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D
irected assembly of cylinder-form-
ing block copolymer thin films has
been used to form structures that

have the potential as lithographic templates
to enhance technologies ranging from
semiconductors to bit patternedmedia.1�10

Cylindrical domains that align perpendicu-
larly to the substrate can be obtained by
directed assembly of block copolymers on
lithographically defined chemical patterns.
If the geometry and chemistry of the che-
mical pattern are judiciously chosen, the
underlying pattern can be used to create
block copolymer films that have useful,
well-defined nanostructures with both re-
gistration and a high degree of perfection
and are suitable for pattern transfer from the
block copolymer film into the substrate.11�13

Additionally, directing the assembly of the
cylindrical domains on chemically nanopat-
terned surfaces has been shown to be a
viable method for decreasing the variation
in critical dimensions while enhancing re-
solution and maintaining the uniformity of
the three-dimensional shape of the pat-
terned nanostructures.14,15

Tomeet themanufacturing constraints in
many applications, block copolymer mate-
rials often must be able to fabricate various
pattern geometries at once. As an example,
many research groups have tried to apply
directed assembly to the fabrication of bit
patterned media.16�19 From a manufactur-
ing standpoint, one of the important con-
straints of bit patterned media is that the
bits must be arranged in concentric rings
within annular zones on the disk.20 To main-
tain constant read-out frequency within a
single zone at a constant angular velocity,

the spacing of bits must vary from ring to
ring within each zone. The bits on the
inner rings within a zone will necessarily
have to be closer together than the bits on
the outer rings in the zone. Typically, the
width of the annular zones requires a
change in spacing of the bits from ring
to ring of 5% or more. Therefore, the block
copolymers thatwill be assembled on chemical
patterns should have the flexibility to control
the distance between the cylindrical domains.
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ABSTRACT Ternary blends of cylinder-forming polystyrene-block-poly(methyl methacrylate)

(PS-b-PMMA) and low molecular weight PS and PMMA were directed to assemble on chemically

patterned surfaces with hexagonal symmetry. The chemical patterns consisted of strongly PMMA

preferential spots, patterned by electron-beam lithography, in a matrix of PS. The spot-to-spot

spacing of the chemical patterns (Ls) was varied between 0.9L0 and 1.1L0, where L0 is the cylinder-to-

cylinder spacing of the pure block copolymer in bulk. The homopolymer volume fraction of the

blends (φH) was varied between 0 and 0.3. In addition, chemical patterns were formed with selected

spots missing from the perfect hexagonal array, such that the interpolation of domains between

patterned spots could be examined on patterns where the polymer/pattern feature density ranged

from 1:1 to 4:1. The assemblies were analyzed with top-down SEM, from which orientational order

parameter (OPo) values were determined. The SEM analysis was complemented by Monte Carlo

simulations, which offered insights into the shapes of the assembled cylindrical domains. It was

found that, in comparison to pure block copolymer, adding homopolymer increased the range of Ls
values over which assemblies with high OPo values could be achieved for 1:1 assemblies. However,

the corresponding simulations showed that in the 1:1 assemblies the shape of the cylinders was

more uniform for pure block copolymer than for blends. In the case of the 4:1 assemblies, the range

of Ls values over which assemblies with high OPo values could be achieved was the same for all

values ofφH tested, but the domains of the pure block copolymer had a more uniform shape. Overall,

the results provided insights into the blend composition to be used to meet technological

requirements for directed assembly with density multiplication.

KEYWORDS: block copolymer . ternary blend . thin film . chemical pattern . density
multiplication . commensurability . bit patterned media . blends
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The challenge with directing the assembly of block
copolymers with chemical patterns that have a range
of values of pattern spacing periods (Ls) is that directed
assembly typically works best when Ls is commensu-
rate with the natural bulk period of the block copoly-
mer, L0.

21,22 In essence, the assembled block copolymer
would need to be able to adjust to mismatches be-
tween Ls and L0. Research has shown that, in the case of
lamellae-forming block copolymers, directed assembly
yieldswell-ordered structureswhen Ls differs from L0 by as
much as 10%.23 In the case of cylinder-forming block
copolymers, which can provide a spot pattern appropriate
for bit patternedmedia, directed assembly can yield good
structures when the incommensurability between Ls and
L0 is∼5%or less and isnonsymmetric around L0.

24 Itwould
be technologically beneficial if the rangeof incommensur-
ability overwhichdirectedassemblyof cylindrical domains
yields well-ordered structures could be increased.
In this work, we investigate using blends of low

molecular weight (Mn) homopolymers and a cylinder-
forming block copolymer to accommodate incommen-
surate values of Ls (with respect to L0) in directed
assembly, both with and without density multiplication.
We examine assemblies with density multiplication fac-
tors ranging from 1:1 to 4:1, with blend homopolymer
volume fractions (φH) ranging from 0 to 0.3, and Ls values
ranging from 0.9L0 to 1.1L0. For our materials, we use
polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA) combined with lowMn PS and PMMA homopoly-
mers to form ternary blends, similar to a subset of cylinder-
forming blends studied by Stuen et al.25 We use scanning
electron microscopy (SEM) to image the assembled struc-
tures and characterize the order of the structures by
calculating their orientational order parameter (OPo).

26

We also use Monte Carlo simulations to gain insight into
the three-dimensional structureof theassembleddomains
within the film, as well as location of the block copolymer
and the homopolymer within the film.27

RESULTS

Directed Assembly of Ternary Blends without Density Multi-
plication. The general approach for directing the as-
sembly of thin films of PS-b-PMMA or PS-b-PMMA/PS/
PMMA ternary blends is shown in Figure 1A. We first
examined the combined effects of φH of the ternary
blends and the commensurability of Ls with L0 on the
assembly of thin films of PS-b-PMMA or PS-b-PMMA/
PS/PMMA ternary blends on chemical patterns without
density multiplication, such that the number of pat-
terned spots on the substrate was equal to the number
of cylinders to be assembled above the pattern. Figure 2
presents an array of top-down SEMs of the assembled
films, with φH ranging from 0 to 0.3 and Ls ranging from
0.90L0 to 1.09L0. On commensurate patterns (Ls = L0),
well-ordered assemblies were formed across the entire
range of φH, as seen in previous studies on the assembly
of cylindrical domains on commensurate chemical
patterns.12 When Ls > L0, directed assembly of all of the
blendsyielded structures thatdisplayedonly a fewdefects.
However, when Ls < L0, and especially when Ls = 0.9L0, the
assembled films of pure PS-b-PMMA (φH = 0) or of the
ternary blend with φH = 0.1 had a number of defects. In
contrast, the ternaryblendswithφH=0.2or 0.3onpatterns
with Ls < L0 had only a small number of defects.

The degree of order of the assembled arrays of
cylinders presented in Figure 2 was quantified by
determining OPo of the SEM corresponding to each
assembly. OPo provides a measure of the angular
distortion of the lattice points in the hexagonal unit
cell. As seen in Figure 3, OPo values were greater than
0.9 when the pure PS-b-PMMA or the ternary blends
were assembled on chemical patterns with Ls = L0. On
the incommensurate chemical patterns with Ls = 0.9L0,
the OPo values for the assemblies of blends with φH = 0.2
or 0.3 were significantly higher than for the assemblies
with φH = 0 or 0.1. A similar result can be observed for the
substrates with Ls = 0.95L0. In effect, the addition of the

Figure 1. (A) Schematic of directed assembly of polymeric materials (either pure PS-b-PMMA or PS-b-PMMA/PS/PMMA
ternary blends) on a chemical pattern. (B) Diagrams of chemical patterns designed for density multiplication factors ranging
from 1:1 to 4:1, with the center-to-center spacing of spots on the pattern shown for the 1:1 and 4:1 cases. The solid blue spots
represent patterned and etched spots in the chemical pattern, and the dashed circles represent the expected locations of
assembled domains above the chemical pattern.
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homopolymer to the PS-b-PMMA broadens the range of
Ls over which well-ordered assemblies can be achieved.

Monte Carlo simulations were used to further anal-
yze the assemblies shown in Figure 2. The simulations
of the assembled block copolymer and ternary blend
yielded similar structures, as well as variation with φH

and Ls, as shown in Figure 4. In Figure 4, the blue and
red regions are areas inwhich the normalized PMMAor
PS density is close to 1.0, respectively. The PS�PMMA
interface, which defines the surface of the cylindrical
domains, has a normalized PMMA density close to 0.5
and is shown in yellow, both in the top-down and the
three-dimensional cross section images.When Ls = L0, the
top-down images of the simulated assemblies showed

highly ordered hexagonal arrays of domains. However,
when φH = 0 or 0.1 and Ls = 0.9L0, a number of defects
were apparent in the assembly. As seen in the top-down
images in Figure 4, the PS matrix, which was red when
φH = 0, indicative of pure PS, becamemore orange as φH
was increased, indicating that thematrix at the surface of
the assembled film contained more PMMA.

While the top-down images of the simulations
matched the experimental SEM results, the simulations
offered additional information regarding the shape of
the cylindrical domains. As seen in the cylinder sections
on the right of Figure 4, the addition of homopolymer
caused the cylinders to formwithmore of an hourglass
shape. When φH = 0, the tops and bottoms of the
cylinders were slightly larger than the center of the
cylinder. However, as φH increased, the top and bot-
toms of the cylinders became significantly larger than
the middle of the cylinder, and also they had a greater
degree of variability from cylinder to cylinder com-
pared to the cylinders in the φH = 0 case.

Density Multiplication of Ternary Blends on Chemical Pat-
terns. After analyzing the effect of φH and Ls on the
assembly of the cylinder-forming blends shown above,
we investigated the effect that density multiplication
would have on the assemblies. The results of directed
assembly with 4:1 density multiplication of films of PS-
b-PMMA and of ternary blends, with φH ranging from 0
to 0.3 on substrates with Ls ranging from 0.90L0 to
1.09L0, are presented in Figure 5. The pure PS-b-PMMA
films assembled on the 4:1 chemical patterns with Ls = L0

Figure 2. Top-down SEM images of thin films of PS-b-PMMAor PS-b-PMMA/PS/PMMA ternary blends directed to assemble on
chemical patterns with various Ls. The volume fraction of homopolymers in the films is represented by φH.

Figure 3. Combined effect of deviations from commensur-
ability (expressed in terms of Ls/L0) and homopolymer
volume fraction (φH) on the orientational order parameter
of the assembled cylindrical domains shown in Figure 2.
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and Ls = 1.04L0with fewdefects andwithonly slightly less
order than the corresponding assembly without density
multiplication (Figure 2). Similar to the pure PS-b-PMMA,
the best assemblies with the blends with φH = 0.1
occurred on the substrates with Ls = L0 and Ls = 1.04L0.
Good assemblies were also formed when Ls = 0.90L0 and
φH = 0 or 0.1. For the blends with φH = 0.2 or 0.3, the Ls
window for the best assemblies shifted to lower values
of Ls, with the best assemblies occurring at Ls = 0.95L0
and Ls = L0. Unlike the assemblies without density
multiplication, the assemblies with density multiplica-
tion when Ls = 0.9L0 showed no improvement in order
as φH was increased from 0 to 0.3.

In general, the Monte Carlo simulations mirrored
the experimentally observed structures, as shown in
the top-down view of the simulated structures in
Figure 6. There were some differences between the
simulations and the SEMs, however. For example, the
assembly of the pure PS-b-PMMA on chemical patterns
with Ls = 0.95L0 and Ls = L0 exhibited a few defects,
whereas the assemblies of the pure PS-b-PMMA on
other chemical patterns did not. For the pure PS-b-
PMMA, the best assemblies were achieved with Ls =
1.05L0 and Ls = 1.1L0. As φH was increased in the
simulations, the window of Ls that yielded the best
assemblies shifted to lower values of Ls, with the best

assemblies for the blendswith φH = 0.1 occurring in the
range of Ls = L0 to Ls = 1.1L0, the best assemblies for the
blends with φH = 0.2 occurring when Ls = L0 or Ls =
1.05L0, and the best assemblies for the blendswithφH=
0.3 occurring in the range of Ls = 0.95L0 to Ls = 1.05L0.

Monte Carlo simulations of the range of assemblies
present in Figure 6 were again useful in providing insight
into how the increase in φH affected the structure of the
cylinders. Similar to the results of simulations of assem-
blies without density multiplication, the simulations sug-
gested that the domains of pure PS-b-PMMA had amore
uniform, cylindrical shape than the domains of the
blends. As φH increased, the cylinders became increas-
ingly more mis-shapen and tilted. In the case of φH = 0.3,
some of the cylinders appeared to have a toadstool
shape, with one end large and the other small.

DISCUSSION

The results above provide insight into the combined
effects of the assembled materials and the dimensions
of the chemical pattern on the quality of the assembled
morphology, as well as the shape of the assembled
domains. First we analyze the effect of addition of
homopolymer on the commensurability window, the
range of Ls values that yields assemblies with well-
ordered patterns. Then we examine the effect that the

Figure 4. Top-down simulation images of 1:1 directed assembly of films of PS-b-PMMA or ternary blends on chemical
patterns with various Ls, corresponding to the SEM images shown in Figure 2. The concentration of PS or PMMA in the
structures is shown by the color scale bar in the upper right. The three-dimensional images on the right are representative
samples of cylindrical domains taken froma section of the Ls = L0 films, such as the section definedby the vertical dashed lines
in the corresponding top-down image. The shape of the cylindrical domains becamemore like an hourglass as the fraction of
homopolymer (φH) in the blends was increased from 0 to 0.3.
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Figure 5. Top-down SEM images of thin films of PS-b-PMMAor PS-b-PMMA/PS/PMMA ternary blends directed to assemble on
chemical patterns with 4:1 density multiplication. The effect of homopolymer volume fraction (φH) and change in pattern
spacing (Ls) on the order of the assembled domains can be observed.

Figure 6. Top-down simulation images of thin films of PS-b-PMMA or PS-b-PMMA/PS/PMMA ternary blends directed to
assemble on chemical patterns with 4:1 densitymultiplication, as a function of Ls and φH. The concentration of PS or PMMA in
the structures is shown by the color scale bar in the upper right. The three-dimensional images of the cross section for Ls = L0
show that the cylindrical domains became shaped more like an hourglass as the amount of homopolymer (φH) in the blends
was increased from φH = 0 to 0.3.
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addition of homopolymer had on the three-dimensional
shape of the cylindrical domains. After analyzing the
effect of homopolymer addition on the commensurabil-
ity window and domain shape in the case of directed
assembly without density multiplication, we repeat the
analysis fordirectedassemblywithdensitymultiplication.
As shown in Figures 2 and 3, the addition of homo-

polymer led to a broadening of the commensurability
window over which assemblies with high OPo could be
achieved. Instead of having a commensurability win-
dowof(5% (Ls relative to L0) for pure block copolymer,
the commensurability window could be increased to
(10%by the addition of 20% homopolymer. However,
the trade-off for the broadening of the commensur-
ability was that the cylindrical domains became less
uniform as φH increased, as seen in Figure 4.
In the case of the assemblies with density multi-

plication, careful inspection of the SEM images and the
corresponding simulations (Figures 5 and 6) show that
the commensurability window did not increase in size
with increasing φH, as was the case for assemblies
without density multiplication. In addition, the Ls va-
lues of the commensurability window shifted to smal-
ler values with increasing φH. For example, in both
Figures 5 and 6, the Ls values for the commensurability
windows for φH = 0 and 0.3 were L0 to 1.04L0 and 0.95L0
to L0, respectively. The shift in the window of Ls with φH
can be understood in terms of the effect that the
addition of homopolymer to a block copolymer has
on the spacing of cylinders in the bulk. Block copoly-
mer ternary blends with lowMn homopolymers have a
tendency to have a smaller spacing between cylinders,
Lb, than the corresponding cylinder spacing of the pure
block copolymer, L0, due to the even distribution of
homopolymers within the cylindrical domains, which
effectively decreases χ, the Flory�Huggins interaction
parameter, at the domain�domain interface.28�31 Pre-
viously, Stuen et al. studied the phase separation and
the assembled morphology of cylinder-forming PS-b-
PMMA/PS/PMMA ternary blends with respect to the
molecular weights of homopolymers andφH and found
that the addition of homopolymers with Mn values
similar to those of the homopolymers used in this study
could cause Lb of a blendwith φH = 0.3 to be almost 5%
smaller than L0.

25 Using the data of Stuen et al. to
establish values of Lb for our blends, we can plot OPo as
a function of Ls/Lb of the assemblies done with density
multiplication for each of the blends as well as the pure
PS-b-PMMA, as shown in Figure 7 for the cases of 3:1
and 4:1 density multiplication. (Top-down SEMs used
for determining the OPo values for the 3:1 assemblies are
shown in theSupporting Information.) Forboth cases, the
curves for the three blends and the pure PS-b-PMMA
overlapped fairly well and had the same window of Ls/Lb
values that yielded assemblies with high OPo. The curve
for the blends with φH = 0.2 appeared shifted to lower
values of Ls/Lb, which could have been caused by

variations in the data of Stuen et al., but still matched
the shape of the other three curves fairly well.
Other striking features of the graph shown in Fig-

ure 7 are the outlier points at Ls/Lb > 1.1 in Figure 7A
and at Ls/Lb∼ 0.9 in Figure 7B. The high values of OPo at
Ls/Lb∼ 0.9 in Figure 7B reflect the high degree of order
seen in the corresponding SEMs in Figure 5. These high
values of OPo at highly incommensurate values of Ls/Lb
are due to the blends assembling with a different
hexagonal orientation that enables a more commen-
surate fit of the assembled cylinders with the under-
lying spotted chemical pattern. As shown by Bita et al.,
when hexagonal patterns are assembled within a
sparse array of nodes, different orientations of the
assembled hexagonal array can be achieved, depend-
ing on the spacing of the assembled array (Lb, in our
case) and the spacing of the pattern (Ls).

32 When Ls is
commensurate with Lb, the assembled hexagonal unit
cell will orient with the same orientation as the sparse
array of hexagonal nodes. However, as Ls diverges from
commensurability with Lb, other orientations of the
hexagonal unit cell can fit within the sparse array of
nodes, such that there is effectively more commensur-
ability between Ls and Lb. In our case, for an assembly
with 3:1 density multiplication and Ls/Lb ∼ 1.15, the

Figure 7. Orientational order parameter as a function of the
ratio of chemical pattern spot spacing (Ls) to the cylinder
spacing in the bulk of the blends (Lb) for ternary blend films
assembledwith a densitymultiplication factor of (A) 3:1 and
(B) 4:1. The homopolymer volume fraction (φH) was varied
from 0 (pure PS-b-PMMA) to 0.3, as shown in the legend.
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hexagon unit cell of the assembled cylinders can
achieve better alignment with the underlying spots
when it is rotated by 30� relative to the unit cell
orientation when Ls/Lb = 1. Similarly, for an assembly
with 4:1 density multiplication and φH = 0, at Ls/Lo ∼
0.9, a rotation of the hexagon unit cell by 30� enables
the cylinder spacing to be virtually commensurate with
the spacing of the underlying spots, and as a result, a
well-ordered assembly of cylinders is formed.
One of the ways in which the simulations are helpful

in analyzing the assembled morphologies is that they
can provide snapshots of the domains, as shown in
Figures 4 and 6. A comparison of the 3D shapes of
the domains obtained from the simulations reveals that,
for pure block copolymer (φH = 0), the domains in the
1:1 assembly had an hourglass shape, while the shape
was more cylindrical for the 4:1 assembly. A similar effect
is observed when comparing the domain shapes for
blends with φH = 0.2. In contrast, for blends with φH =
0.3, it is difficult to discernwhether or not the 4:1 assembly
yielded more uniform domains than the 1:1 assembly.
When it is difficult to discern from the snapshot

images a clear difference between the domains, it is
useful to examine the average shape of the domains
across an entire simulated assembly. One approach to
examine the average domain shape is to use the
simulation results to graph the density of PMMA
chains, from both block copolymer and homopolymer,
in successive layers parallel to the substrate. The
average PMMA density (FPMMA) across a layer of the
entire simulation (corresponding to approximately
cylindrical domains) at a given distance from the inter-
face (expressed as z/L0, where the film thickness in the
simulation equaled L0) scales with the diameter of the
domain at that distance, such that the average density
profile provides an idea of the average shape of the
domain. The density profile close to the boundaries
results from the assumption of N = 32 as described in
our previous work.33 This assumption effectively de-
scribes the behavior of the cylinders in this study while
maintaining Gaussian statistics of the chains in the
immediate vicinity of the wall.
Several trends are apparent in the PMMA density

profile in Figure 8. First, for all of the assemblies,
the density was lower at z/L0 = 0.5 in comparison to
z/L0 = 0.0 and z/L0 = 1.0, suggesting a larger domain
diameter close to the chemical pattern interface and
the surface of the film, in comparison to the middle,
which corresponded to the hourglass shapes apparent
in Figures 4 and 6. Second, for each value of φH, FPMMA,
and therefore the average diameter of the domain, was
smaller for the assembly with 4:1 densitymultiplication
compared to the assembly with 1:1 density multiplication.
One possible reason for this difference could be that the
domains that formbetween thepatternedspotson the4:1
chemical pattern did not wet the chemical pattern inter-
face. In contrast, for each value of φH, FPMMA was equal at

the free surface of thefilm. Third, the comparisonbetween
the 1:1 and 4:1 assemblies atφH= 0.0 suggests a smoother
density profile and a smaller difference between the
maximumandminimumvalues of FPMMA for 4:1 assembly
in comparison to 1:1. A similar trend can be seen for φH =
0.2 andφH=0.3, although forφH=0.3, thedifference in the
minimum value of FPMMA between the 1:1 and 4:1 assem-
blies is smaller than it is when φH = 0.2. In general, the
FPMMAprofileplots confirmthat, for agivenvalueofφH, the
three-dimensional shapes for the 4:1 assembly are more
cylindrical in comparison to 1:1 assembly.
In addition to the shapes of the PMMA cylinders, the

density of the block copolymer chain ends (both PS
and PMMA) was computed, in the same manner that
FPMMA was determined for Figure 8, to compare the
mobility of the block copolymer chains for different
assemblies. Figure 9 shows the film thickness along the
x-axis and the average density of chain ends along the
y-axis. The hourglass shapes that were observed in
Figure 8 are also apparent in Figure 9. It should be
noted that because the graph in Figure 9 represents
the chain ends of only the block copolymer, the total
density of chain ends of the blend (φH = 0.2) will not be
the same as the total density of chain ends of the pure
block copolymer (φH = 0). Also, the magnitude of the
density values are small because the chain ends represent
only 2 beads out of 30 that comprise the block
copolymer in the simulation.
The hourglass shape of the domains can be under-

stood as the combination of the varying chain mobility
of the different blends and the thermodynamic driving
force for wetting of the chemical pattern by the PMMA.
The patterned spots had an affinity for PMMA set by
ΛN = 1, whereas the affinity for PS by the background
region wasΛN = 0.15. Thus, there was a greater affinity
for PMMA to be near the spots than for PS to be near
the surrounding background region. In the case of the

Figure 8. Average density of cylinder-forming polymer,
FPMMA, as a function of the ratio of film thickness (z) to the
cylinder spacing in the bulk (L0) with a density multiplica-
tion factor of 1:1 and 4:1. The results are plotted for four
different homopolymer volume fractions (φH): 0 to 0.3.
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films assembled with density multiplication, there
were fewer patterned spots and therefore fewer places
where the PMMA extended all the way to the chemical
pattern. Thus, the 1:1 assemblies will havemore PMMA
at small values of z/L0 (near the chemical pattern) than
the 4:1 assemblies. This difference is most apparent
when comparing the 1:1 and 4:1 assemblies in Figure 9.
Because more of the PMMA (Figure 8) and chain ends
(Figure 9) are at the chemical pattern interface in the
1:1 assemblies when compared to the 4:1 assemblies,
there will be less PMMA, or fewer chain ends, at the
middle of the film, and therefore the hourglass shape is
more pronounced.Wewould also expect thepolymers in
the blend to have more mobility than pure block copo-
lymer. This increased mobility of the blend appears to
cause a more pronounced hourglass shape when com-
pared to the corresponding assembly for pure block
copolymer. Both the thermodynamic andmobility effects
are important to consider for technological applications.
The decrease in the hourglass structure with density
multiplication can provide greater uniformity of pattern
features and decreased line edge roughness, while the
increase in chain mobility may lead to an increase in
hourglass shape, but also improved annealing, and there-
fore structures with fewer defects.
We can use the combined experimental and simula-

tion results to consider the technological implications
for the use of directed assembly in bit patternedmedia.
First, in the case of 1:1 directed assembly, the addition
of homopolymer can increase the commensurability

window from(5%of Ls to(10% of Ls, which is beyond
the requirements for bit patterned media for the
variation in spot spacing. However, in the case of 1:1
directed assembly, a question remains regarding
whether the domains are sufficiently uniform in
three-dimensional shape to yield uniform spots after
transfer of the assembled pattern to the underyling
substrate. Pattern transfer itself depends on many
variables (transfer method, etch conditions, etc.), but
one feature that directed assembly without density
multiplication has working in its favor is that each
cylindrical domain will wet a spot on the chemical
pattern. Those spots should have approximately the
same area, within the limits of the lithographic process
used to pattern them. The uniformity of these spots at
the block copolymer/chemical pattern interface sug-
gests that, with the proper pattern transfer method,
the assembled cylinders could be sufficient for pattern
transfer for bit patterned media. The results also show
that the trade-offs between commensurability window
and domain shape are the opposite when the assem-
blies are performedwith densitymultiplication. For the
assemblies with density multiplication, the commen-
surability window does not increase beyond(5%of Ls,
but when compared to 1:1 assemblies, the average
shape of the domains is more cylindrical.

CONCLUSION

Our work reveals the trade-offs inherent in adding
homopolymer to a cylinder-forming block copolymer
to be used for directed assembly, both with and with-
out density multiplication. In the case of directed
assembly without density multiplication, the use of a
blend instead of pure block copolymer can increase
the range of domain spacings over which the blend
can be assembled with a high degree of order, but that
the resulting cylindrical domains of the blend will not
be as uniform as they are for the pure block copolymer.
In contrast, directed assembly with density multiplica-
tion of the blend leads to a more uniform domain
shape than without density multiplication, but the
range of domain spacings achievable with the assem-
bly of the blend does not improve compared to the
range achievable with 1:1 directed assembly of the
pure block copolymer. The results of this work should
point the way for the implementation of directed
assembly of cylinder-forming block copolymer with
density multiplication in technologies such as ad-
vanced lithography and bit patterned media.

EXPERIMENTAL AND SIMULATION SECTION
Materials. Cylinder-forming PS-b-PMMA (Mn = 50.5 kg/mol

PS and 20.9 kg/mol PMMA, and PDI = 1.06, bulk center-to-center
distance between cylinders (L0) ≈ 43 nm), PS (Mn = 1.5 kg/mol
and PDI = 1.05), and PMMA (Mn = 1.5 kg/mol and PDI = 1.06)

were acquired from Polymer Source, Inc. and used as received.
The homopolymers were added to the blend in a PS/PMMA
ratio of 73:27 (v/v) to match the volume fractions of the PS-b-
PMMA. The homopolymer fraction in the ternary blends (φH)
was varied from 0 to 0.3. Hydroxyl-terminated polystyrene

Figure 9. Average density of chain ends of diblock as a
function of the ratio of film thickness (z) to the cylinder
spacing in the bulk (L0) with a density multiplication factor
of 1:1 and 4:1. The homopolymer volume fraction (φH)
shown was 0 (pure PS-b-PMMA) and 0.2.
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(PS�OH; Mn = 6.0 kg/mol, PDI = 1.07) was synthesized using
anionic polymerization. PMMA photoresist was purchased from
MicroChem Corp. and had a Mn of 950 kg/mol.

Preparation of Chemically Patterned Surfaces. Chemical patterns
were prepared from the PS�OH brush to yield a hexagonal array
of spots, with the center-to-center distance between spots on the
pattern (Ls) ranging from 0.9L0 to 1.1L0. The spots were preferen-
tially wet by the PMMA block of the PS-b-PMMA, and the matrix
surrounding the spots was preferentially wet by the PS block.
Generating patterns for directed assembly with density multi-
plication was achieved by selectively removing spots from the
hexagonal array, such that the density of cylindrical domains of
the assembled block copolymer was an integer multiple of the sur-
facedensity of spots in the chemical pattern. Chemical patternswere
generated for density multiplication factors ranging from 1:1 to 4:1.

The process to form the chemical pattern started with spin-
coating a ∼20 nm thick film of PS�OH onto a piranha-cleaned
silicon wafer from a 1.0 wt % toluene solution. The PS�OH film
was annealed under vacuum at ∼160 �C for 2 days in order to
graft the PS�OH to the wafer via a dehydration reaction.
Ungrafted PS�OH was then extracted using repeated sonica-
tions in warm toluene for no more than 10 min, resulting in a
brush-coated wafer, as explained previously.23,34 The grafted
PS�OH was patterned in a manner similar to the method
suggested by Stoykovich et al.34 A 50 nm thick PMMA photo-
resist film was spin-coated from a chlorobenzene solution on
top of a brush-coated substrate. Electron-beam lithography was
performed using a LEO 1550-VP field emission scanning elec-
tron microscope (SEM) operating with a J.C. Nabity nanoscale
pattern generation system. Exposures utilized an accelerating
voltage of 20 keV, a beam current of∼27.5 pA, and line doses in
the range of 0.08�0.60 nC/cm. All samples were developed for
30 s in a 1:3 solution of methyl isobutyl ketone/isopropyl
alcohol, followed by IPA rinsing and nitrogen drying steps.
Subsequently, the photoresist pattern was transferred to a
chemical pattern in the PS brush by oxygen plasma etching,
using a PE-200 Benchtop Plasma System (Plasma Etch, Inc.)
plasma etch device, operated at 10 mTorr pressure, an O2 flow
rate of 10 sccm, and a radio frequency power of 80 W for 10 s.
The oxygen-plasma-treated regions of the brush were prefer-
entially wet by PMMA, and the untreated PS�OH regions were
preferentially wet by the PS.

Assembly. The polymeric materials were spin-coated from
1.3% solutions in toluene onto the chemically patterned sur-
faces. The resulting block copolymer thin film was 37 nm thick,
as measured by ellipsometry (Rudolph Research Auto EL). The
film was annealed under vacuum at 230 �C for 6 h.

Characterization and Analysis. The patterns and the domain
structures of the assembledblock copolymer filmson the chemical
nanopatterns were imaged using a LEO 1550-VP field emission
SEMwith 1 keV acceleration voltage. To assist in image contrast for
the films, thePMMAportionsof the filmwere removedwith0.5 J/cm2

exposures of 254 nm ultraviolet light followed by a 30 s rinse in
glacial acetic acid, subsequent washing with deionized water,
and drying by nitrogen gun. The orientational order parameter
(OPo) of hexagonally ordered cylinders of annealed block copoly-
mer films on the various chemical patterns was determined by a
custom MATLAB program after normalizing the brightness and
contrast of the imageswith Photoshop.26 TheOPowasdetermined
from a hexagonal lattice point and its six nearest neighbors in our
case. The data presented for each condition were collected from
more than 2000 cylinders per sample.

Monte Carlo Simulations. Monte Carlo (MC) simulations were
performed for 105 cycles using a coarse-grainedmodel todescribe
block copolymer melts.27 To discretize each chain contour, N
beads were used, and the chains of the block copolymer were
confined in a volume V at temperature T.35 The two energy
components of the Hamiltonian H were the bonded component
(Hb), described by pairwise interaction function between beads,
and the nonbonded component (Hnb), described by a function of
the local densities ΦA(r) and ΦB(r).

36 The bonded interactions
correspond to the harmonic springs of the Gaussian chains:

Hb[ri(s)]
kBT

¼ 3
2 ∑
N � 1

s¼ 1

[ri(sþ 1) � ri(s)]2

b2
(1)

where vector ri(s) denotes the position of the sth bead in the ith
chain, b2 = Re

2/(N � 1) is the mean squared bond length, kB is the
Boltzmann constant, and Re is the mean squared end-to-end
distance for an isolated, non-interacting chain. For nonbonded
interactions, the densities were computed from the bead posi-
tions, giving rise to a pairwise interaction potential. The simple
form of nonbonded interactions is

Hnb[ΦA,ΦB]
kBT

¼ F0

Z
v

dr χΦAΦB þK
2
(1 �ΦA �ΦB)

2

� �
(2)

where Flory�Huggins parameter is χ and F0 is the average bulk
number density of beads. The local density fluctuations were
restricted to deviate from the average value of eq 2 obtained by
the finite compressibility, where κ is related to the inverse
isothermal compressibility of the melt. The invariant degree of
polymerization N is proportional to Mn for this dense melt. The
length scale used in our model was the coarse grain parameter Re
and was set by

√
N = F0Re3/N. The

√
N parameter was used to

estimate the number of chains a given chain interacts with, which
in turn controls the strengthof the fluctuations. For our simulations
of a cylinder-formingABdiblock copolymer,weused χN=25, κN=
35,N =952, which corresponded to a diblock copolymerwithMn =
71.4 kg 3mol�1 and approximately matched the PS-b-PMMA used
in our experiments. The diblock copolymer chain (with N = 30
beads) was discretized intoNA = 21 andNB = 9 beads, respectively,
corresponding to each block of the diblock and will be referred to
as block A and B. Homopolymers of A and B are represented by a
single bead each. The thickness of the thin film in the simulation
was similar to those of experiments, and the simulation results
were rescaled such that the thickness equaled L0. To represent the
chemical patternof the surface,weused thepotential givenby37,38

U(r, K )
kBT

¼ � ΛK

d=Re
exp � z2

2d2

" #
(3)

where d = 0.15 Re and ΛKN sets the affinity between the surface
and beads of type K. The top surfacewas neutral (ΛN = 0), and the
patterned area on the bottom surface had a strong preference to
the minority component (ΛN = 1). The unpatterned surface was
slightly attractive to the majority block (ΛN = �0.15), and it was
assumed that for all surfaces S, ΛS

AN = �ΛS
BN = ΛSN. The surface

term is added to the Hamiltonian H = Hb þ Hnb þ HS, where HS =
∑iUS(ri,Ki), which sums over all beads i, and US includes the
potential.
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