perpendicular cylinders confined between the substrate and
an upper homogeneous surface. Two conditions are essential for obtaining the long-range ordering: a
lower hexagonally patterned substrate, commensurate with perpendicular cylinders having the same
dimensions and packing as in the bulk, and an upper neutral or weakly preferential surface for the longer
blocks. By examining the spatial fluctuations of perpendicular cylinders, we propose that combining
nanopatterned substrates with electric fields perpendicular to the film could reach the ultimate goal of
producing long-range ordered perpendicular cylinders as templates for nanolithography.

1. Introduction
Block copolymers are known to self-assemble into

microphase-separated domains on the length scale of
tens of nanometers at temperatures below the order-
disorder transition (ODT).1 In recent years, thin films
of block copolymers have received considerable attention
because of their potential applications in nanofabrica-
tion.2 Control of morphology in the films, including both
the orientation and the ordering of the copolymer
microdomains, is essential for such applications. In
general, morphologies with the copolymer microdomains
(lamellae or cylinders) oriented perpendicular to a
substrate are desirable. Such morphologies can be
obtained by finely tuning the surface-block interactions
and the film thickness3-22 or by applying electric fields
perpendicular to the film.18,23-26 Unfortunately, the
perpendicular structures obtained on homogeneous
substrates are devoid of long-range ordering in the plane
of the film; grains with typical sizes of a few hundreds
of nanometers can be clearly seen in experiments.3-5,18

To obtain well-ordered perpendicular structures over
microns or even larger distances, one strategy is to
register the microdomains with chemically nanopat-
terned substrates.27-36 In the case of lamellar struc-
tures, the feasibility of employing stripe-patterned
substrates has been demonstrated experimentally;27-29

our recent Monte Carlo simulations and theoretical
calculations30,31 are consistent with the available ex-
perimental evidence.

For applications in nanofabrication, however, cylin-
drical structures are likely to have a much wider impact.
Such structures have potential for production of nano-
wires, high-density storage devices, molecular electron-
ics, etc. To the best of our knowledge, the use of nano-
patterned substrates has not been considered before
(either experimentally or theoretically) as a means to
induce long-range ordering in thin films of cylinder-
forming asymmetric diblock copolymers. Therefore, in
this work we report results of Monte Carlo simulations
on the morphology of cylinder-forming asymmetric

diblock copolymers on chemically nanopatterned sub-
strates. Our purpose is to arrive at optimal experimental
conditions to use such substrates to improve the long-
range ordering of perpendicular cylinders.

The morphology of block copolymers can be studied
using a number of theoretical or numerical formal-
isms.13,21,31,37-39 In this initial, exploratory work, we
choose to use Monte Carlo simulations to avoid some of
the assumptions implicit in theoretical work. While
simulations of this nature would have not been possible
in the past, the advent of recent simulation methods40

has allowed us to investigate the structure and proper-
ties of confined polymeric systems with confidence. Note
that, for applications in nanolithography, low-molecular-
weight polymers are necessary to reach the target
length scale of a few tens of nanometers; molecular
simulations can provide accurate predictions for such
systems.

Mean-field theory predicts that cylinders of diblock
copolymers are regular-hexagonally packed at a char-
acteristic intercylinder distance L0 that minimizes the
free energy of the system.41,42 In these systems, however,
fluctuations can be important; our simulations show
that individual cylinders actually fluctuate around their
average packing positions. Such spatial fluctuations are
related to the lack of long-range ordering of perpen-
dicular cylinders on homogeneous substrates. In our
simulations we also examine the spatial fluctuations of
perpendicular cylinders on various substrates. To the
best of our knowledge, this is so far the only simulation
study addressing the issue of spatial fluctuations in
confined copolymer films.

This paper is organized as follows: In section 2 we
briefly describe the model and the simulation methodol-
ogy. In section 3 we present thin-film morphologies
observed on various nanopatterned substrates, includ-
ing hexagonally patterned substrates, stripe-patterned
substrates, and a square-patterned substrate. In section
4 we present our methods and results for the spatial
fluctuations of perpendicular cylinders on different
substrates. The last section is devoted to conclusions.

2. Model
Our Monte Carlo simulations are performed in an

expanded grand-canonical ensemble in the framework
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of a simple cubic lattice. The model employed here is
the same as that employed in refs 9, 19, and 30, where
detailed descriptions can be found. Only a brief account
is given here.

2.1. Simple Cubic Lattice Model. In the simple
cubic lattice model, an asymmetric diblock copolymer
chain consists of N segments. The first NA segments are
of type A, and the rest are of type B. Each segment
occupies one lattice site, and each lattice site is occupied
by at most one segment. A rectangular simulation box
of dimensions Lx × Ly × Lz is employed. To simulate a
confined film, two flat surfaces are introduced through
two additional layers of lattice sites at z ) 0 and z ) Lz
+ 1, respectively. To represent hard surfaces, these
lattice sites are not allowed to be occupied by polymer
segments. Diblock copolymers are therefore confined to
a thin-film geometry of thickness D ) Lz - 1. Periodic
boundary conditions (PBC) are imposed in the x and y
directions.

In our model, we only consider repulsions between
nonbonded nearest-neighbor A-B pairs separated by
one lattice unit (εA-B > 0), and we set εA-A ) εB-B ) 0.
Any interactions involving vacancies (unoccupied lattice
sites) are also set to zero. The upper surface is homo-
geneous, consisting of only sH sites. We set εsH-A g 0,
εsH-B g 0, and εsH-AεsH-B ) 0 (that is, at least one of
these two parameters is set to 0). We characterize the
surface preference by RH ≡ (εsH-B - εsH-A)/εA-B. There-
fore, when RH > 0, the upper surface repels B and thus
prefers A segments, and vice versa. According to our
previous work,9,19,30,31 |RH| ) 0.5 corresponds to a weakly
preferential surface, and |RH| ) 2 corresponds to a
strongly preferential surface. Three kinds of sites
populate the lower surface (substrate): sA, sB, and sC,
whose nature depends on their interactions with the two
blocks of the copolymers. We set εsA-A ) εsB-B ) 0 and
εsA-B ) εsB-A ) 2εA-B; the sA sites strongly repel B
segments and therefore prefer A segments, and vice
versa. The nature of sC sites is similar to that of sH
sites, with RC ≡ (εsC-B - εsC-A)/εA-B characterizing their
preference. If RC ) -2, the sC sites are equivalent to
sB sites.

2.2. Simulations in an Expanded Grand-Canoni-
cal Ensemble. We perform Monte Carlo simulations
in a variant of the expanded grand-canonical ensemble
method proposed by Escobedo and de Pablo.43 The
chemical potential and temperature of the simulated
system are specified prior to a simulation; the confined
copolymers are therefore in thermodynamic equilibrium
with a bulk phase having the same chemical potential
and temperature, and the density of the system is
allowed to fluctuate during the simulation. In addition
to molecule displacements by reptation moves and local
(kink-jump and crankshaft) moves, we employ growing/
shrinking moves to gradually insert/remove copolymer
chains from the system.9 These moves are performed
with mA segments of type A and, simultaneously, mB
segments of type B. To preserve a constant composition
of the asymmetric diblock copolymers, defined as fA ≡
NA/N, we require mA/(mA + mB) ) fA. To facilitate
transitions, configurational bias is used for these grow-
ing/shrinking moves.9 Metropolis-like acceptance crite-
ria are used in our simulations. One Monte Carlo step
(MCS) consists of 0.7 × Lx × Ly × Lz trials of reptation,
local, and growing/shrinking moves, each of which
occurs with the same probability of 1/3. In general, we
discard the first 5 × 105 MCS (or more) for equilibration

and then make a run of at least 2 × 106 MCS while
collecting data every 5 MCS.

As in our previous work,19 we study asymmetric
diblock copolymers with N ) 36 and fA ) 1/4. We set the
reduced temperature to be T* ≡ kBT/εA-B ) 1.5, where
kB is Boltzmann’s constant and T is the absolute
temperature. We also set the reduced chemical potential
at µ* ≡ µ/(kBT) ) 46, where µ is the chemical potential
of the copolymer chain. Under these conditions, the
asymmetric diblock copolymers form hexagonally packed
cylinders in the bulk, with a diameter of about 9, an
intercylinder distance L0 ≈ 16.8, and a distance across
two (staggered) layers of cylinders L2 ≈ 28.1 (in units
of lattice spacing).19 (The ODT temperature of our
system is estimated to be around T* ) 3.0 at this
chemical potential; our simulations are therefore in the
intermediate segregation regime.) These conditions also
lead to densities (fraction of occupied lattice sites) of
about 0.7, representing highly concentrated copolymer
solutions or melts.44 We use mA ) 1, which leads to an
acceptance rate of about 40% for our growing/shrinking
moves.19

2.3. Substrate Patterns. As shown in Figure 1, three
types of substrate pattern are considered in this work:
hexagonal pattern, stripe pattern, and square pattern.
For the hexagonal pattern, the yellow regions in Figure
1a consist of sA sites, the blue regions consist of sB sites,
and the rest are sC sites. In the case of lamellae-forming
symmetric diblock copolymers, it has been shown that
a substrate pattern commensurate with the bulk struc-
ture is essential to obtain long-range ordered perpen-
dicular lamellae.27-35 Therefore, here we set the hex-
agonal pattern as wsx ) 7, wsy ) 8, and θ ) arctan(7/4)
≈ 60.26°, which are defined in Figure 1a; this makes
the pattern commensurate with perpendicular cylinders
having bulk characteristic dimensions and packing in
the framework of our lattice model.

For the stripe pattern, the blue regions in Figure 1b
consist of sB sites, and the rest are sC sites. Such
chemically stripe-patterned substrates can actually be
created by extreme ultraviolet interferometric litho-
graphy (EUV-IL),28,45 where the stripe preference can
be adjusted by controlling the exposure dose.46 By
double exposure at an angle of 120° with EUV-IL, or
by EUV-IL with two Lloyd’s mirrors arranged at 120°,
the aforementioned hexagonally patterned substrates
can also be created.47

For the square pattern, the yellow regions in Figure
1c consist of sA sites, and the rest are sB sites. We set
wsx ) wsy ) 8 so that the sA regions are commensurate
with perpendicular cylinders having bulk characteristic
dimensions. Such a substrate can be obtained in a
manner similar to that employed for hexagonally pat-
terned substrates, with an angle of 90° instead.

2.4. Characterization of Morphology. To identify
a morphology in simulations of confined films, in addi-
tion to visual inspection of system configurations (snap-
shots), we also calculate the following ensemble-
averaged profiles. These profiles are more meaningful
and conclusive for characterization of various morphol-
ogies than visual inspection of a few snapshots.9,19,30

The two-dimensional order parameter profile can be
defined as ψ(x,y) ≡ 〈FA(x,y) - FB(x,y)〉, where FA(x,y), for
example, is the fraction of lattice sites occupied by the
A segments at a given (x,y), and 〈 〉 represents the
average over other directions (the z direction in this
case) for each collected configuration and then over all
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collected configurations (at equilibrium). We can also
define ψ(y,z) and ψ(x,z) in a similar way.

As in our previous work,9,19,30,31 the one-dimensional
order parameter profile is defined as ψ(z) ≡ 〈FA(z) -
FB(z)〉, where FA(z), for example, is the fraction of lattice
sites occupied by the A segments in the cross section of
the x-y plane at a given z. For our systems, the
maximum (minimum) value of the order parameter
profiles is about 0.7 (-0.7), corresponding to the A-rich
(B-rich) domains.

As in our previous work,30 we also define the pattern
index profile P(z) as

where the values of σ(x,y,z) are listed in Table 1. If the
pattern in the x-y cross section is completely in-phase
with the substrate pattern, then P(z) ≈ 0.7. Similarly,
if the pattern in the cross section is completely out-of-
phase with the substrate pattern, then P(z) ≈ -0.7.

3. Morphology on Nanopatterned Substrates
3.1. Hexagonally Patterned Substrates. In this

section we use a box size of Lx ) 56 (2L2) and Ly ) 64
(4L0). Since we set the hexagonal pattern of the sub-
strate to be commensurate with perpendicular cylinders
having bulk characteristic dimensions and packing, sC
sites repelling the shorter (A) blocks (e.g., RC ) - 2)
are suitable for inducing the desirable perpendicular
cylinders. According to our previous work on thin-film

morphology of cylinder-forming asymmetric diblock
copolymers between two homogeneous surfaces, an
energetically neutral upper surface (RH ) 0) exhibits a
slight preference for the shorter blocks (due to the
enrichment of chain ends near hard surfaces); a surface
with RH ) -0.2 is “effectively neutral” and is ideal for
the formation of perpendicular cylinders.19 Figure 2
therefore shows the 2D order parameter profiles for the
case of RC ) -2, RH ) -0.2, and D ) 84 (3L2); we see
that perpendicular cylinders form throughout the entire
film and are registered with the substrate pattern. We
have observed the same morphology for other film
thicknesses under similar conditions. Such a hexago-
nally patterned substrate can be used to induce the long-
range ordering of perpendicular cylinders. Note that,
although the sA regions on the substrate are rhombic,
the A-rich domains in the film are still circular. This
implies that the detailed shape of the sA regions is not
crucial; instead, the hexagonal arrangement of these
regions is more important for inducing the long-range
ordering of perpendicular cylinders.

Consistent with our previous results,19 if RH deviates
from the “effectively neutral” condition too much, paral-
lel structures (cylinders or lamellae) form near the
upper surface. Figure 3 shows a representative config-
uration for the case of RC ) -2, RH ) 0.5, and D ) 28
(L2); the morphology consists of perpendicular cylinders
registered with the substrate pattern in the lower part
of the film (z ) 1-11), one layer of parallel cylinders
formed by connecting the perpendicular cylinders in the
middle of the film (z ) 12-23), and one A-B lamella
having a planar A-B interface parallel to the surfaces
in the upper part of the film (z ) 24-29). The morphol-
ogy for the case of RH ) -1 is similar, except that the
A-B lamella is not seen. This is consistent with our
previous results that the surface-induced parallel lamel-
la is not observed near a surface preferring the longer
(B) blocks. Figure 4 shows the 1D order parameter
profiles and the pattern index profiles for these two
cases. For thicker films, more than one layer of parallel
cylinders is observed.

Figure 1. Chemically nanopatterned substrates: (a) Hexagonally patterned substrate, where the yellow regions consist of sA
sites strongly preferring the shorter (A) blocks, the blue regions consist of sB sites strongly preferring the longer (B) blocks, and
the rest are sC sites. We set wsx ) 7, wsy ) 8, and θ ) arctan(7/4) ≈ 60.26°, so that the hexagonal pattern is commensurate with
perpendicular cylinders having bulk characteristic dimensions and packing (in the framework of a cubic lattice model). (b) Stripe-
patterned substrate, where the blue regions are sB sites, and the rest are sC sites. (c) Square-patterned substrate, where the
yellow regions are sA sites, and the rest are sB sites. We set wsx ) wsy ) 8. Periodic boundary conditions are applied along the
x and y directions in all cases.

Table 1. Values of σ(x,y,z) Used in Calculating Pattern
Index Profiles

segment at (x,y,z)

σ(x,y,z) vacancy A B

substrate site at (x,y) sA 0 1 -1
sB or sC (RC ) -2) 0 -1 1
sC (RC ) 0) 0 0 0

P(z) ≡ 〈 1

LxLy
∑
x)1

Lx

∑
y)1

Ly

σ(x,y,z)〉
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If the hexagonally patterned substrate is produced by
double exposure, the sC sites are in general not equiva-
lent to sB sites. Figure 5 shows a representative
configuration for the case of RC ) RH ) 0 and D ) 28
(L2). Because of the slight preference of the neutral sC
sites for the shorter blocks (as noted above), one layer
of half-cylinders parallel to the substrate forms along
the y direction in the lower part of the film (z ) 1-7).
This is also clearly seen in Figure 6, where the 2D order
parameter profiles are shown. Note that the period of
these half-cylinders is 14, set by the substrate pattern.
As shown in Figure 5, one layer of perforated lamellae
forms in the middle of the film (z ) 8-22), and another
layer of a labyrinthine-type morphology forms in the
upper part of the film (z ) 23-29). The formation of
this complex parallel morphology is mainly due to the
neutral sC sites on the substrate; perpendicular cylin-
ders similar to those shown in Figure 2 are observed
when RC ) -2. Figure 7 shows the 1D order parameter
profiles and the pattern index profiles for these two
cases. The parallel morphology is evident from the large
variation of ψ(z) in the case RC ) 0, and the perpen-
dicular cylinders registered with the substrate pattern
are seen from the values of ψ(z) and P(z) in the case RC
) -2.

3.2. Stripe-Patterned Substrates. In this section
we use a box size of Lx ) 67 (4L0) and fix the film
thickness to be D ) 28 (L2). To induce perpendicular
cylinders with stripe-patterned substrates, we set the
stripe pattern to be commensurate with bulk cylinders,
that is, the stripe pattern period Ls ) 14 (L2/2) and
therefore Ly ) 56 (2L2). We also set RC ) RH ) -0.2, so
that perpendicular cylinders form on the sC stripes and
persist throughout the entire film. Figure 8 shows the
2D order parameter profiles for the case where the
width of the sB stripes is wsB ) 5. Note that, due to the
translational symmetry in the x direction, perpendicular
cylinders move along this direction during the course
of a simulation run; the ψ(x, y) shown in Figure 8 is
therefore an “aligned” order parameter profile48 ob-
tained by deducting the movement of cylinders along
the x direction. Since all perpendicular cylinders form
on the sC stripes, we expect that such a stripe-patterned
substrate can induce in-plane ordering of perpendicular
cylinders over a longer range than that obtained by the
use of a homogeneous substrate.

The diameter of the bulk cylinders is about 9;19 wsB
) 5 therefore matches perpendicular cylinders having
bulk characteristic dimensions. Interestingly, perpen-
dicular cylinders similar to those shown in Figure 8 can
be obtained over a wide range of wsB; Figure 9 shows
the 1D order parameter profiles for different wsB with

Figure 3. Representative configuration of the morphology between a lower hexagonally patterned substrate (RC ) -2) and an
upper preferential surface for the A blocks (RH ) 0.5). Only A segments are shown as dots. The box size is 56 × 64 × 29.

Figure 2. Two-dimensional order parameter profiles for the
morphology between a lower hexagonally patterned substrate
(RC ) -2) and an upper “effectively neutral” surface (RH )
-0.2). The color bar in each graph gives the correspondence
of different colors to the value of the two-dimensional order
parameter. The box size is 56 × 64 × 85. Perpendicular
cylinders registered with the substrate pattern form through-
out the entire film.
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RC ) -0.2; perpendicular cylinders are obtained in all
cases.

In contrast, only a narrow range of RC is available
for obtaining such perpendicular cylinders. Figure 10

shows the 1D order parameter profiles for different RC
with wsB ) 5; perpendicular cylinders are obtained only
in the cases where the sC stripes are close to the
“effectively neutral” condition, that is, where RC ) 0,
-0.2, and -0.5. In the case RC ) -1, two layers of
parallel cylinders are observed; a representative con-
figuration is shown in Figure 11. The intercylinder
distance of these parallel cylinders is 16.05, closer to
L0 than Ls; the stripe pattern on the substrate is
therefore ignored by the copolymers. A similar morphol-
ogy was observed in our previous work, where the
copolymers were confined between two homogeneous
and identical surfaces with RH ) -0.5.19 In the case RC
) 0.5, one layer of half-cylinders parallel to the sub-
strate forms along the x direction in the lower part of
the film (z ) 1-7). These half-cylinders comply with the
stripe pattern on the substrate and therefore have an
intercylinder distance of 14. For even stronger prefer-
ence of the sC stripes for the A blocks, e.g. RC ) 1,
another layer of parallel cylinders forms in the middle
of the film (z ) 8-21); this is clearly seen in Figure 12.
Since the upper surface is “effectively neutral”, perpen-

Figure 4. One-dimensional order parameter profiles and the
pattern index profiles for morphologies between a lower
hexagonally patterned substrate (RC ) -2) and an upper
preferential surface. The box size is 56 × 64 × 29.

Figure 5. Representative configuration of the morphology between a lower hexagonally patterned substrate (RC ) 0) and an
upper neutral surface (RH ) 0). Only A segments are shown as dots. The box size is 56 × 64 × 29.

Figure 6. Two-dimensional order parameter profiles for the morphology between a lower hexagonally patterned substrate (RC
) 0) and an upper neutral surface (RH ) 0). The color bar in each graph gives the correspondence of different colors to the value
of the two-dimensional order parameter. The box size is 56 × 64 × 29.
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dicular cylinders form in the upper part of the film (z )
22-29). These perpendicular cylinders correspond to the
circles seen in ψ(x,y), which is also an “aligned” order
parameter profile.

To obtain parallel cylinders having bulk dimensions,
we set Ls ) 17 and therefore Ly ) 51 (3L0). We also set
wsB ) 8, RC ) 2, and RH ) 0. Figure 13 clearly shows
that we have parallel cylinders registered with the
stripe pattern on the substrate in this case. The forma-
tion of half-cylinders near the upper neutral surface is
consistent with our previous work.19

3.3. Square-Patterned Substrate. In this section
we use a box size of 64 × 64 × 29 and set RH ) -0.2.
Since the square pattern on the substrate is com-
mensurate with the dimensions of bulk cylinders but
not their hexagonal packing, perpendicular cylinders
complying with the square pattern are only obtained
near the substrate (z ) 1-5). This can be seen in both
Figures 14 and 15. Further away from the substrate,
the cylinders rearrange themselves to recover their bulk
hexagonal packing. One way of doing this is for adjacent
layers of cylinders to slide along the y direction and to
develop a staggered packing; as shown in Figure 14, the
square packing of cylinders is thereby gradually trans-
formed into a hexagonal packing as z increases. This is
why in Figure 15 the perpendicular cylinders disappear
from ψ(y,z) as z increases. Note that the hexagon formed
in this way is not a regular hexagon; it is stretched along
the x direction. The cylinders therefore also bend in the
x direction to reduce this stretching. From ψ(x,z) in

Figure 7. One-dimensional order parameter profiles and the
pattern index profiles for morphologies between a lower
hexagonally patterned substrate and an upper neutral surface
(RH ) 0). The box size is 56 × 64 × 29.

Figure 8. Two-dimensional order parameter profiles for the
morphology between a lower stripe-patterned substrate (Ls )
14, wsB ) 5, and RC ) -0.2) and an upper “effectively” neutral
surface (RH ) -0.2). The color bar in each graph gives the
correspondence of different colors to the value of the two-
dimensional order parameter. ψ(x,y) is “aligned” along the x
direction. The box size is 67 × 56 × 29. Perpendicular cylinders
registered with the substrate pattern form throughout the
entire film.

Figure 9. One-dimensional order parameter profiles for
morphologies between a lower stripe-patterned substrate (Ls
) 14 and RC ) -0.2) and an upper “effectively” neutral surface
(RH ) -0.2). The box size is 67 × 56 × 29. Perpendicular
cylinders are obtained in all cases.

Figure 10. One-dimensional order parameter profiles for
morphologies between a lower stripe-patterned substrate (Ls
) 14 and wsB ) 5) and an upper “effectively” neutral surface
(RH ) -0.2). The box size is 67 × 56 × 29. Perpendicular
cylinders are obtained only in the cases of RC ) 0, -0.2, and
-0.5.
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Figure 15, we measure in the middle of the film the
angle between the cylinder axis and the z axis to be

around 15°, smaller than the 30° required to form a
regular-hexagonal array of cylinders (with an intercyl-
inder distance of 16). In the vicinity of the upper surface,
the cylinders are perpendicular to the surface. This
bending of cylinders is reminiscent of the undulated
perpendicular lamellae studied in our previous work,
where the lamellae were confined between an upper
neutral surface and a lower stripe-patterned substrate
with a pattern period larger than the bulk lamellar
period.31

This case demonstrates the importance of using a
nanopatterned substrate having a pattern commensu-
rate with the bulk morphology of block copolymers, if
the substrate pattern is to propagate throughout the
entire film.

4. Spatial Fluctuations of Perpendicular
Cylinders

In this section we examine the spatial fluctuations of
perpendicular cylinders on different substrates, namely,
a homogeneous substrate, a stripe-patterned substrate,
and a hexagonally patterned substrate. To form per-
pendicular cylinders in the film, in all cases we set the
upper homogeneous surface to be “effectively neutral”
(RH ) -0.2). For the homogeneous substrate, we set it
to be identical to the upper surface. For the stripe-
patterned substrate, we set Ls ) 14, wsB ) 5, and RC )
-0.2. In contrast to Figure 1b, we now set the stripes
to be along the y direction. For the hexagonally pat-
terned substrate we set RC ) -2.

Since the periodic boundary conditions imposed in the
x and y directions suppress the spatial fluctuations, we
use a large box of 112 × 128 × 85, which contains n )
64 cylinders oriented perpendicular to the substrate. We
number these cylinders by i ) 1, ..., n, first along the y
then along the x direction. We also divide the film evenly
into m ) 5 slices along the z direction and number these
slices by j ) 1, ..., m along the z direction. For each
collected configuration, we calculate the 2D order
parameter profile ψ(x,y;j) (x ) 1, ..., Lx; y ) 1, ..., Ly)
where the average is only taken over the slice j. From
the ψ(x,y;j) we then identify the position of cylinder i in
slice j, denoted by ri,j, according to the cylinder’s center-
of-mass in the x-y plane. Here the “mass” at (x,y) is
defined as max{ψ(x,y;j), 0}. The spatial fluctuations of
cylinders can therefore be measured by the deviation
of cylindrical packing from the “ideal” case where there
are no spatial fluctuations and where all cylinders are
at their average packing positions. In a continuum, this
“ideal” packing should be a regular hexagon if an
appropriate simulation box size Lx × Ly is chosen.
However, since a regular hexagon cannot fit in a lattice
model where Lx and Ly must be integers, in our case
the “ideal” packing is actually the hexagon represented
in Figure 1a. We denote the position of cylinder i in this
“ideal” packing by ri

0. For the simulation box size of
112 × 128, we have r1

0 ) (0, 0)T, r2
0 ) (0, 16)T, ..., r9

0 )
(8, 8)T, .... We then define δ(j) ≡ 〈|ri,j - r1,j - ri

0|〉ig2,
where 〈 〉ig2 represents the average over cylinders i )
2, ..., n in slice j for each collected configuration and
then over all collected configurations (at equilibrium).
This quantity measures the spatial fluctuations of
perpendicular cylinders.

To circumvent the long ordering process associated
with large system sizes, we duplicate according to the
periodic boundary conditions a smaller system (56 × 64
× 85) of well-ordered perpendicular cylinders to obtain

Figure 11. Representative configuration of the morphology
between a lower stripe-patterned substrate (Ls ) 14, wsB ) 5,
and RC ) -1) and an upper “effectively” neutral surface (RH )
-0.2). Only A segments are shown as dots. The box size is 67
× 56 × 29.

Figure 12. Two-dimensional order parameter profiles for the
morphology between a lower stripe-patterned substrate (Ls )
14, wsB ) 5, and RC ) 1) and an upper “effectively” neutral
surface (RH ) -0.2). The color bar in each graph gives the
correspondence of different colors to the value of the two-
dimensional order parameter. ψ(x,y) is “aligned” along the x
direction. The box size is 67 × 56 × 29.
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the initial configuration. After further equilibration, we
conduct a simulation run of 5 × 105 MCS and collect
data every 10 MCS. To further reduce the suppression
of spatial fluctuations by the periodic boundary condi-
tions, we also employ a box of 228 × 256 × 57 for the
hexagonally patterned substrate. In this case, we have

n ) 256 and m ) 3, and the values of ri
0 are accord-

ingly different from the above. The initial configuration
is prepared from a system of 56 × 64 × 57 of well-
ordered perpendicular cylinders, and we conduct a run
of 2.5 × 105 MCS to collect data after further equilibra-
tion. If we map our simulated system onto an experi-
mental system having L0 ≈ 30 nm, this largest system
size corresponds to a film of about 100 nm thick with
an area of about 0.4 µm × 0.5 µm.

Our results are shown in Figure 16. We see that the
spatial fluctuations of perpendicular cylinders in the
first slice, which is closest to the substrate, are largely
reduced by the substrate pattern. This explains why
nanopatterned substrates can induce long-range order-
ing of perpendicular cylinders. However, we also see
that this reduction of fluctuations does not propagate
far into the film. Despite the use of different substrates,
all δ(j) in the interior of the film (j ) 2, 3, 4 for the box
size of 112 × 128 × 85) have about the same value. This
is due to the short-range interactions between the
substrates and the copolymers. Imposing an electric
field perpendicular to the film could propagate the
effects of nanopatterned substrates further into the film.
Experiments have shown that cylinders of asymmetric
diblock copolymers can be aligned along electric field
lines due to the different dielectric constants of the two
blocks.18,23,49,50 Note, however, that imposing electric
fields perpendicular to the film does not induce the long-
range ordering of perpendicular cylinders in the plane
of the film.

We also see from Figure 16 that, in contrast to
nanopatterned substrates, the homogeneous surface
seems to slightly increase the spatial fluctuations. Apart
from statistical errors, in the case of the homogeneous
substrate δ(j) should be symmetric around j ) 3, and
we also expect δ(5) to be the same for different sub-
strates due to the large film thickness; we therefore

Figure 13. Two-dimensional order parameter profiles for the morphology between a lower stripe-patterned substrate (Ls ) 17,
wsB ) 8, and RC ) 2) and an upper neutral surface (RH ) 0). The color bar in each graph gives the correspondence of different
colors to the value of the two-dimensional order parameter. The box size is 67 × 51 × 29.

Figure 14. Representative configuration of the morphology
between a lower square-patterned substrate and an upper
“effectively” neutral surface (RH ) -0.2). Only A segments are
shown as dots. The box size is 64 × 64 × 29.
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estimate the standard deviation of our measured δ(j)
to be 0.05 for the box of 112 × 128 × 85. Longer
simulations are needed to obtain more accurate, quan-
titative results of the spatial fluctuations; the δ(j)
obtained with the box of 228 × 256 × 57, which have
smaller statistical errors, confirm the effects of the
hexagonally patterned substrate and the homogeneous
surface on the spatial fluctuations of perpendicular
cylinders. As shown in Figure 16, these δ(j) are also
systematically larger than those obtained with the box
of 112 × 128 × 57; this is consistent with the suppres-
sion of the spatial fluctuations by the periodic boundary
conditions.

5. Conclusions

We have studied the thin-film morphology of cylinder-
forming asymmetric diblock copolymers on chemically
nanopatterned substrates. Different substrate patterns
(hexagonal pattern, stripe pattern, and square pattern),
as well as the upper surface preference, are investigated
for the purpose of inducing perpendicular cylinders with
long-range ordering in the plane of the film. Two
conditions are essential for obtaining this morphology
suitable for nanolithography: a lower hexagonally pat-
terned substrate, commensurate with perpendicular
cylinders having the same dimensions and packing as
in the bulk, and an upper neutral or weakly preferential
surface for the longer blocks. Using a stripe-patterned
substrate, both perpendicular and parallel orientations
of the cylinders can be obtained by finely tuning the
alternating stripe preference for the two blocks. When
the substrate pattern period is commensurate with the
bulk periodicity, the cylinders are registered with the
stripe pattern. Comparing to the stripe preference, the
control of stripe width is less important for obtaining
such perpendicular cylinders. In the case of a square-
patterned substrate, since the characteristic packing of
cylinders in the bulk is a hexagon, the square pattern
does not pervade into the film, and the copolymers
recover their bulk hexagonal packing after a short
distance away from the substrate.

We have also examined the spatial fluctuations of
perpendicular cylinders on different substrates (homo-
geneous, stripe-patterned, and hexagonally patterned
substrates). The nanopatterned substrates reduce the
spatial fluctuations, thereby inducing the long-range
ordering of perpendicular cylinders in the plane of the
film. However, because of the short-range interactions
between the substrate and the copolymers, this reduc-
tion of fluctuations does not propagate far into the film.

Figure 15. Two-dimensional order parameter profiles for the morphology between a lower square-patterned substrate and an
upper “effectively” neutral surface (RH ) -0.2). The color bar in each graph gives the correspondence of different colors to the
value of the two-dimensional order parameter. The box size is 64 × 64 × 29.

Figure 16. Spatial fluctuations of perpendicular cylinders on
various substrates. “Pattern 0” refers to an “effectively neutral”
homogeneous substrate (RH ) -0.2), “pattern 1” refers to a
stripe-patterned substrate (Ls ) 14, wsB ) 5, and RC ) -0.2),
and “pattern 2” refers to a hexagonally patterned substrate
(RC ) -2). In all cases the upper homogeneous surface is
“effectively neutral”. The simulation box size is listed in the
legend.
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We propose that combining nanopatterned substrates
with electric fields imposed perpendicular to the film
could reach the ultimate goal of producing long-range
ordered perpendicular cylinders as templates for nano-
lithography.
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