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Directed self assembly of block copolymers using
chemical patterns with sidewall guiding lines, back-
filled with random copolymer brushes

Gunja Pandav,a William J. Durand,a Christopher J. Ellison,a C. Grant Willson,ab and
Venkat Ganesan∗a

Recently, alignment of block copolymer domains has been achieved using a topographically pat-
terned substrate with a sidewall preferential to one of the blocks. This strategy has been sug-
gested as an option to overcome the patterning resolution challenges facing chemoepitaxy strate-
gies, which utilize chemical stripes with a width of about half the period of block copolymer to orient
the equilibrium morphologies. In this work, single chain in mean field simulation methodology was
used to study the self assembly of symmetric block copolymers on topographically patterned sub-
strates with sidewall interactions. Random copolymer brushes grafted to the background region
(space between patterns) were modeled explicitly. The effects of changes in pattern width, film
thicknesses and strength of sidewall interaction on the resulting morphologies were examined
and the conditions which led to perpendicular morphologies required for lithographic applications
were identified. A number of density multiplication schemes were studied in order to gauge the
efficiency with which the sidewall pattern can guide the self assembly of block copolymers. The
results indicate that such a patterning technique can potentially utilize pattern widths of the order
of one-two times the period of block copolymer and still be able to guide ordering of the block
copolymer domains up to 8X density multiplication.

1 Introduction
Recently, directed self-assembly (DSA) of block copolymers
(BCPs)1–4 has emerged as a powerful tool to facilitate produc-
tion of sub 20 nm scale patterns for lithography applications.5–7

Chemoepitaxy is an approach popularly used to achieve long
range order of BCP domains.8–10 In such a strategy, chemical pat-
terns having a width close to half the domain spacing of the block
copolymer, and preferential to one of the blocks of the BCP are
used as guiding lines to align the BCP morphologies.10–14 The
background, i.e. the area between the chemical stripes, is back-
filled with a grafted brush of random copolymers and is tuned to
provide a surface which is approximately equally preferential to
both the blocks (neutral).15,16 The size and spacing of the chemi-
cal patterns, the composition of grafted copolymer, and the chem-
ical affinity, i.e., the strength with which the chemical stripe wets
the BCP components plays an important role on the resulting mor-
phologies and the degree of alignment that can be achieved.13

Recent studies have demonstrated that, such chemoepitaxy ap-
proaches can multiply the pattern resolution (i.e. achieve de-
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fect free alignment of lamellar domains) by a factor known as
density multiplication, M = Ls/Lo, where Ls is the spacing be-
tween the chemical patterns on the substrate and Lo is the period
of lamellae forming BCP.17 The factor M is usually denoted as
MX to indicate the extent of multiplication of the aligned lamel-
lar domains achieved by chemoepitaxy processes. For symmet-
ric poly(styrene-b-methyl methacrylate), PS-b-PMMA, DSA has
demonstrated near prefect perpendicular morphologies using pat-
terns with 0.5Lo width and density multiplication up to 4X.13

However, such DSA was achieved by tuning the brush compo-
sition specifically for each density multiplication scheme. More-
over, if patterns wider than 0.5Lo are employed, the width needs
to be targeted to 1.5Lo and pattern chemistries need an even finer
tuning. For instance, too weak or too strong preference for the
guiding material was seen to result in lower selectivity for desired
morphologies.14

Recent advances in high resolution patterning technology by
the semiconductor industry and disk drive manufacturers have
driven the minimum feature size that must be defined by DSA
to very low values.18 For instance, bit patterned media for hard
disk drives19 and semiconductor device manufacturing require
patterning feature sizes below 10 nm. This in turn has spurred
interest in block copolymers possessing a large degree of incom-
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Fig. 1 Schematic of double patterned sidewall guiding scheme.

patibility quantified by a high Flory-Huggins interaction param-
eter, χ,20–25 so that low molecular weights can be employed.
The transition to such BCPs also brings on a major challenge for
chemoepitaxy strategies. Specifically, such advances now neces-
sitate patterning guiding lines which are also on the sub-10 nm
scale, which is well beyond the resolution of 193 nm photolithog-
raphy. Not surprisingly, there has arisen a significant interest in
strategies that can employ wider chemical patterns without a con-
comitant loss in the density multiplication that can be achieved.
In addition, chemoepitaxy strategies suffer from the fact that the
composition of the backfill brush has to be optimized for each dif-
ferent density multiplication. Approaches that can achieve den-
sity multiplication without the need to tune brush compositions
are of significant interest.

Recently, a new strategy has been proposed that utilizes a
sidewall guiding scheme to relax the pattern resolution require-
ment for chemoepitaxy.26,27 This approach combines graphoepi-
taxy (which employs a shallow trench between polymer mat and
backfill brush) with chemoepitaxy (cf. Figure 1). This technique
depends on the fact that the oxidized sidewalls of trenches in a
neutral polymer are preferential to one of the blocks. Because two
guiding surfaces are generated per pattern, a pattern width of the
order of Lo (or higher) can be utilized. Cushen et al.27 demon-
strated this strategy by using chemical patterns on polystyrene
mat having a width of 1Lo, and were able to guide self assembly
up to 3X density multiplication. While the study by Cushen et
al.27 was successful in establishing a proof of concept, a num-
ber of unresolved questions remain about the applicability of the
strategy. For instance, some questions include, “can such an ap-
proach reduce requirements for pattern resolution, i.e. can wider
patterns be utilized?” If so, “does this scheme enable higher den-
sity multiplication?”, “can a wide range of density multiplication
be achieved for the same brush compositions?” Motivated by
such questions, a series of simulations were carried out to ex-
plore the effect of sidewall interaction on the DSA of BCPs and
identify the conditions that lead to the vertical lamellar mor-
phologies required for nano-patterning applications. For this pur-
pose, the single chain in mean field simulation (SCMF) method-
ology introduced by Muller and coworkers28–35 was adopted.
SCMF methodology is a Monte Carlo (MC) simulation approach
wherein the intramolecular bonded interactions among copoly-
mer segments are treated explicitly whereas the nonbonded inter-

actions such as incompatibility among the blocks and incompress-
ibility are treated indirectly by one-body interactions with poten-
tial fields instead of a pairwise computation.28,29,31–35 Hence,
such methods are computationally efficient and enable signifi-
cant parallelization. The SCMF method has been successfully
employed to study phase behavior of polymer blends,28,36 block
copolymers,29,37–39 polymer nanoparticle mixtures,40 semiflexi-
ble copolymers,41 and BCP thin films.31,42–44 In this work, the
SCMF method was used to study the effect of pattern width, side-
wall preference and backfill brush properties on the self assembly
of block copolymers.

The computational aspects of DSA of lamellae-forming
BCPs using chemoepitaxy strategies have been well stud-
ied.10,12–14,31,39,42–50 However, a common feature of all these
studies has been that the background region has been modeled
as a uniform surface with a specified surface energy instead of
the more realistic picture of grafted brushes of random copoly-
mers.10,12–14,31,39,42–48,50 Unlike a hard surface with a specified
surface energy, grafted copolymers can modulate their interfacial
energies by conformational rearrangements and redistribution of
segments. For instance, a previous study using self consistent
field theory demonstrated the importance of modeling the ran-
dom copolymer brush explicitly and the features which arise as a
result of this more realistic model.51,52 In that case, the ends of
the grafted chains were seen to exhibit segmental rearrangements
to create an energetically favorable interface for the perpendicu-
lar morphologies relative to the parallel conformations. In this
manner, approximating the effect of brush composition, height
and density with a single effective surface energy was demon-
strated to be an oversimplification that did not capture the role of
the polymer brush on self assembly. Motivated by such considera-
tions, in this work the background region was modeled explicitly
as grafted random copolymer brushes in attempt to enable a more
realistic characterization of the parameter space for DSA.

2 Simulation Details

2.1 Simulation method and model parameters

Since details of the SCMF framework have been reported in ear-
lier studies, this paper reports only the most essential details of
the simulation method. In this model, the system consists of n AB
BCP chains each having length N+1 confined between two paral-
lel planes having thickness Lz in volume, V . The pattern is mod-
eled as a raised surface having a height, Hs, width, Ws, arranged
with a period, Ls. A schematic of the model system is shown in
Figure 2. The backfill region consists of ng AB random copoly-
mer chains of length Ng, with grafting density, σ (the number of
random copolymer chains per unit area). The interactions which
contribute to the energy of the system involve bonded and non-
bonded energy between BCP and random copolymer monomers
and the interaction energy of the monomers with hard walls i.e.
both the top and sidewalls of the pattern. The BCP chains and
random copolymers were modeled as Gaussian chains where the
flexible bonds were represented by harmonic springs. The bonded

2 | 1–9Journal Name, [year], [vol.],

Page 2 of 10Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Ls
Ws

Hs BRg

Pattern
Grafted random copolymer brushes Oxidized sidewalls

LZ

Neutral surface

Substrate

Fig. 2 Schematic of 3X density multiplication scheme with pattern width
of 1 Lo with sidewall interactions.

energy, Hb, of this model was given as53

Hb[ri(s)]
kBT

=
3

2b2

n

∑
i=1

N

∑
s=1

[
[ri(s)− ri(s+1)]2

]
(1)

where ri(s) is the position of sth monomer on the ith chain and
b is the bond length between two adjacent monomers given by

b =
√

6R2
g/N where Rg is the radius of gyration of the polymer

chain. The same model with an identical bond length was used
for the grafted random copolymer chains. To model the chem-
istry of the random copolymer chains, an ensemble of composi-
tionally symmetric (on an average) AB random copolymer chains
having prespecified sequences was employed. For the sequence
distribution of the grafted copolymers, it was assumed that the
random copolymers possess an uncorrelated sequence of A and
B monomers.54 In other words, for a symmetric random copoly-
mer chain, each monomer had an equal probability of being an A
or a B monomer. In order to closely mimic experimental condi-
tions, the ends of random copolymers were randomly grafted to
the surface of the background region.

In SCMF, the nonbonded energy contributions are incorporated
as potential fields w(ri(s)) and π(ri(s)) that act on the polymer
segments. The functional form of these fields is usually taken
to correspond to the saddle point solution of the analogous field
theory given by,29,53

w(r) =
χN
2

(φA(r)−φB(r)) (2)

π(r) = κN(φA(r)+φB(r)−1) (3)

where φα (α = A,B) represents the instantaneous local volume
fraction of α segments, and κ is a parameter that is inversely
proportional to the isothermal compressibility of the overall sys-
tem.29 In the above notation, wA = −w+ π and wB = w+ π are
the fields acting on the A and B segments respectively.

The interaction of the monomers with a hard surface was mod-

eled by a short-range potential similar to those used in previous
studies12,17,47,48,50 and was given as

Hs(ri,K)

kBT
=−

ΛK
i (x,y)

ds
exp(
−z2

2d2
s
) (4)

where ΛK
i denotes the strength of interaction of type i (sub-

strate top, sidewall) of the monomer K (A or B) at a position
(x,y) with the hard wall and ds is the range of interaction. For
each monomer type, two sets of interaction parameters, viz., the
monomer interaction with: (a) pattern top, ΛK

S ; (b) with side-
wall, ΛK

W were defined. For most of the results, a strongly fa-
vorable sidewall interaction for B monomers and an unfavor-
able interaction for A monomers was employed, corresponding
to ΛB

W N = −ΛA
W N = 1.0, and the top of the pattern was consid-

ered to be weakly repulsive to B and neutral to A i.e. ΛB
S N =−0.2

and ΛA
S N = 0.0. Such interactions were chosen so that a parallel

orientation of B monomers along the top becomes unfavorable.
The top of the confined film was defined as a neutral surface for
both BCP components, ΛB

T N =−ΛA
T N = 0.0.

A non-dimensional representation was used, in which the
lengthscales were normalized by the unperturbed radius of gyra-
tion, Rg, of the BCP chain. The invariant degree of polymerization
was fixed as

√
N̄ = ρ0(Rg/6)3/N = 110 (ρ0 is the polymer segment

density), N = 32, χN = 25 and κN = 35. The period of the BCP
in bulk for these conditions corresponds to Lo = 4.06Rg.13 The
thickness of the BCP film was varied in the range 1Lo−2Lo. The
height of the pattern was fixed at Hs = 1Rg, the width of the pat-
tern, Ws, was set to Ws = 1Lo,2Lo and the ability to achieve density
multiplication was studied in the range M = 2−8X . The Rg of the
random copolymer brush chains were varied between 0.25−1.0Rg

which corresponds to number of polymer segments in the range
8− 32. Periodic boundary conditions were applied in X and Y
direction whereas the BCP thin film boundary in the Z direction
was assumed to be impenetrable. The simulation box was dis-
cretized into a three-dimensional grid. In the SCMF framework,
the grid spacing (or discretization) is a lengthscale below which
the correlations among polymer segments are ignored. Utilizing a
grid spacing much smaller than the bond length would mean that
the polymer segments would barely interact. On the other hand,
a grid spacing much larger than the bond length would result in
an inadequate resolution in inhomogeneous monomer densities.
Hence, the grid spacing was set at 0.36Rg that was comparable to
bond length as an optimum balance. The range of interaction for
the short range potential acting on a monomer in the vicinity of
a hard wall was also fixed at 0.36Rg. The use of grid spacing as
the interaction range of short range potential is justified by not-
ing that the smallest lengthscale of interactions is the grid spacing
below which correlations are ignored.

The model described above was used in a MC simulation ap-
proach wherein the configurational space was sampled using
the Metropolis algorithm.55 The initial configuration consisted
of random orientation of the BCP and grafted random copolymer
chains. The monomer positions were evolved in three dimensions
using random displacement MC moves. In addition to monomer
displacement moves, global moves such as slithering snake and
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chain translation moves were used to enable faster equilibra-
tion. After every MC step (i.e. one MC attempt per monomer),
the fields w(ri(s)),π(ri(s)) were updated based on the inhomoge-
neous volume fractions of the A and B monomers. The system
was equilibrated for 5×105 MCS per monomer and the monomer
densities were averaged after every MCS in order to analyze the
morphologies. To determine the stability of morphologies formed
in the simulations, free energy calculations are necessary, which
are beyond the scope of this work. Instead, the simulations were
repeated at least five times with different random initial condi-
tions and the morphology formed in the majority of the cases is
reported. In order to test if such a criteria is sufficient to deduce
the most probable morphology, some simulations were repeated
for additional five simulations. The most preferred morphology
was seen to be insensitive to such number of repeat simulations.
Similar considerations have been used in other work to identify
the self-assembly characteristics.48

3 Results and discussion
In this section, the results for DSA of BCPs on topographically
patterned substrates having sidewall interactions are presented.
The objective was to identify conditions leading to the perpendic-
ular lamellar morphology required for DSA. As stated in the in-
troduction, the DSA strategy examined here utilizes a patterned
substrate (having a pattern of lines of finite thickness) arranged
parallel to one of the sides of the BCP thin film (see Figure 2).
In such a system, there are a number of parameters which can
be independently tuned to improve self assembly. Such variables
include: (i) Polymer brush properties such as radius of gyration
of the brush chains (BRg ) and grafting density (σ); (ii) Pattern
properties such as pattern height (Hs), width (Ws), strength of in-
teraction (ΛB

W ); and (iii) BCP film thickness (Lz). These variables
were systematically studied and their effect on the resulting BCP
morphology and the density multiplication that can be achieved
was examined.

3.1 Effect of brush size

Since DSA using patterned sidewalls is achieved by preferential
wetting of the sidewall, a significant portion of the sidewall needs
to be exposed after the brush backfilling.27 Thus, the backfilling
brush size was purposely kept short in order to produce a shallow
trench between the top of the brush and top of the pattern sur-
face. In this section, the influence of the size of the brush chains
(in the range BRg = 0.25− 1) on the alignment of BCP domains
for fixed pattern height, Hs = 1Rg was studied. The depth of the
trench formed between backfilling brush and pattern surface (see
Figure 2) was varied and the effect of the trench depth on the
alignment of BCP domains was documented.

Figure 3 shows representative density profiles for DSA with
4X (a-b) and 6X (c-d) density multiplication for Ws = 1Lo and
Ws = 2Lo respectively. The brown hashed region represents the
pattern, whereas, the grey region denotes grafted random copoly-
mer brushes. For clarity, only the volume fraction of the B compo-
nent is displayed. In this model, the B component is preferential
to the sidewall and hence aligns with the sidewall.

(a) (b) 

(c) (d) 

Fig. 3 Typical morphologies and density profiles obtained from SCMF
simulations (only B monomer volume fraction is shown for clarity) for
(a-b) 4X and (c-d) 6X density multiplication schemes for different pattern
widths (a-b) 1Lo and (c-d) 2Lo. The brown hashed region represents the
substrate and grey patch denotes random copolymer brushes.

Figure 3(a) and 3(c) shows well-defined perpendicular mor-
phology where the pattern is able to successfully guide the self-
assembly, whereas, Figures 3(b) and 3(d) indicate mixed per-
pendicular morphologies wherein the pattern is able to guide the
self-assembly only to a certain range, beyond which defects are
seen in the lamellar morphology. For lithographic applications,
the results of (a),(c) are desired whereas the results of (b),(d)
are not suitable.

Figure 4 provides a summary of all of the results for the effect
of the size of brush chains and grafting density on the morphology
for density multiplication schemes in the range 2X-6X. For all of
the examined grafting densities, 2X and 4X density multiplication
were seen to be achievable irrespective of the actual brush size.
For a 6X density multiplication scheme, an intermediate grafting
density of σR2

g = 4 is seen to be more successful in aligning defect
free morphologies.

As stated in the introduction, the grafted copolymers differ
from the hard walls as they represent a soft surface which can
potentially modulate its thickness and the polymer segments can
be rearranged to accommodate the self assembly. A previous
study51,52 demonstrated that the grafted copolymers can poten-
tially create chemical inhomogeneities in both lateral and normal
direction with respect to the substrate, thereby altering the sur-
face energy to template/accommodate the self assembly. Such
an effect was quantified using a local parameter termed com-
positional enrichment defined as φA(r)/ f − φB(r)/(1− f ) where
φA/B(r) denotes the volume fraction of A/B segments of the brush.
A positive (negative) value of compositional enrichment denotes
that the brush is locally enriched in A (B) component. Our re-
sults demonstrated that polymer brushes exhibiting high degrees
of compositional enrichment also behave like a more “neutral”
surface which facilitates perpendicular alignment.

Figure 5 shows the compositional enrichment for polymer
brushes along the X−direction (averaged over Y and Z direction)
for varying brush sizes at a fixed grafting density, σR2

g = 4. The
lines represent a moving average and are a guide to the eye. The
compositional enrichment monotonically increases with increas-
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Fig. 4 Effect of the size of random copolymer brush chains and grafting density on density multiplication for Ws = 1Lo. The grafting density is denoted
by σ defined as number of chains per unit area (R2

g). The check marks denote aligned perpendicular lamellar morphology whereas cross represents a
mixed perpendicular morphology.
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Fig. 5 Compositional enrichment averaged along Y and Z direction for
varying size of brush chains for σR2

g = 4.

ing brush size suggesting that longer brushes exhibit higher ca-
pacity of segmental rearrangements. Figure 4 shows that, short
brushes (BRg = 0.25) are not able to form perpendicular BCP do-
mains at M = 6X irrespective of the grafting density. Since the
graft copolymer exhibits low compositional enrichment, it maybe
that the compositional rearrangements of the random copolymer
brush do not provide a sufficiently favorable surface for perpen-
dicular alignment of the BCP.

Random copolymer brushes having BRg = 0.5− 1.0 achieve 6X
density multiplication but only at an intermediate grafting density
of σR2

g = 4. This result is likely a consequence of two competing
features: (i) Longer grafted chains promote more conformational
rearrangement (or high compositional enrichment) of brush seg-
ments leading to a more “neutral” surface. Hence, grafting densi-
ties as low as σR2

g = 2 fail to provide a favourable surface in order
to align the lamellar morphology along the guiding line. (ii) With
increasing grafting density the exposure of the block copolymer
segments near the pattern sidewall is reduced. To demonstrate
this, Figure 6 displays the B segment volume fraction of the BCP
near the sidewall (averaged along the Y direction) for varying
grafting densities. The region showing zero volume fraction of
B segments denotes the pattern with a sidewall interaction pref-
erential to B segments. From Figure 6 it can be seen that, the
volume fraction of B monomer deceases with increasing grafting
density signifying reduced exposure of B monomers near the side-
wall. This results in a reduction in the guiding strength offered

0
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0.4

0.6

0.8

1

ϕ
B

X direction

----------

----------

----------

σRg
2=2

σRg
2=4

σRg
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BRg=0.75

Brush BrushPattern

Fig. 6 BCP B monomer volume fractions (preferential to the sidewall)
near the sidewall averaged along Y and Z direction for varying grafting
densities. The average in the Z direction was performed between the
substrate and top of the pattern.

by presence of the sidewall. Therefore, the 6X density multiplica-
tion can not be achieved at high grafting densities. Instead, the
intermediate grafting density of σR2

g = 4 seems to provide the bal-
ance of opposing factors mentioned above by providing sufficient
exposure to the sidewall along with a sufficient compositional en-
richment to support alignment of the lamellar domains.

Overall, self-assembly is seen to depend not only on the gap be-
tween brush surface and pattern surface (i.e. Hs, BRg ) but also on
the grafting density. The size of polymer brush needs to be suffi-
cient to allow for a significant exposure of the sidewall for the BCP
self assembly. The later is seen to be a function of both brush size
and grafting density. An intermediate grafting density was seen
to be most efficient in aligning lamellae for 6X density multiplica-
tion. Experimental work in this context has noted the importance
of exposure of the sidewalls to the BCP segments.27 These results
indicate that, grafting density of the random copolymer brushes
can also have a significant impact on the aligning efficiency of the
patterns.

3.2 Effect of film thickness and pattern width
Figure 7 summarizes the results for two pattern widths, Ws = 1Lo

and Ws = 2Lo, and for varying BCP film thickness in the range
Lz = 1− 2Lo. In order to reduce the number of parameters, the
simulations employed brush chains of size BRg = 0.5 and a graft-
ing density of σR2

g = 6 for all the results in this section. For
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Fig. 7 Effect of BCP film thickness on density multiplication for pattern
width of 1Lo and 2Lo. The check marks denote perpendicular lamellar
morphology whereas cross represent a mixed perpendicular
morphology or morphology with defects.

Ws = 1Lo, the sidewall patterning is able to produce perpendic-
ular morphology up to a density multiplication of 4X for all BCP
film thicknesses between Lz = 1−2Lo, and up to 6X for BCP film
thicknesses Lz = 1.5,2Lo. Interestingly, wider patterns (Ws = 2Lo)
are able to achieve 8X density multiplication for higher BCP film
thickness. Since the sidewall guiding scheme utilizes two side-
walls per pattern as opposed to only one guiding surface (pat-
tern top) employed in chemoepitaxy, the effectiveness of the pat-
tern is seen to be substantially improved relative to the results
reported for chemoepitaxy. With wider patterns, the spacing be-
tween sidewalls increases which delivers improved guiding effi-
ciency. Hence, defect free aligned lamellar morphology is ob-
served up to 8X density multiplication for wider patterns with
Ws = 2Lo which substantially reduces the demand for lithographic
resolution.

For thinner films, most of the simulations show a mixed/defect
morphology whereas better alignment is achieved for thicker
films. It can be speculated that increasing film thickness would
reduce the effects of confinement enabling the system to explore
a larger conformational space. Since, excess free energy of de-
fects in systems with vertically oriented lamellae is expected to
increase with film thickness,56 thinner films are likely to form de-
fects. For instance, in the context of fingerprint patterns, Camp-
bell et al. have observed that the defect density in quasi-2D lamel-
lar patterns decreases with the film thickness.57 Specifically, thin-
ner films (Lz < Lo) were unable to annihilate the high energy de-
fects that were less common in thicker films (Lz > Lo).57 Such
observations are consistent with results of Figure 7 demonstrat-
ing better alignment obtained with thicker BCP film.

In sum, the perpendicular alignment of lamellae with the guid-
ing pattern becomes more favorable with increasing BCP film
thickness. For the set of parameters examined in this study, wider
guiding stripes (Ws = 2Lo) are seen to achieve density multiplica-
tion up to 8X for thicker BCP films (Lz = 2Lo). This is a conse-
quence of better guiding strength (two guiding lines per pattern)
offered by wider patterns. However, such improvement in align-
ment with wider patterns is likely to have an upper bound until
which an improvement in guiding strength is observed.

3.3 Effect of sidewall interaction strength
Next, the DSA of BCP for ΛB

W N = 0.5,1.0,2.0 is examined as a
function of BCP film thickness to test whether the self assem-
bly improves/deteriorates as a function of strength of sidewall

interaction. Figure 8 shows the results for varying film thickness
and sidewall interactions for Ws = 1Lo− 2Lo. Overall, increasing
the sidewall interaction is seen to monotonically improve vertical
alignment of lamellae. The attraction (repulsion) between side-
wall and B (A) segments increases with ΛB

W . Thus higher ΛB
W

results in a higher effective repulsion between A and B segments
at the interface near the sidewall leading to better guiding of BCP
domains. In some cases, the increased strength of interaction
is seen to enable alignment for a higher density multiplication
scheme. For instance, 6X density multiplication can be achieved
only with higher strength of sidewall interaction Λb

W N = 1.0,2.0
for Lz = 1.5Lo (Ws = 1Lo) and Lz = 1Lo (Ws = 2Lo). Similarly,
8X density multiplication can be achieved only with the highest
strength of sidewall interaction studied in this section, Λb

W N = 2.0
for Lz = 1.5Lo (Ws = 2Lo). Consistent with the effect of film thick-
ness seen in the previous section, better self assembly was ob-
served for higher BCP film thicknesses. For Ws = 1Lo and Ws = 2Lo,
density multiplication up to 6X and 8X rendered the desired mor-
phologies for film thickness of Lz = 2Lo as opposed to the 4X
(Ws = 1Lo) and 6X (Ws = 2Lo) density multiplication achieved
with Lz = 1Lo. Interestingly, even 8X density multiplication can
be achieved for all values of sidewall interaction strengths with
wider chemical patterns at Lz = 2Lo.

An interesting question is whether the key parameter driving
the alignment is the interaction energy of the side wall by itself
or whether the controlling factor is the product of the interaction
energy and the exposed area of the side wall. In order to examine
the specific role of exposed area of sidewall, a case in which the
pattern height Hs was doubled was considered (Hs = 2Rg). Cor-
respondingly, the side wall interaction parameter was reduced by
half to maintain the product of area of sidewall and interaction
parameter a constant. The height of the brush was also scaled
with respect to pattern height. The results for such parameters
are displayed in Figure 9. In comparing with the results displayed
in Figure 8, we observe that the vertical alignment of lamellae
deteriorates for a higher pattern height (i. e. lower sidewall in-
teraction but the same product of area of sidewall and sidewall
interaction parameter). Moreover, the lowest interaction strength
of Λb

W N = 0.25 is unable to guide the self assembly even for a
density multiplication of 2X. These results, albeit not comprehen-
sive, serve to demonstrate that the side wall interaction energy by
itself serves as an important parameter in determining the align-
ment influence of the patterns.

Overall, chemical patterns with appropriate sidewall interac-
tions are able to guide the self assembly over longer periods as
compared to chemoepitaxy while extending the pattern width
regimes to Ws = 2Lo. Moreover, in some cases, increased strength
of sidewall interactions enables alignment for higher density mul-
tiplication schemes than that have been achieved in experiments.
Such results motivate experiments which can more thoroughly ex-
plore the parameters underlying the sidewall patterning scheme
to probe if indeed such multiplication schemes can be realized in
practice.
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Fig. 8 Effect of sidewall interaction on density multiplication for pattern height of Hs = 1Rg and pattern width of Ws = 1Lo and Ws = 2Lo for varying
sidewall interaction strength. The check marks denote perpendicular lamellar morphology whereas cross represent a mixed perpendicular
morphology.
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Fig. 9 Effect of sidewall interaction on density multiplication for pattern
width of Ws = 1Lo and Ws = 2Lo and pattern height of Hs = 2Rg for varying
sidewall interaction strength. The check marks denote perpendicular
lamellar morphology whereas cross represent a mixed perpendicular
morphology.

4 Summary
The DSA of lamellae forming BCPs on patterned substrates hav-
ing sidewall interactions was studied using a coarse grained poly-
mer model wherein the backfill polymer brushes were modeled
explicitly. The effect of brush properties, BCP film thickness and
pattern width on the BCP morphologies were examined. An inter-
mediate size of random copolymer brush (relative to the height
of the pattern), which allows local composition modulation of
the brush simultaneously with significant exposure of sidewall
was predicted to be optimum for DSA. The effect of BCP film
thickness for density multiplication schemes 2−8X was examined
for pattern widths of 1− 2Lo. Patterns having Ws = 1Lo guide
self-assembly up to 4X density multiplication (i.e. pattern pe-
riod of 4Lo) whereas patterns with Ws = 2Lo orient lamellae up
to 8X density multiplication. Thicker BCP films are seen to orient
lamellae for large periods of patterns. It appears that thicker BCP
films are less likely to get trapped in metastable configurations
and hence, achieve alignment up to 8X density multiplications for

wider patterns. Overall theses results indicate that the sidewall
patterning scheme greatly reduces the lithography resolution re-
quirements and has significant potential to direct the self assem-
bly of block copolymer with wider pattens having density mul-
tiplication of 8X. Moreover, unlike chemoepitaxy, where density
multiplication only up to 4X can be achieved with a proper tuning
to brush chemistry, the patterned sidewall scheme achieves den-
sity multiplication schemes (up to 8X) over a range of BCP film
thicknesses, sidewall interactions without tuning polymer brush
properties such as composition, size and grafting density.
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Short Abstract: Directed self-assembly of block copolymers on chemical patterns with sidewall 

guiding lines is examined using single chain in mean field simulations. The sidewall guiding strategy 

substantially reduces the resolution requirement by utilizing wider patterns up to two periods of the 

lamellar domains. Vertical alignment was achieved for film thickness between one to two periods of 

block copolymer and our results demonstrate density multiplication up to 8X.  

 

1 line TOC Entry: Directed self-assembly of block copolymers on chemical patterns with sidewall 

guiding lines is examined as a function of backfill brush properties, block copolymer film thickness, 

pattern size, and sidewall interaction strength. 
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