
JI ET AL. VOL. 6 ’ NO. 6 ’ 5440–5448 ’ 2012

www.acsnano.org

5440

May 04, 2012

C 2012 American Chemical Society

Directed Assembly of Non-equilibrium
ABA Triblock Copolymer Morphologies
on Nanopatterned Substrates
Shengxiang Ji,†,* Umang Nagpal,‡ Guoliang Liu,‡ Sean P. Delcambre,‡ MarcusMüller,§ Juan J. de Pablo,‡ and

Paul F. Nealey‡,*

†Key Laboratory of Polymer Ecomaterials, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, 5625 Renmin Street, Changchun 130022, China,
‡Department of Chemical and Biological Engineering, University of Wisconsin, 1415 Engineering Drive, Madison, Wisconsin 53706, United States, and §Institut für
Theoretische Physik, Georg-August Universität, 37073 Göttingen, Germany

D
irected assembly of block copolymer
films on chemically nanopatterned
substrates (or chemical patterns)

combines the advantages of traditional
photolithography and the ability of block
copolymers to self-assemble into ordered
structures with characteristic dimensions in
the range of tens of nanometers. Recent
studies suggest that directed assembly of
block copolymers is a promising strategy to
create well-defined nanostructures with a
high degree of perfection and placement
accuracy.1�20 The resulting block copoly-
mer films have numerous applications, for
example, as templates for pattern transfer
into underlying substrates for the fabrica-
tion of integrated circuits and bit-patterned
media.19�24 Beyond pure block copolymers,
past work has also established that block
copolymer blends and nanocomposites
could also be directed to assemble into
nonregular, device-oriented complex geo-
metries on chemical patterns.6�12,25 More
recently, density multiplication was realized
by directing the assembly of block copoly-
mer films on chemical patterns with pattern
periods, Ls, several times larger than the
natural period, Lo, of the copolymer, thereby
significantly increasing the resolution of
current lithographic tools.11�20 Past work,
however, has largely focused on AB diblock
copolymers. In this work, we report results
for directed assembly of ABA triblock co-
polymers on chemical patterns.
The so-called “ABA” triblock copolymers

have two identical end “A” blocks covalently
bonded to the middle “B” block. The bulk
properties of symmetric ABA triblock co-
polymers have been studied extensively, both
theoretically26�31 and experimentally.32�34

In the strong segregation regime, ABA tri-
block copolymers exhibit the same set of

morphologies as their analogous AB diblock
copolymers.31,35 Triblocks, however, remain
ordered at lower values of the Flory�Huggins
interaction parameter; that is, they exhibit
lower (χN)ODT than the AB diblock copoly-
mer with NAB = N/2 monomeric repeat
units.30,36 Thisattributemakes thempotentially
attractive for applications because theymay
assemble into structures with slightly smal-
ler characteristic dimensions than can be
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ABSTRACT

The majority of past work on directed assembly of block copolymers on chemically nanopatterned

surfaces (or chemical patterns) has focused on AB diblock copolymers, and the resulting morphologies

have generally corresponded to equilibrium states. Here we report a study on directed assembly of

ABA triblock copolymers. Directed assembly of thin films of symmetric poly(methyl methacrylate-b-

styrene-b-methyl methacrylate) (PMMA-b-PS-b-PMMA) triblock copolymers is shown to be capable of

achieving a high degree of perfection, registration, and accuracy on striped patterns having periods, Ls,

commensurate with the bulk period of the copolymer, Lo. When Ls is incommensurate with Lo, the

triblock copolymer domains can reach dimensions up to 55% larger or 13% smaller than Lo. The range

overwhich triblock copolymers tolerate departures froma commensurate Ls is significantly larger than

that accessible with the corresponding diblock copolymer material on analogous directed assembly

systems. The assembly kinetics of the triblock copolymer is approximately 3 orders of magnitude

slower than observed in the diblock system. Theoretically informed simulations are used to interpret

our experimental observations; a thermodynamic analysis reveals that triblocks can form highly

ordered, non-equilibrium metastable structures that do not arise in the diblock.

KEYWORDS: triblock copolymer . block copolymer lithography .
directed assembly . thin film . simulation
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achieved by the corresponding AB diblock copolymer.
Another useful feature of ABA triblock copolymers is
that they exhibit a slightly narrower interfacial width in
the weak segregation region than the AB diblock
copolymer,26,29 potentially paving the way toward
better control of critical dimensions (CD). Impor-
tantly, a distinct difference between triblock and
diblock copolymers is that, in triblock copolymers,
the central B blocks can form bridges between two
different A domains (Figure 1a).27,28 Bridging conforma-
tions in ABA triblock copolymers are believed to signifi-
cantly improve their bulk mechanical properties29,32 and,
as shown here, also influence their assembly behavior in
thin films.
In this work, we use a combination of theoretically

informed coarse-grained (TICG) simulations and ex-
periments to examine the assembly behavior of a
symmetric triblock copolymer, poly(methyl methacry-
late-b-styrene-b-methyl methacrylate) (MSM-198,Mn =
52-94-52 kg 3mol�1), on chemically patterned stripes
over a wide range of Ls/Lo. We also compare the
assembly behavior of MSM-198 with that of its diblock
counterpart, PS-b-PMMA (SM-104,Mn=52-52kg 3mol�1),
on the same chemical patterns. SM-104 is chosen be-
cause it is effectively one-half of MSM-198 and has a
similar Lo to that of MSM-198.

RESULTS AND DISCUSSION

The as-received MSM-198 had a low molecular
weight shoulder in the gel permeation chromatogra-
phy (GPC) trace, indicating the presence of either
homopolymer or copolymer impurities. To minimize
the effect of impurities on the assembly behavior,
MSM-198 was fractionated prior to use. MSM-198
(0.5 g) was first dissolved in THF (5 mL), and methanol
(∼10 mL) was then added dropwise to the solution
while stirring. The solution was kept at 4 �C overnight.
The upper layer solution was decanted to remove the
lower molecular weight soluble fraction. This purifica-
tion step was repeated three times to give 0.2 g of
purified MSM-198. After three fractionation steps, GPC
analysis of the purified MSM-198 showed that the low
molecular weight shoulder in the starting MSM-198
was removed and the PDI was reduced from 1.22 to
1.09 (relative to a PS standard, using THF as an eluent).
The molar ratio of styrene (S) to methyl methacrylate
(MMA) was 1:1.17 by comparing the peak areas of
aromatic hydrogens (5H, δ ∼6.4�7.2 ppm) in S and
the methyl group (3H, δ∼3.7 ppm) in MMA in 1H NMR
(Varian UNITY 500 NMR spectrometer) spectra of the
purified MSM-198 in CDCl3. Lo of a bulk sample was
measured to be 48.5 nm on a Ragaku small-angle
X-ray scattering (SAXS) system. The SAXS sample was
annealed at 190 �C under vacuum for 60 min and
then cooled to room temperature before the data
collection.

We studied the assembly behavior of MSM-198 on
homogeneous nonpreferential (or chemically neutral)
surfaces before we directed the assembly of MSM-198
on chemical patterns. The neutral surface was pre-
pared by grafting hydroxyl-terminated poly(styrene-
r-methyl methacrylate) with 60 mol % of styrene fraction
on a silicon substrate.37 The film thicknesswas∼50 nm,
which is close to the Lo of MSM-198. The assembly was
performed at 230 �C for 24 h. A control film of SM-104
was also processed and annealed under the same
conditions. MSM-198 had similar assembly behavior
to SM-104 on neutral surfaces, and the lamellar do-
mains oriented perpendicular to the substrates in
fingerprint-like structures (Figure S1 in Supporting
Information).37�45 The period, Lo, of MSM-198 in thin
films on neutral surfaces was measured to be 51.5 nm
by Fourier transform analysis of SEM images andwas in
good agreement with the period measured by SAXS.
Close inspection of SEM images in Figure S1 revealed
that MSM-198 had an apparent shorter correlation
length than SM-104. Analogous to the dependence
of the correlation length of block copolymers on the
number of blocks in thin films, a similar trend in the
decrease of grain sizes with the increase of number of
blocks in a block copolymer was also observed in lamel-
lae-forming (AB)n multiblock copolymers in bulk.46

The chemical pattern was fabricated on end-grafted
PS brushes by e-beam lithography, and the process is
illustrated in Figure 1b.6 The topographic resist pattern
was transformed into a chemical pattern by oxygen
plasma treatment. The plasma-modified regions are
preferentially wet by PMMA domains; the unmodified
PS brush regions are wet by PS domains. The chemical
difference of patterned brushes provides the driving
force to register the block copolymermicrodomains on
chemical patterns.

Figure 1. (a) Schematic comparison of ABA triblock and AB
diblock copolymers, showing loop and bridge conformations
of the molecules. (b) Schematic representation of directed
assembly of thinfilms of block polymers on chemical patterns.
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The assembly kinetics of MSM-198 on chemical
patterns is approximately 3 orders magnitude slower
than that of SM-104. Figure 2a shows SEM images of
50 nm thick films of MSM-198 that were directed to
assemble on chemical patterns with Ls = 50 nm at
230 �C for various times. After 1 hour annealing, the
copolymer domains oriented perpendicular to the
substrate andwere partially registered on the chemical
patterns with fingerprint-like defect structures or dis-
locations. The defect density gradually decreased with
the increase of the annealing time from 1 to 6 to 12 h.
With further increase of the annealing time to 24 h,
defect-free assembly of MSM-198 was achieved on
the entirely patterned area. In comparison, defect-
free assembly of SM-104 on chemical patterns was
achievedwithin 1min at 230 �C.5 The assembly kinetics
may correlate to the chain mobility that is associated
with the molecular weight and chain entanglement.
MSM-198 has a higher molecular weight than SM-104;
however, the molecular weight difference should not
contribute to such a large difference in the assembly
kinetics because directed assembly of a diblock PS-b-
PMMA with Mn = 85�91 kg/mol, close to Mn of MSM-
198, was achieved on chemical patterns with Ls =
85 nm at 230 �C within only 5 min. As shown below,
a key structural difference between MSM-198 and SM-
104 is that the middle blocks of MSM-198 can bridge
between two interfaces. The presence of a significant
portion of bridging (or looping) configurations and the
entanglement of the middle blocks may be the main
reason for the slower kinetics for MSM-198.
Theoretically informed coarse-grained (TICG) Monte

Carlo (MC) simulations were used to investigate the
structure evolution of ABA triblock copolymers on
chemical patterns.47�50 As discussed below, the param-
eters adopted in our model correspond to SM-104
(in the case of diblocks) or MSM-198 (in the case of
triblocks). Past work has shown that with such param-
eters TICG simulations lead to results in quantitative
agreement with experiment. The structures observed
for ABA triblocks at intermediate stages of the simula-
tion revealed that the copolymer domains nucleate
simultaneously at both interfaces, and that the pat-
terned substrate dominates the film structure in thin
films. The domains registered on the chemical patterns
near the substrate even within the first∼500 MC steps
and propagated toward the film surface with the
increase of simulation time (Figure 2b),48 consistent with
prior observations on diblock copolymer systems.3 The
surface structure evolved from random to well-aligned
lines registered on the chemical patterns, in agreement
with the structural evolution observed experimentally
(Figure 2a). Previous studies of the self-assembly of block
copolymers on homogeneous surfaces also showed that
the substrate effect dominates growth in thin films and
that the surface morphology was determined by the
substrate patterns.13,45

A distinct feature of directed assembly ofMSM-198 is
that MSM-198 can adopt a defect-free lamellar mor-
phology in the presence of chemical patterns with
dimensions that are considerably larger (or smaller)
than Ls of the underlying chemical patterns. To exam-
ine the degree of expansion (or contraction) of MSM-
198 domains, we directed the assembly of thin films of
MSM-198 on chemical patterns by changing Ls system-
atically in the range between 45 and 110 nm. Figure 3
shows the corresponding top-down SEM images of
50 nm thick MSM-198 films assembled at 230 �C for 36 h.
Defective morphologies, consisting of disconnected
domains, were observed in the assembled film on the
pattern with Ls = 45 nm, indicating that MSM-198 can
no longer assemble on feature sizes that are approxi-
mately 13% smaller than Lo, similar to SM-104.4 Defect-
free assembly of MSM-198 was obtained on patterns
with Ls = 50�80 nm, with domains registered on
underlying patterns and oriented perpendicular to the
substrates. We selectively removed PMMA domains by
oxygen plasma etching, and the line-edge roughness

Figure 2. (a) SEM images of 50 nm thick films of MSM-198
that were assembled on chemical patterns with Ls = 50 nm
at 230 �C for 1�24 h. Defect-free assembly was achieved
when the annealing time was approximately 24 h. The
bright and dark stripes are PS and PMMA domains, respec-
tively. The bright stripes are wider than dark stripes due to
imaging artifacts. (b) Monte Carlo simulation of MSM-198
on chemical patterns. (c) Slices of the sample near the
bottom surface reveal the ordering at the substrate.

Figure 3. Top-down SEM images of MSM-198 films on
chemical patterns with periods of 45�110 nm with a 5 nm
increment. Filmswere annealed at 230 �C for 36 h.MSM-198
expanded up to 55% (80 nm) and contracted less than 13%
(45 nm) on chemical patterns in thin films.
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(LER) was calculated from the SEM images (not shown).
The 3σ LER of assembled lines gradually increased from
2.6 to 5.2 nm with the increase of Ls from 50 to 80 nm,
and wavy line edges were observed in the SEM images
of MSM-198 films on 70�80 nm patterns. Defects, such
as disconnections and dislocations of domains, were
observed on patterns with Ls = 85 nm.
Interestingly, these defects show a notable asym-

metry, that is, s-shaped jogs and PS lines that simply
end, but there are no terminating PMMA lines that are
not associated with jogs. This observation is in accord
with analytic calculations,51 indicating that the loop-
forming PS block will give rise to a spontaneous
curvature toward the PS domain. The MMA block is
anchored at the internal interface and bends the inter-
face toward the PS domain in order to enlarge the
available volume and reduce the stretching of the
block. In the symmetric diblock, this effect is counter-
balanced by the PS block such that the net sponta-
neous curvature of the interface vanishes. In the
triblock copolymer, however, some PS blocks form
loops; that is, both ends are anchored at the internal
interface. Such a loop will pull on the interface, impart-
ing a curvature toward the PS domain, if its two ends
are far apart and the loop is stretched. These configura-
tions upset the balance of PS and PMMA blocks and
impart a spontaneous curvature and reduced bending
rigidity.51 The latter effect also contributes to the increase
of LER upon stretching because stretching increases the
loop fraction (seeFigure 4c) andconcomitantlydecreases
the bending rididity of the interfaces.
When thewidth of the patterns was increased to Ls =

90 nm, the copolymer domains were no longer regis-
tered with the underlying chemical pattern, and fin-
gerprint-like structures formed on the film surfaces.

Further increase of Ls to 100 and 110 nm resulted in
domains that were partially registered to the under-
lying patterned substrates, forming a structure that
combined fingerprint and interpolated line structures
with periods of ∼50�55 nm. At Ls . Lo, the chemical
pattern cannot provide sufficient energy for polymer
chains to extend and align with the underlying chemi-
cal pattern, leading to the formation of fingerprint
structures or interpolated line structures. The results
shown in Figure 3 indicate that MSM-198 can form
ordered, defect-free morphologies on chemical pat-
terns with Ls up to 55% larger than Lo. In comparison,
both a diblock copolymer and the ternary blend of a
diblock copolymer with 40% homopolymers could only
expand ∼10% on chemical patterns.4,52 On the other
hand, both triblock and diblock copolymers could only
form defect-free lamellae on chemical patterns with Ls
that were ∼10% smaller than their respective Lo.
MC simulations were used to interpret the assembly

behavior of MSM-198 on chemical patterns with dif-
ferent Ls. Figure 4a shows top-down and cross-sec-
tional color maps of MSM-198 on chemical patterns
with different Ls and 50:50 duty cycles. The copolymer
domains are registered on the chemical patterns and
are oriented perpendicular to the substrate over awide
range of Ls, from 0.9Lo to 1.5Lo. At Ls = 1.6Lo, defects
such as necking, dislocation of domains, and even
fingerprint-like structures were observed on the film
surfaces, in agreement with our experimental observa-
tions (Figure 3). At Ls = 2.0Lo, registration of the
copolymer domains on the chemical patterns near
substrates was achieved; however, only fingerprint-like
structures formed on the surfaces. In our experiments,
coexistence of fingerprint structures and partially
aligned interpolated structures was observed. A pre-
vious study by Liu et al. suggested that perfect density
multiplication occurred where the pattern duty cycle
and substrate chemistry were optimized.14 For 2�
density multiplication, the perfect duty cycle should
be 25:75 or 75:25. Since it is difficult to control the
pattern duty cycle under our experimental conditions,
we simulated the cases where the duty cycles were
30:70, 40:60, 60:40, and 70:30 (Figure 4b). As expected,
2� density multiplication was observed at a duty cycle
of ∼30:70 and 70:30; however, the assembled struc-
tures consisted of a mixture of fingerprints and inter-
polated lines, and perfect density multiplication was
not observed.
We calculated the fraction of bridge and loop con-

figurations of MSM-198 on chemical patterns in the
range of Ls = 0.9�1.5Lo, where directed assembly was
achieved. If the chain end-to-end distance of middle
blocks was more than the pattern periodicity, it was
counted as a bridge, otherwise a loop. The calculation
was performed on all chains in the system over 10 000
MC steps to obtain the average number of bridges and
loops. Figure 4c shows the bridge and loop fractions as

Figure 4. (a) TICG simulations of MSM-198 on chemical
patterns with different Ls and 50:50 duty cycle. The 2D
top-down (top) and cross-sectional (bottom) color maps
are integrated over the z direction and computed at depths,
d, for the top surface (0e de 1/8Lz) to obtain the top-down
image. For cross-section images, color maps are integrated
over the entire y direction. (b) Effect of duty cycle on
directed assembly of MSM-198 on chemical patterns with
Ls = 2Lo. (c) Effect of Ls/Lo on the fraction of bridges and
loops on patterns with Ls = 0.9�1.5Lo. The fraction of loop
conformations increases monotonically with Ls/Lo.
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a function of Ls. Our model predicts that triblock
copolymers exhibit 40% of bridge structures in the
bulk, in agreement with the percentage (40�45%)
predicted by self-consistent field theory by Matsen
et al.27,28 On the pattern with Ls = 1.0Lo, the percentage
of bridges was ∼41% (similar to the bulk value). As we
increased Ls, the fraction of bridges decreased with Ls;
approximately 17% bridge and 83% loop configura-
tions were obtained when Ls = 1.5Lo.
In order to examine the thermodynamic stability of

lamellar structures as a function of pattern dimensions,
we calculated the free energy per chain (ΔF) using
thermodynamic integration. If the ΔF versus Ls curve
was not symmetric around Ls= Lo, one could explain
the difference between the assembly behaviors of AB
and ABA copolymers. One factor that could induce
deviations from the symmetric dependence that is
observed in AB diblocks is the presence of bridge
and loop structures in ABA triblocks; that is, the pre-
sence of bridge and loop structures changes the slope
of the free-energy curve at Ls 6¼ Lo.

53 For these calcula-
tions, we used a system size of Lx = 16.7Lo, Ly = 1.7Lo,
and Lz = 1Lo, so that a number of expanded and
contracted domains could be accommodated within
the same box size. Figure 5 shows the free-energy
difference in units of kBT/chain on chemical patterns
with various Ls. The free-energy plot is symmetric and
similar to that of the diblock copolymer system, also
shown in Figure 5.2 Such results suggest that the
broader, asymmetric range of Ls over which expanded
lamellar structures are observed in the triblocks is not
due to the thermodynamic compression modulus. For
directed assembly, the chemical difference between
patterned stripes provides the driving force to directed
assembly of block copolymer domains. The driving
force should be the same at different pattern periods;
however, the experimentally observed assembly be-
haviors of MSM-198 on chemical patterns with differ-
ent Ls are not consistent with the symmetric nature of
the free-energy plot. These observations therefore lead
us to propose that the observed lamellarmorphologies
at large Ls correspond to kinetically trapped, meta-
stable states.
Simulations were used to explore whether kinetic

instead of thermodynamic effects are behind the for-
mation of structures at Ls 6¼ Lo especially for Ls > 1.2Lo.
To examine this possibility, the disordered system
(with same system size as above) was first allowed to
evolve into an ordered structure in the absence of the
chemical pattern. Consistent with experiments, we
observed a fingerprint structure. This structure was
then used as a starting configuration for simulations
on chemical patterns, with various values of Ls, inwhich
the morphology was allowed to evolve. We observed
that, for 0.9Lo e Ls e 1.2Lo, the fingerprint structure
evolved into an aligned line structure that was identical
to that obtainedwhen a disordered state was used as a

starting configuration in Figure 4a. For Ls > 1.2Lo,
however, we observed that the structures were differ-
ent than those shown in Figure 4a; for example, for Ls =
1.3Lo, we could not arrive at a perfectly registered
structure, as illustrated in Figure 5. Free-energy calcu-
lations using thermodynamic integration were subse-
quently used on these disordered structures, and it was
found that, for Ls > 1.2Lo, their free energy was in fact
lower (i.e., they were thermodynamically more stable)
than that of morphologies observed when the system
is quenched from a disordered state on a chemically
patterned susbtrate (as shown in Figure 4), reinforcing
the view that the registered lamellar morphologies
observed for Ls >1.2 Lo (in both experiments and
simulations) in fact represent kinetically trapped,
non-equilibrium states.
The large expansion ratio, which triblock copolymers

are capable of on chemical patterns, could be particu-
larly useful for fabrication of complex structures. For
diblock copolymers, block copolymer/homopolymer
blends are usually required in order to achieve defect-
free structures for blends, jogs, and T-junctions.6,9,12 To
demonstrate some of the unique structural properties of
triblock copolymers, we directed the assembly of MSM-
198 into “bends”, which represent an essential geometry
for the fabrication of integrated circuits, and compared
it with that of the corresponding diblock copolymer
SM-104. For bends with Ls = 50 nm, the effective
periods at the bend corners (Lc) were 54.1, 70.7, and

Figure 5. (a) Red circles show the free-energy difference (in
kBT/chain) between perfectly registerd vertical lamellae
structures on various pattern periods and perfectly regis-
terd lamellae at Ls = 1.0Lo (red circles). The blue triangle
corresponds to the case for Ls = 1.3Lo with unregistered
lamellae structures. Also shown with black squares is the
free-energy difference for a PS-b-PMMAdiblock reproduced
from Edwards et al.2 and rescaled to match the molecular
weight of MSM-198 considered in this work. (b) Top-down
(top) and cross-sectional (bottom) images from MC simula-
tions. The fingerprint structure was used as the starting
configuration for the simulation of directed assembly on
chemical patterns with Ls = Lo and Ls = 1.3Lo, for which
registered and unregistered lamellae were observed after
long production simulation runs, respectively.
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130.7 nm for 135, 90, and 45� bends, respectively. Thin
films (approximately 50 nm in thickness) of MSM-198
and SM-104 were deposited on two identical chemical
patterns and annealed at 230 �C for 24 h under vacuum.
Figure 6 shows the corresponding SEM images. Both
simulations and experiments show that the triblock can
assemble into defect-free domains at corners for bends
with 135 and 90� angles; for smaller 45� angles, the
domains aredisconnectedormismatched. In contrast, for
the diblock, dislocations of domains were observed at
corners on 90 and 45� bends. The defect structures
persisted after annealing times of 3 and 7 days. The
effective periods at the corners are significantly larger
than the natural periodicity of the materials, and the
polymer chains must therefore expand considerably to
achieve defect-free assembly. The improved assembly
behavior on 90� bends and on patterns with Ls 6¼ Lo is a
result of the surprisingly large expansion ratio of the
MSM-198 triblock on chemical patterns.
The film thickness, at which copolymers can be

directed to assemble, depends on the strength of
chemical patterns and the free energy per volume.
Previously, we have demonstrated that we could direct
the assembly of cylinder-forming diblock copolymers
on chemical patternswith thicknesses up to∼5Lo. Here
we directed the assembly of a 74 nm thick (∼1.44Lo)
film of MSM-198 on chemical patterns with Ls = 50, 55,
and 60 nm (Figure 7). Directed assembly on patterns
with Ls = 50 and 55 nm was achieved after the sample
was annealed at 230 �C for 36 h, but with dislocated
domains as defects. On the Ls = 60 nmpattern, directed
assembly was possible and the copolymer domains
were partially aligned along the pattern direction.
When we increased the annealing time to 96 h, the
defects disappeared on patterns with Ls = 50 and
55 nm, and wavy lines were found on Ls = 60 nm

patterns.When the filmwas annealed at 250 �C, perfect
assembly of MSM-198 on Ls = 60 nm was achieved
within 48 h. Further increases of the annealing time or
temperature could lead to the directed assembly of
even thicker films, but the thermal degradation of the
block copolymers becomes a concern.
We observed a unique defect structure in MSM-198

thin films that was directed to assemble on chemical
patterns when the width of the wetting stripe (W) was
unequal to 0.5Ls, as shown in Figure 8, in which Ls =
50 nm andW = 0.65Ls. The SEM and AFM phase images
are from the same area in the assembledMSM-198 thin
film. As shown in Figure 8, a significant portion of the
bright PS stripeswere disconnected but were joined by
gray stripes that appeared to be different from the dark
PMMA stripes. The AFM phase image in Figure 8
revealed that the gray and dark stripes had the same
phase contrasts, indicating that the gray stripes corre-
spond to a layer of PMMA covering a PS domain. The
formation of this unique structure may also contribute
to the bridging of middle blocks. The middle PS
domains registered on the underlying PS. However,
because the PS wetting region is significantly wider

Figure 6. Top-down SEM images of thin films of MSM-198
and SM-104 and images from MC simulations of MSM on
chemical patterns with 45, 90, and 135� bend geometries.
Films were annealed at 230 �C for 24 h.

Figure 7. SEM images of 74 nm thick MSM-198 films that
wereannealed at 230 �C for 36and 96h and at 250 �C for 48h
on chemical patterns with Ls = 50�60 nm.

Figure 8. SEMandAFMphase images from the same area in
the film of MSM-198 on chemically patterned substrates
with W = 0.65 Ls. The brighter domains in SEM and AFM
images are from PS and PMMA, respectively.
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than the PMMA wetting region, conservation of mass
may result in excess PMMA spreading over PS domains
when the film is away from the substrate. In compar-
ison, defect-free assembly of symmetric diblock PS-b-
PMMA films was obtained on striped patterns with
0.36 e W/Ls e 0.63 when Ls = Lo.

3

CONCLUSION

Using a combination of simulations and experi-
ments, we have shown that triblock ABA copolymers
of poly(methyl methacrylate-b-styrene-b-methyl metha-
crylate) (referred to as MSM-198) can be directed to
assemble on chemically patterned substrates with a
high degree of registration and perfection. A parti-
cularly attractive feature of triblocks is their ability to
expand (∼55%) and contract (<13%) in thin films
when directed to assemble on chemical patterns,

which they do by adopting non-equilibrium structures.
Such a feature is of interest for fabrication of regular
patterns (such as arrays of lines or dots) and irregular
patterns (such as bends or jogs), where triblocks are
better able to tolerate pattern imperfections and still
exhibit defect-free directed assemblywithout the need
to introduce additional components, such as homo-
polymers or solvents. From a fundamental perspective,
the fact that one can reproducibly access non-equilib-
rium states by introducing patterns on a surface pro-
vides intriguing possibilities to further develop our
understanding of dynamics and structure formation
in nanostructured materials. From a technological
point of view, the ability to adopt non-equilibrium
states in a controllable manner offers the promise of
expanding considerably the palette of morphologies
available for nanoscale fabrication.

EXPERIMENTAL SECTION
Materials. Poly(methyl methacrylate-b-styrene-b-methyl metha-

crylate) (MSM-198, Mn = 52-94-52 kg 3mol�1, polydispersity
index (PDI) = 1.22) and PS-b-PMMA (Mn = 52-52 and 85-91
kg 3mol�1, PDI = 1.07)were purchased fromPolymer Source, Inc.
PS-OH (Mn = 6 kg 3mol�1, PDI = 1.05) was synthesized by anionic
polymerization. PMMA photoresist (Mn = 950 kg 3mol�1, 4 wt %
in chlorobenzene) was purchased from MicroChem, Inc. All
solvents were purchased from Aldrich and used as received.

Directed Assembly of Films of Block Copolymers on Lithographically
Defined Chemical Patterns. The process to create chemical patterns
and direct the assembly of ABA triblock copolymers is shown in
Figure 1b. A 40 nm thick PS-OH (6 kg 3mol�1) filmwas deposited
on an oxygen-plasma-cleaned silicon substrate by spin-coating
from 1 wt % toluene solution and annealed at 160 �C for 24 h
under vacuum. Excess PS-OH was removed by sonication in
toluene to form a PS brush layer with a thickness of ∼4.1 nm.
A 50 nm thick PMMAphotoresist (950 kg 3mol�1) filmwas depos-
ited onto the PS brush from a 1.2 wt % chlorobenzene solution
and baked at 160 �C for 60 s. Striped patterns with periods, Ls,
varying from45 to 110nm in 5nm increments andbendswith Ls
of 50 nm and angles of 135, 90, and 45� were exposed on the
resists using electron beam lithography (EBL). EBL was per-
formed on a LEO 1550 VP SEM equipped with a J.C. Nabity
pattern generation systemwith an acceleration voltage of 20 kV.
Exposed substrates were developed with a 1:3 (v/v) mixture of
methyl isobutyl ketone/isopropyl alcohol for 60 s and rinsed with
isopropyl alcohol. The resulting resist pattern was transformed
into a chemical pattern on the PS brush by exposing the sample
to an oxygen plasma followed by stripping the PMMA photo-
resist in warm chlorobenzene. Films of MSM-198 and SM-104
were deposited on the chemically patterned substrates by spin-
coating from 1.5 wt % toluene solutions, annealed at 230 �C for
various times under vacuum, and imaged by SEM with an
acceleration voltage of 1 kV.

Monte Carlo Simulations. To explore and differentiate the
fundamental structures obtained from block copolymer in bulk
and patterned substrates, we use theoretically informed coarse-
grained (TICG) Monte Carlo (MC) simulations.49 The compressi-
bility of the melt, chain connectivity, interactions between
monomers, and interactions of the monomers with the sub-
strate are the main properties that govern the copolymer
behavior at the mesoscopic length scale relevant to this work.
For the triblock at temperature T and confined in a simulation
box of volume V, N beads are used to discretize each chain
contour. The Hamiltonian H includes contributions from
bonded (b), nonbonded (nb), and substrate interactions (s).54

The bonded energy is described by harmonic springs between

adjacent beads of the chains; nonbonded interactions are
determined from the local densities, ΦA(r) and ΦB(r), and
substrate interactions are given by an exponentially decaying
function of the distance from the surface. The specific functional
forms employed in our simulations for such contributions are
given by54

H

kBT
¼ Hb[ri(s)]þHnb[ΦA,ΦB]þHs(ri , K)

kBT

¼ 3
2 ∑
N � 1

s¼ 1

[ri(sþ 1) � ri(s)]2

b2

þ F0

Z
v

dr χΦAΦB þK
2
(1 �ΦA �ΦB)

2

� �

� λKs
ds=Re

∑
i

exp � zi
2

2ds
2

" #
(1)

where kB is the Boltzmann constant, ri(s) denotes the Cartesian
coordinates of the sth bead in the ith chain, b = (Re

2/(N�1))1/2 is
the mean squared bond length, Re is the mean squared end-to-
end distance for an isolated, non-interacting chain, F0 is the
average bulk number density of beads, and χ is the Flory�
Huggins interaction parameter. Local densities are determined
from beads' positions on a grid with spacing ΔL = 0.14Re.

54

Fluctuations of local density are controlled through a Helfand
quadratic approximation (second term of the nonbonded
interactions in eq 1)55 and governed by the finite compressi-
bility κ. For the dense melts considered in this work, the
invariant degree of polymerization N is proportional to the
molecular weight. The coarse-grained parameter Re sets the
length scale for our simulations, and

√
N = F0Re

3/N, which
provides an estimate of the number of chains that interact with
any given chain, controls the strength of the fluctuations.56 For
interactions with a patterned substrate, a potential acts on each
bead i of type K at position ri. The potential decays over a short
distance ds = 0.15Re, and it is a function of the normal distance
to the substrate, zi. The parameter λsN determines the strength
of the interaction between beads of type K and the pattern. For
simplicity, we assume that, for both PS and PMMA patterned
areas, the repulsion for the nonpreferred block is equal in
magnitude to the attraction for the preferred block (λs

AN =
�λs

BN).57 To simulate the chains in a thin film, periodic bound-
ary walls are used in the x and y directions, and two impene-
trable hard walls are introduced in the z direction (thickness).
For the ABA triblock with molecular weight of 198 kg 3mol�1

considered in this work, we use χN = 70, κN = 96, N = 1702. Each
block of the ABA triblock chain is discretized into 8, 16, and
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8 beads, respectively. The interaction with the pattern is given by
λsN = 0.5. For free-energy calculations, we use thermodynamic
integration as used in previousworks.57�59 To simulate different
pattern widths, we vary the pattern periodicity, Ls. The dimen-
sions of the simulation box are Lx � Ly � Lz, (in the x, y, and z
directions, respectively) with Lx = Ly = 10Ls and Lz = 1Lo≈ 1.2Re.
Various MC moves, including single displacement, reptation,
whole chain translation, and swapping of two end blocks, are
used to equilibrate the system. The MC moves have been
chosen to efficiently sample the configuration space and are
not intended to mimic single-molecule motion. We do, how-
ever, expect that the sequence ofmorphologies be qualitatively
independent from the details of single-chain motion and are
chiefly dictated by the free-energy landscape. Each simulation is
run for at least 105 MC steps, although for most systems,
equilibrium is reached after amuch smaller number ofMC steps.
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