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ABSTRACT: The cylindrical domain diameter (d), spacing (D), and uniformity in thin films of ternary
blends of a cylinder-forming polystyrene-block-poly(methyl methacrylate) block copolymer and the corre-
sponding homopolymers were investigated as a function of the molecular weight (M) and concentration (@)
of the homopolymers. Thin films (20—65 nm) of the blends were deposited on silicon wafers that had been
modified with random copolymer brushes such that the cylindrical domains of the annealed blends were
oriented perpendicular to the substrate. The best uniformity of d, at a given ¢y, was achieved in the blends
with lower homopolymer M,s. For blends made with homopolymers that had M|, values of the same order of
magnitude as those of the corresponding blocks of the copolymer, D increased with increasing ¢y as D =
Do(1 — (pH)fﬁ, where D, is the domain spacing of the block copolymer and f3 is a parameter that depends on
the ratio of the homopolymer and block copolymer molecular weights. The cylindrical domains of the blends
could be swollen up to 150% of the original diameter while maintaining hexagonal ordering. For most of the
blends on the random copolymer brushes, uniform arrays of perpendicular cylinders were formed most
frequently at a film thickness near D,. A ternary blend with homopolymers with very low M s produced
markedly different results: D decreased in size with increasing ¢y, measurable up to ¢y = 0.4, and produced

uniform patterns in films with thicknesses ranging from 20 to 37 nm.

Introduction

The assembly of block copolymer domains in thin films has the
potential to significantly improve advanced lithographic pro-
cesses' as well as the fabrication of nanostructured templates.”
In the case of nanolithography, the directed assembly of block
copolymer domains can provide enhanced resolution™* and uni-
formity® of patterned features that match essential integrated
circuit geometries.® Nanoscale arrays of cylinders are important
for applications such as high-density bit patterned media.*’ In
addition to their potential uses in advanced lithography, block
copolymer templates could be beneficial in applications such as
patterning monolithic materials for chromatographic and catalytic
applications,” providing ordered reaction sites for nanoparticle
generation,® hosting photonic crystals, and creating surfaces for
controlled cellular response.”

For many applications, a specific domain dimension is re-
quired. The domain size of a block copolymer depends on the
number of repeat units in the block copolymer (N), the character-
istic segment length of the polymer chain, and the Flory—Huggins
interaction parameter (y), which is determined by the physical
interaction of the blocks.'” One approach to realizing specific
domain dimensions is to synthesize a new block copolymer for
each desired size. An alternative approach is to use a blend of a
block copolymer with a homopolymer or with another block
copolymer to tune the dimensions of the pattern.''”!7 The
addition of homopolymer can swell the block copolymer domains
in a controlled fashion,'*'® %" thereby permitting customization
of the domain sizes for each specific application without requiring
the synthesis of new materials.

Knowledge of the maximum amount of homopolymer that
can be added to a ternary blend without disrupting its micro-
phase-separated morphology is necessary to create uniform
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nanostructures. While the addition of homopolymer can offer a
degree of control of the domain size in a thin film of block
copolymer, it can also lead to the formation of morphological
phases not observed in pure block copolymers.?! For example,
the addition of a sufficiently large amount homopolymer to a
block copolymer will result in the formation of either a micro-
emulsion or a macrophase-separated morphology. In the case of
microemulsions of ternary blends, the relative amount of each
homopolymer, as well as the mole fraction of each block in the
block copolymer, can lead to the formation of either bicontin-
uous or droplet microemulsions.”> >* Phase transitions of block
copolymer blends have been studied in the bulk®*?*°733 and in
thin films.>*** ¢ An understanding of the phases and phase
transitions of thin films of ternary blends, and how they impact
dimensional scaling and domain uniformity, is necessary if thin
films of ternary blends are to be optimized for use in technological
applications.

In this work we investigated the effect of homopolymer
molecular weight (M,) and concentration (¢y) on the domain
size and uniformity in ternary blends composed of cylinder-
forming polystyrene-block-poly(methyl methacrylate) block co-
polymer (PS-b-PMMA), polystyrene (PS), and poly(methyl
methacrylate) (PMMA). We used fast Fourier transforms (FFTs)
of scanning electron microscope (SEM) images to classify each
blend as forming one of three phases: microphase-separated,
nonuniform, and macrophase-separated phases. Characteristics
of the nonuniform phase were similar to those of microemulsions
in bulk ternary blends. We produced hexagonal arrays of
vertically oriented cylinders by annealing thin (<65 nm) films
of the ternary blend on brushes made from a random copolymer
of styrene and methyl methacrylate (PS--PMMA). Of particular
interest was determining the homopolymer M, values that would
lead to uniform patterns in thin films of the ternary blends.
The center-to-center domain spacing (D), cylindrical domain
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Table 1. Block Copolymer/Homopolymer Blends”

label PS M, PMMA M, brush regime
1.5-1.5 1.5 1.5 wet
21-21 21 21 dry
21-37 21 37 dry
39-21 39 21 dry
39-37 39 37 dry

“All blends use a 46-b-21 PS-b-PMMA block copolymer. All mole-
cular weights are in kg/mol.

diameter (d), and the degree of nonperpendicular “defect”
structures in the films were analyzed as a function of both film
thickness and ¢y for each blend.

Experimental Section

Materials. The block copolymer and homopolymers were
purchased from Polymer Source (Dorval, Quebec) and used as
received. These included PS-»-PMMA (PS 46 kg/mol, PMMA
21 kg/mol, polydispersity index (PDI) = 1.11), PS homopoly-
mers with molecular weights of 1.25, 20.8, and 38.9 kg/mol and
PDIs of 1.10, 1.23, and 1.08, respectively, and PMMA homo-
polymers with molecular weights of 1.5, 21.2, and 37 kg/mol and
PDIs of 1.07, 1.15, and 1.04, respectively.

The PS--PMMA random copolymer was synthesized using
nitroxide-mediated living free radical polymerization, yielding
PS-r-PMMA with a styrene mole fraction of 61%. Styrene and
methyl methacrylate were purchased from Aldrich and distilled
prior to polymerization. An alkoxyamine-based initiator was
synthesized following the general procedures outlined by Benoit
etal.’” The initiator included an end hydroxyl group for bonding
to the Si wafer.*®

Sample Preparation. The block copolymer—homopolymer
blends were prepared as 1% or 1.5% w/w solutions in toluene.
For each blend, PS and PMMA were added in a ratio of ~70:30
to the PS-b-PMMA to preserve the overall volume fraction of
PS and PMMA in the blend. The various blends are listed in
Table 1. The brush regime designation is explained in the
Discussion section.

The PS-r-PMMA was covalently grafted to the native oxide
on silicon wafers, as described previously.® Si wafers were
cleaned with piranha solution (caution!), rinsed with DI water,
and dried with a stream of N,. They were then immediately spin-
coated with a 1.5 wt % solution of PS-r-PMMA in toluene. The
wafers were then annealed at 160 °C under vacuum for 48 h to
graft the PS--PMMA to the substrate through a dehydration
reaction. Ungrafted PS-r-PMMA was removed via repeated
sonication in warm toluene, and the substrates were dried under
nitrogen. The block copolymer blends were then spin-coated
onto the brushes over a range of spin speeds to achieve the
desired film thickness. Blends 21-21, 21-37, 39-21, and 39-37
(referred to throughout as the dry brush blends) were coated to
yield films with thicknesses ranging from 33 to 65 nm. Blend 1.5-
1.5 (referred to as the wet brush blend) was coated to produce
films 20 to 38 nm thick. These thicknesses were chosen to be near
D for the various blends. The blend films were annealed at 190 °C
for 3 daysin a vacuum chamber at ~200 Pa absolute pressure. At
this annealing temperature y N of the pure block copolymer was
244 Prior to annealing, the chamber was backfilled with Ar.

For pattern transfer to the silicon wafer, the PMMA was first
removed with a wet etch process. For the wet etching, the block
copolymer film was irradiated with UV light with a maximum
intensity at 254 nm with an exposure of 0.45 J/cm?. The samples
were then dipped in glacial acetic acid for 1 min, soaked in
deionized water for 1 min, and dried over N,. Finally, the
nanoporous templates were dry etched to transfer the pattern
into Si. A helicon plasma source was used with Ar, SFg,
and C,H,F, gases at flow rates of 60, 9, and 9 sccm, respectively.
The etching was performed at 1.3 Pa and at a wafer temperature
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of 5 °C. A source power of 600 W was used with a —80 V wafer
bias voltage. Approximately 60% of the PS template was
removed during the dry etch process. The remaining PS template
was removed using an oxygen plasma (5 min, unbiased chamber
under vacuum to 9.3 Pa, oxygen flow rate of 50 sccm, applied
power of 250 W at 13.56 MHz).

Materials Analysis. A 'H NMR spectrum was recorded for
the PS-r-PMMA in solution (CDCl;) with a Bruker AC+ 300
(300-MHz) spectrometer. GPC was performed on the homo-
polymers with a Viscotek GPCmax instrument with two col-
umns (Varian SM-POLY-008-27 and 5SM-POLY-008-32) and
model 302 TDA detectors. The polymers were eluted with THF
at a flow rate of 1 mL/min at 30 °C. PS M, and PDI values
and PMMA PDI values were determined using a refractive
index detector and calculated as PS equivalents. The PMMA
M, values listed were those quoted by Polymer Source. The film
thicknesses of the brush and block copolymer layers were
measured with a Rudolph Research Auto EL ellipsometer.
Top-down SEM images of the block copolymer microdomains
and Si structures were acquired with a LEO-1550 VP field-
emission instrument using an accelerating voltage of 1 kV and a
30 um aperture.

To determine d, we used custom software employing a gradient
technique, which evaluates the brightness near the block copoly-
mer interface in an SEM image and marks the steepest slope as the
domain edge. Azimuthally averaged FFTs of the SEM images
were used to determine domain spacings (D= (2/+/3)(27/q), where
q is the location of the first-order peak) and phase transitions. The
disappearance of the second- and first-order peaks in the FFTs as
¢u was increased from ¢y = 0 was used to demarcate the
microphase-separated, nonuniform, and macrophase-separated
phases.

Results

After annealing on the random copolymer brush, the blend
films contained PMMA cylinders that were oriented perpendi-
cular to the substrate, as shown in the SEM images of blend 21-21
in Figure 1. Figure 1 (left) shows top-down SEM images of the
free surface of films of blend 21-21 (thickness 30—60 nm) for a
range of ¢y values. At low ¢y values (<0.2), the cylindrical
domains were small and uniform. As ¢y increased, the size and
spacing of the cylinders increased, as can be seen visually by
comparing the images at ¢y =0 and ¢y = 0.4. Some deformed
cylinders were present, but in general the cylinders remained in a
hexagonal arrangement. As ¢y was increased further to 0.5 and
larger values, the cylinders became very nonuniform in size and
shape. In contrast, for blend 1.5-1.5, the size of the domains
and sharpness of the interfaces decreased as ¢y was increased
from @y =0.

For all ¢y values of blend 21-21, the cylinders penetrated
through the entire thickness of the film, as evidenced by the
pores that could be made in the underlying silicon by using the
blend film as an etch mask (see Supporting Information). The
uniformity and dimensions of the etched pore structures varied
with ¢y in the same way as the cylinders in the blend film,
indicating that the spot structures seen in the SEM images of
the blend film were cylinders that spanned the thickness of
the film.

The domain spacing D as a function of ¢y was characterized
for each of the blends, as shown in Figure 2. D was calculated
from the peak position of an azimuthally averaged FFT of a
top-down SEM image of the blend. All of the blends followed the
same general trend of D increasing with ¢y, except for blend 1.5-
1.5. Blend 1.5-1.5 followed a different trend, with the domain
spacing slightly decreasing with increasing ¢y. The spacings from
films of blend 1.5-1.5 with ¢;>0.4 were not determined because
of the diminishing contrast between PS and PMMA when ¢y >
0.4 and the concomitant difficulty in extracting the domain
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Figure 1. Top-down SEM images of the 21-21 blend (left) and the 1.5-
1.5 blend (right). The volume fraction of homopolymer added is shown
in the upper left corner of each image. The scale bar applies to all images.
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Figure 2. D (center-to-center cylinder spacing) as a function of ¢y for
the different blends. The black line is a plot of eq 1 with 5 = 0.83.

spacing. All of the 1.5-1.5 films yielded excellent perpendicular
orientation and hexagonal ordering and showed few, if any,
defects. Throughout this study, the term “defect” refers to any
structure other than circular spots (as seen from the top-down
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Figure 3. Spot diameter, d, as a function of ¢y for the different blends.
The error bars represent one sigma.

SEM) formed from the perpendicular cylinders. Parallel, twisted
or angled cylinders, and loop structures are all classified as
defects.

The size and variation of d also increased with increasing ¢y,
as shown in Figure 3. The values of d and the corresponding
standard deviations were calculated for the dry brush blends with
0 < @y =< 0.4. Asshown in Figure 3, the variation in dincreased in
the following order: 39-21, 21-21, 39-37, 21-37. The standard
deviation of d increased more rapidly for the blends with higher
PMMA M, Similarly, at the highest ¢y in the range in Figure 3
(o = 0.4), d was larger when the PMMA M, was larger (blends
39-37 and 21-37).

Along with ¢y, film thickness also had an effect on nanopat-
tern quality and uniformity. Figure 4 shows the pattern quality as
a function of the combined effects of D, ¢y, thickness, and blend.
In the graph of D versus film thicknesses (Figure 4), blend
compositions are denoted by the different shapes of the data
points. The dashed lines parallel to the x-axis demarcate regions
of constant ¢y. The quality of the pattern of perpendicular
cylinders of each blend was visually assessed and categorized as
having poor, medium, or high quality. Representative SEM
images of each quality classification are shown on the right side
of Figure 4. The size of each data point reflects the quality
observed in each self-assembled blend (smaller points = higher
quality). The pure block copolymer produced good quality
perpendicular structures over a wide range of thicknesses. As
¢y was increased in the blends, more defects were observable in
the annealed films and the range of thicknesses that yielded
quality films decreased. The best quality films were found most
frequently near a thickness of 38 nm, regardless of ¢y. For those
films with large @y (@y = 0.3) and therefore large D, increasing
the film thickness to approximately match D did not increase the
pattern quality. In contrast to the results shown in Figure 4, blend
1.5-1.5 (not shown) produced perpendicular structures without
defects over a range of thicknesses and ¢y values.

The disappearance of the first- and second-order peaks in the
FFTs as ¢y was increased from 0 to 0.8 was used to determine
phase transitions in the blends, as shown in Figure 5. In both
blend samples presented in Figure 5, the second-order (+/3) peak
disappeared between ¢y = 0.5 and 0.6. In previous studies the
disappearance of the higher-ordered peak in small-angle neutron
scattering (SANS) profiles of ternary blends was used to indicate
the transition from a microphase-separated phase to a micro-
emulsion phase.”’*? Here we viewed the disappearance of the
/3 peak as indicative of the transition from the ordered, micro-
phase-separated phase to the nonuniform phase. The transition
from the nonuniform phase to the macrophase-separated phase
was apparent in the disappearance of the first-order peak between
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Figure 4. Quality of perpendicular cylinders as a function of film thickness, domain spacing, and blend. The size of each point is relative to the observed
quality of each image (small = good quality, large = poor quality). SEM images are representative of quality categories. The dashed lines separate data
based on the amount of homopolymer added, and ¢y is given for each region.
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Figure 5. Azimuthally averaged FFTs as a function of blend composi-
tion. The curves are offset by an arbitrary amount for clarity. From top
to bottom the plots correspond to ¢y = 0t00.81n 0.1 increments. Solid
green lines indicate the microphase-separated phase, dashed orange
lines indicate the nonuniform phase, and solid red lines indicate the
macrophase-separated phase, as determined by the existence of the first-
and second-order peaks for each value of ¢y.

@ =0.6and 0.8 for the dry brush blends. In general, the FFTs of
the SEM images of the dry brush blends were similar. For the wet
brush blend (blend 1.5-1.5, not shown) the FFT did not show
sharp peaks because of the poor contrast between the domains
and the lack of sharp domain interfaces in the SEM images. The
poor contrast and apparent width of the domain interface
observed in the SEM images of blend 1.5-1.5 increased with
increasing @y.

Discussion

Effect of Blend Composition on Domain Spacing and Spot
Size. The dry brush blends all showed similar trends of
D increasing with ¢y. The relationship between D and ¢y
shown in Figure 2 suggests that if a certain spacing were
desired, it could be produced by adding the corresponding
amount of homopolymer. Using the following empirical
relationship, we fit an equation for D as a function of @y

D — Aﬁ (1)
(I—=on)

where Dy is the center-to-center domain spacing of the pure
PS-h-PMMA. The best fit of the dry blends to this equation
yielded f=0.83, as plotted in Figure 2. The value of 5=0.83
was between the experimentally determined § values for
lamellar blends reported by Stoykovich et al.** (8 = 0.74)
and Liu et al.** (8=0.91) and agreed with the model pro-
posed by Torikai et al.,'* for a block copolymer blended with
homopolymers that had M, values equal to ~40% of
the total block copolymer M. The experimental work of
Stoykovich et al., Liu et al., and Torikai et al. was for
lamellae-forming blends, and it was interesting that f
was similar for the lamellae- and cylinder-forming block
copolymer blends where the homopolymer/block copolymer
M, ratio was similar.

Considering the images in Figure 1, the hexagonal order-
ing of the structure only remained up until about ¢y = 0.4.
Beyond this value of ¢y, not only did the hexagonal lattice of
spot centers break down, with the spots randomly posi-
tioned, but also d varied significantly. Within the range
0 < ¢u = 0.4, where better hexagonal ordering and low
d variation were achieved, it was still possible to increase d
and D up to about 150% of the original size.

The dry brush blends showed differences in the variation
in d at oy = 0.3 and 0.4 that depended on the M, of the
PMMA. The variation in d increased more when the M, of
the minority component (PMMA) in the blend was larger. It
is interesting to note that the blends with PMMA homo-
polymer with approximately the same M, as the PMMA
block of the PS-b-PMMA had less variation in d than
the blends with higher M, PMMA. The blends with the
higher M, PMMA in the cylindrical domains (39-37 and 21-
37) may have produced more variation in d because of a
decreased ability, when compared to blends containing the
lower M, PMMA, to achieve equilibrium under our anneal-
ing conditions. For equilibrium to occur in a thin film of
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perpendicular cylinders, the PMMA chains must diffuse
from one cylinder through the PS matrix to the next PMMA
cylinder until they are evenly distributed. There is a free
energy barrier, however, fora PMMA chain to cross through
the PS matrix of the pattern. For the higher M,, PMMA
homopolymers, this penalty is larger because more PS—
PMMA contacts are formed as the homopolymer passes
through the matrix. The large free energy barrier for high M,
PMMA to diffuse may prevent the diffusion of the PMMA
homopolymer and cause the system to become trapped in a
metastable state with cylinders of various sizes. This mechan-
ism leading to a large spot size variation would be unique to
the perpendicular cylinder structure and other structures
with isolated domains (such as spheres) and would not
necessarily be seen with parallel cylinders or lamellae where
the homopolymer can redistribute along domains without
having to cross through the other block.*! Additionally, the
higher M, homopolymer will inherently diffuse more slowly
due to the length of the polymer chain.** As a result of the
greater free energy barrier and the slower diffusion, the blend
system may not reach equilibrium under our experimental
conditions, resulting in the d variations seen in the blends
with large amounts of high M, PMMA.

Effect of Film Thickness on Pattern Quality. Film thick-
ness was studied to determine its effect on cylinder quality.
From Figure 4 it is clear that as D (or ¢y) increased for the
dry brush blends, the range of thicknesses that frequently
produced good quality structures decreased. The decreased
range of thicknesses was related to the fact that at the highest
¢y values in Figure 4 (¢ = 0.3) the pattern quality was fre-
quently poor. The poor pattern quality at ¢y = 0.3, com-
pared to blends with lower ¢y, may suggest that the free
energy minima associated with an ordered, uniform, per-
pendicular cylindrical morphology in these blends was not
deep enough to suppress the formation and persistence
of defect structures.”™ As a result, the films with higher
¢y (g =0.3—0.5) as well as the thicker films had defect
structures such as loops or parallel cylinders, which have
been observed previously in cylinder-forming diblock co-
polymers that were directed to assemble on spotted chemical
patterns.**** In contrast, the pure block copolymer films
produced good quality structures over a range of thicknesses.
In general, for all the dry brush blends the best structures
were formed most frequently at a thickness of ~38 nm, which
matched what has been reported previously as the best
thickness for films of PS-A-PMMA with 46 and 21 kg/mol
M., blocks, respectively.*’

Blend 1.5-1.5 produced excellent patterns over 0 < ¢ <0.4
and over a range of thicknesses. The addition of the low M,
homopolymer appeared to improve perpendicular ordering
and reduce defects. The mechanism that caused this is not
well-understood but may involve the plasticization of the
block copolymer to improve equilibrium kinetics®> or the
reduction of free energy of the perpendicular structures,*®
thereby increasing the driving force for defect-free ordering.
In addition, the low M, homopolymers may diffuse through
the cylinders during annealing to reach the free surface or
interface more easily than their higher M, analogues, and
this may add a kinetic effect or equilibrium energy that
favors the perpendicular orientation.*’

Phase Transitions. To understand how much homopoly-
mer can be added to blends without breaking down the
local ordering in the thin films, it is important to consider
the phase transitions of the blend. As the amount of
homopolymer added to the blend was increased, the dry
brush blend films transitioned from microphase-separated
cylinders to a nonuniform phase and then to macrophase-
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separated structures,'>¥2>3348755 1ny general, these phase
transitions could be determined by either the shape of the
FFT curves or by plotting the amphiphilicity factor>®
(a measure of the block copolymer’s ability to compatibilize
the homopolymers in a ternary blend®’) as a function of ¢y;.
In this work, analyzing the disappearance of the first- and
second-order peaks in the FFT plots (Figure 5) gave a clearer
indication of the phase transitions in the dry brush blends
than plotting the amphiphilicty factor. For the wet brush
blend (1.5—1.5, not shown), the transition to a nonuniform
phase appeared to occur at much lower values of ¢y (g ~
0.2) than for the dry brush blends. Because the domains in
blend 1.5-1.5 could not be easily defined for ¢y > 0.4, the
transition to a two-phase system was not determined for
this blend. The nonuniform phase and macrophase transi-
tions in the cylinder-forming blends occurred at ¢y values
similar to the transitions in lamellae-forming block copoly-
mer blends.**?

The nonuniform phase found in this work had a number of
similarities to the microemulsion phase reported in previous
studies of lamellae-forming bulk and thin film ternary poly-
mer blends. First, for the dry brush blends the nonuni-
form phase occurred at approximately the same value of
¢@u (~0.6) as previously observed in thin film ternary blends
of PS-b-PMMA /PS/PMMA .*** Second, the lack of higher
ordered peaks in the FFT spectra of the nonuniform phase
mirrored the lack of higher ordered peaks in FFT spectra
for microemulsions in thin films***> and in SANS?"***” and
small-angle X-ray scattering” spectra of microemulsions in
bulk samples. Finally, the SEM images of the nonuniform
phase in this work were similar to the SEM>*** and trans-
mission electron microscopy>'*? images of microemulsions
made from lamellae-forming ternary blends in that there was
a wide range of domain sizes present in the images.

Wet Brush versus Dry Brush Systems. In all of the results,
there was a marked difference between the 1.5-1.5 blend and
the other blends. The reason for this was that the 1.5-1.5
blend contained homopolymers with M, values much lower
than the corresponding blocks of the PS-»-PMMA.>* Dai
et al. reported that when the homopolymer M|, in a homo-
polymer—block copolymer blend is much less than the M, of
the corresponding block of the copolymer, the homopolymer
molecules can strongly penetrate the corresponding block,
resulting in the blend forming a “wet” brush system.>® The
interpenetration of the block copolymer and the homopoly-
mer changes the interfacial area per chain at the domain—
domain interface'"*° and possibly screens some of the inter-
action between blocks of the block copolymers. Because of
these effects, the addition of the low M, homopolymers in
our experiments tended to shrink the block copolymer
domains.

Our results with the 1.5-1.5 blend are consistent with
previous research, which demonstrated that a blend of block
copolymer and low M, homopolymer can have domains that
are smaller than the domains of the pure block copolymer.
Quan et al. showed that the addition of low M, polybuta-
diene to a poly(styrene-b-butadiene-b-styrene) A—B—A
triblock copolymer decreased the size of the lamellar do-
mains in the bulk.”® Mykhaylyk et al. demonstrated a
similar decrease in domain size of cylinders in ternary
blends of poly(styrene-b-isoprene-b-styrene) A—B—A tri-
block copolymer, polystyrene, and polyisoprene, both in
the bulk and in thin films.>> Winey et al. showed a decrease
in lamellar spacing using bulk samples of binary blends of
poly(styrene-b-isoprene) A—B diblock copolymers with
polystyrene homopolymers.'” To the best of our knowledge,
no reports have been published on the size of domains of



5144  Macromolecules, Vol. 42, No. 14, 2009

ternary blends of low molecular weight homopolymers with
diblock copolymers in thin films, nor has any there been an
investigation of these thin film blends at higher ¢y.

In contrast to blend 1.5-1.5, the other blends in this study all
contained homopolymers with M_s near the M, of the corre-
sponding blocks of the block copolymer. The higher M,
homopolymers in these blends are less likely to mix uniformly
throughout a domain of the corresponding blocks of the block
copolymer than the lower M,, homopolymers and instead tend
to locate more in the center of the domain.!”'%%¢! Because the
homopolymer segregates to the center of the domain and has
low interpenetration with the corresponding blocks of the block
copolymer, these blends were considered to be in the “dry”
brush regime. These homopolymers tend to swell the domains
without significantly changing the area per chain at the do-
main—domain interface.

Conclusion

Our study demonstrates that the dimensions of the cylindrical
morphology of a ternary blend can be increased up to 150% of
the original dimensions of the pure block copolymer while
retaining a high degree of uniformity. In the dry brush regime,
ternary blends were useful for controlling the domain dimensions
through the selection of the appropriate ¢@y. Because the PS:
PMMA ratio was held constant at 70:30, both D and d scaled in
the same manner with ¢y, but it is reasonable to expect that
varying the homopolymer ratio could lead to independent control
of D and d. The best dimensional uniformity for the larger
domains was obtained by using a lower M, homopolymer within
the dry brush regime. This work has also shown that small
quantities of low M, homopolymer can enhance the quality
and uniformity of the cylindrical structures over a wide variety
of film thicknesses. Taken together, these results might offer
technological benefits in terms of the selection and control of
domain size in the implementation of microphase-separated
systems in lithographic and template-forming applications. In
addition to the technological significance of the blends, the
difference in the ordering and dimensional scaling behavior of
the wet brush and dry brush blends elucidates fundamental
aspects of the physics of block copolymer—homopolymer blends.
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