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Introduction

Thin films of block copolymers are of great interest for their
practical applications in surface patterning, since they offer a
potential low-cost option for extending the length scales of
features below that achievable with optical lithography.1-5

Despite more than a decade of study, much remains to be learned
about the best approach to obtaining patterns with low-dimen-
sional variation and defectivity. In general, for practical block
copolymer nanofabrication, three key parameters must be con-
trolled: orientation of microdomains with respect to the sub-
strate, lateral alignment on the substrate, and registration to
guiding features. The placement of microdomains has so far been
controlled by prepatterning the substrate with either topographi-
cal guiding patterns (graphoepitaxy)6-9 or surface chemical pat-
terns (chemical epitaxy).10-13 The latter approach gives precise
placement control when the length scales of the chemical patterns
match with those of microdomains of the block copolymer. The
placement of lamellae following the layouts of line patterns with
various geometries used in electronic devices has also been
demonstrated.14 More recently, it has been shown that micro-
domains can be aligned using sparse chemical patterns with a
pitch several times greater than that of the domains.15,16 Gra-
phoepitaxy has also been successfully employed to direct the self-
assembly of microdomains. Typically a pair of ridges is prepared
by lithography, and the surface energy of the sidewalls and
bottom is carefully controlled before coating with the block
copolymer film. When the sidewalls have a selective interac-
tion with one phase of the block copolymer and the bottom
surface is nonselective, lamellar microdomains are found to align
parallel to the sidewalls, thus subdividing the distance between
the ridges.9,17,18 The alignment of lamellae perpendicular to the
sidewalls has also been demonstrated, by tuning the surface
energy of both the sidewalls and the bottom surface to be
nonselective.19 The latter approach removes the undesirable
reflection of sidewall roughness in the line edge roughness of
the lamellae, which is a major drawback of the parallel alignment
strategy. Besides lamellar microdomain, cylinder-forming block
copolymers have been employed to generate the alignment both
parallel and perpendicular to the sidewall.20,21 Sundrani and co-
workers reported that thermal flow and confinement of polymer
drives perpendicular orientation of cylindrical microdomains
within topographic guiding patterns.21

However, this perpendicular alignment is energetically invar-
iant to translation of themicrodomains parallel to the ridges, so it
is difficult to precisely register the microdomains relative to the
guiding patterns. In this study, we report an extension of the
graphoepitaxy approach, in which we have obtained precise

registration of lamellar microdomains of poly(styrene-b-methyl
methacrylate) (PS-b-PMMA) contained in a trench formed
between two raised bars, as shown schematically in Figure 1.
The key to the registration of the position of the microdomains
along the trench is the sharp step placed at the end of the ridges.
This two-level topographic guiding pattern thus provides simul-
taneous alignment and registration of lamellar microdomains.
We have used a strategy of combined experiment and simulation
to better understand the registration mechanism.

Experimental Section

Sample Preparation.The patterned substrateswere fabricated
by first coating a SiO2 substrate with 100 nm of polyimide and
then depositing 20 nm of titanium (Ti) on the polyimide.
Subsequently, a 50 nm thick hydrogen silsesquioxane (HSQ)
layer was deposited as a negative photoresist on the Ti layer.
Line structures with 200, 300, and 400 nm widths were then
created on the HSQ surface by electron beam lithography.19

After developing in 0.26 N tetramethylammonium hydroxide
developer, this negative resist consisted of an HSQ inorganic
polymer with HSiO3/2 repeat units. The resist itself, therefore,
forms the ridge structures. In order to create the sharp step to
interrupt the lamellar microdomains, we next carried out a
second level of lithography using a positive resist (KRS). This
resist was patterned with e-beam lithography to form openings
across the HSQ resist lines. Using the KRS as a mask, we then
etched the Ti layer with a CF4 etch sufficient to cut completely
through the Ti. We then etched the polyimide with O2 gas to
remove the layer and form a 100 nm step in the polyimide. With
this approach, we could also etch under the Ti to produce a ∼100
nm undercut under the Ti, which is not affected by the O2 etch.
During the O2 plasma, the KRS layer was also stripped, and the
pattern surface was simultaneously oxidized. A thin layer of
hydroxyl-terminated random copolymer of styrene and methyl
methacrylate (PS-r-PMMA)was spin-coated onto the patterned
substrates from a 1 wt % toluene solution and then annealed
at 200 �C for 2 h under a nitrogen environment to anchor the PS-
r-PMMA brush. Ungrafted PS-r-PMMA was washed away
by repeated rinsing with toluene. Symmetric PS-b-PMMA
(Mn=36 kg/mol) purchased from Polymer Source, Inc., was

Figure 1. Schematic representationof the placement control of lamellar
microdomains in this study. Two levels of topographical guiding
patterns are used to achieve both alignment and registration of lamellar
microdomains.

*To whom correspondence should be addressed: e-mail hckim@us.
ibm.com; Tel 408-927-3725; Fax 408-927-3310.



5896 Macromolecules, Vol. 42, No. 15, 2009 Note

spin-coated from1wt% toluene solution onto the neutral brush
grafted substrates and subsequently annealed at 190 �C for 5 h
under a nitrogen environment. The film thickness evaluated
using a NanoSpec/AFT 4150 (Nanometrics Inc.) was about 30
nm on a flat region. The resulting morphology was imaged
without any metal deposition using a LEO 1550-VP field emis-
sion scanning electron microscope (FE-SEM) with a 1 kV
acceleration voltage.

Single Chain inMean-Field (SCMF)Monte Carlo Simulation.

Simulations were carried out on symmetric 16-mer bead-spring
block copolymer chains (reduced bond force constant 1.0, bond
length 3.0, χ=1.0, and κ=25) using a lattice spacing ofRg/4.5.
With these parameters, the lamellar period (L0) of this polymer
is ∼18 lattice units. In lattice units, the simulation domain was
400 units long by 300 wide, with a uniform film thickness of
16 units, and was periodic only across its width. 2.64 � 106

chains (42.24�106 interaction sites) were simulated, producing a
density of 21 sites/lattice element. Simulations were started in a
disordered melt and carried out for 5000 Monte Carlo sweeps,
with 10 moves/site/sweep. The mean-field site densities were
updated every Monte Carlo sweep. To model the experimental
geometry, the step edge was introduced by raising one-half of
the simulation domain 48 units above the lower half. Simula-
tions were repeated with the film thickness along the resulting
vertical face set at 0, 6, 8, or 16 lattice units.Tworaisedpads (105�
8� 16 lattice units) on the upper half separated by a gap of either
40 or 60 lattice units model the guiding patterns on the upper
topography. There are some limitations of the system geometry
used in the simulations. First, the lack of periodicity along the
long axis of the simulation volume (i.e., perpendicular to the
pinning edge) creates hard neutral walls that bound both the
upper and lower films. These hard walls induce nematic order in
the lamellar block copolymer, causing a strong preference for
the simulated lamella to orient parallel to the long axis (and
perpendicular to the pinning edge). Second, the neutral vapor
interface can induce a similar nematic orientation in the upper
film at the pinning edge. A schematic comparing the simulation
and experimental geometries is included in the Supporting
Information.

In the main set of simulations, both the substrate and vapor
surfaces were treated as energetically neutral for the block
copolymer. As a result, the simulations show no preference for
the half-lamella at the edge of the pinning pattern to be formed
from PS or PMMA. This neutral interface also means that
outside the guiding pattern lamella of the upper film tend to
orient perpendicular to the edge of the pinning pattern since

there is no differential surface tension to counteract the nematic
force arising from the “wall” of the vapor interface. A second set
of exploratory calculations were also performed where the
vapor interface at the edge of the pinning pattern was selective
for the simulated PS block (reflecting the lower surface tension
of PS versus PMMA). With this more realistic vapor interface,
the half-lamella was always formed by the PS block in simula-
tions, suggesting that a similar preference may occur experi-
mentally. In addition, simulations with the more realistic
differential surface tension also yielded lamella oriented parallel
to the pinning edge both inside and outside the guiding patterns,
as seen in experiment. Images of the differential surface tension
calculations showing both consistent registration of a PS half-
domain at the pinning edge as well as this bulk parallel orienta-
tion in the upper film are included in the Supporting Informa-
tion.

Results and Discussion

The pair of parallel ridges (or bars), hereafter denoted as the
aligning patterns, guide the alignment of the lamellae perpendi-
cular to the sidewalls, as mentioned above. The sharp step at the
end of the aligning patterns, hereafter denoted as the pinning
pattern or mesa, is oriented perpendicular to the longitudinal
direction of the aligning patterns, as shown in Figure 1. The
surface of all the topographic patterns is modified to be non-
selective to both PS and PMMA by anchoring a random
copolymer of PS and PMMA. Subsequent spin-coating of a
PS-b-PMMA solution followed by thermal annealing yields
arrays of lamellae with controlled alignment and registration.

Figure 2 shows plan-view SEM micrographs of lamellae
confined in the aligning patterns without pinning patterns. PS-
b-PMMA (Mn=36 kg mol-1) is confined within the aligning
patterns with various width (50-180 nm) and length (300-
800 nm) while the height is maintained as ∼50 nm. The surface
of both the bottom and sidewall was covered by a brush layer of
PS-r-PMMA with 58 vol % of PS.23 A toluene solution of PS-b-
PMMA was spun-cast to generate thin films of the block
copolymer. The thickness of the PS-b-PMMA was ∼30 nm on
the flat region of the substrate. Samples were subsequently
annealed at 190 �C for 5 h under nitrogen environment. As
shown in the SEM images in Figure 2, the nonselective nature of
bottom surface orients the lamellar microdomains perpendicular
to the surface; hence, the plan-view images show line patterns
from lamellarmicrodomains. It is clear that the aligning patterns,

Figure 2. Plan-view SEM micrographs of the lamellar microdomains confined between two parallel ridges. The lamellar microdomains align
perpendicular to the side walls of the guding ridges.
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which are shown as thick white stripes, render the alignment of
lamellae perpendicular to the sidewalls. This behavior is also due
to the nonselective property of the sidewall surface, which also
favors a perpendicular orientation. The gap between the aligning
patterns also affects the density of defects in the lamellae.
As we reported in our previous work, the defect density increases
with the gap between topographical guiding patterns.19When the
gap is much larger than the orientational correlation length of
lamellar microdomains, only localized alignment of lamellae is
observed near the sidewalls of aligning patterns. It is also clear
that the alignment of lamellae has more defects at the end of the
aligning patterns. This behavior ismost likely due to the influence
of the random alignment of lamellae outside of the aligning
patterns. The lamellae between the aligning patterns forma single
“grain”, which then necessarily forms grain boundaries (and
defects) with the randomly oriented lamellar domains outside the
aligning patterns. The defective alignment at the end of the
aligning patterns becomes more significant as the gap between
the aligning patterns increases.24

The effect of pinning patterns on the registration of lamellae is
shown in a plan-view SEM image in Figure 3a. It is clear that the
edge of the pinning pattern (or “mesa”) effectively locates one
phase of the lamellar microdomains. Though it is unclear to
determine which phase is located at the edge of the pinning
pattern from the experimental data, the simulation result that will
be discussed below suggests that PSphase preferentially locates at
the edge due to lower surface energy. A SEMmicrograph from a
different angle reveals the precise pinning of lamellae at the edge
of the mesa, as shown in Figure 3b. It was observed that the
pinning of microdomains becomes less regular with increasing
thickness of block copolymer film on the side wall of pinning
pattern (mesa).Anundercutwas introduced to the sidewall of the
mesa (shown schematically at the bottomof Figure 3a) to control
themeniscus and thus to control the film thickness at the sidewall
of the mesa (see Supporting Information and Figures S1 and S2
for more details on the substrate preparation).

A plan-view SEM micrograph in Figure 4a shows that good
alignment of lamellae is obtained with the aligning patterns with
gaps up to 300 nm, while very defective alignment is obtained
with 400 nm gap patterns (Figure 4c). It is interesting to note that
the lamellae in Figure 4a align almost perfectly up to 300 nm gap
while many defects are observed in the aligning patterns of
180 nm in gap shown in Figure 2. This is likely due to the pinning
of PS domain, which has lower surface tension, at the air/pin-
ning pattern interface. Hence, the pinning pattern provides an

additional constraint, which enhances the alignment of lamellae
along the edge of the pinning pattern. Figure 4b re-emphasizes
the effect of the edge on pinning lamellar microdomains.We used
an intentionally mismatched edge of the pinning pattern with the
guiding patterns. The alignment of lamellae is very defective in
this micrograph, similar to the alignment characteristics shown
in Figure 2. This result clearly indicates that the edge of pinning

Figure 3. (a) Plan-view and (b) tilted-view of SEMmicrographs of the
lamellar microdomains assembled on the two levels of topographic
guiding patterns. The scheme shown at the bottom of (a) represents a
cross-sectional profile. Images from two different angles of tilting are
shown in (b).

Figure 4. Plan-view SEM micrographs of the lamellar microdomains
assembled on the two levels of topographical guiding patterns:
(a) guiding pattern of 300 nm in width; (b) guiding pattern of 300 nm
inwidthmismatchedwith pinning pattern; (c) guidingpatternof 400nm
in width. The area marked as “bottom substrate” is recessed from the
“mesa” area.

Figure 5. Top (a, c) and tilted (b,d) views of SCMF Monte Carlo
simulations of lamellae-forming block copolymer thin films on a
substrate similar to the experiment. The interpad spacing of guiding
patterns is (a, b) 40 and (c, d) 60 lattice units, and the film thickness of
the vertical surface is 0.
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pattern plays a crucial role in the alignment and registrationof the
lamellar microdomains.

To provide additional structural insights into the influence of
the substrate geometry, we also simulated a thin film of an
idealized symmetric block copolymer in the presence of model
substrate topographies that included both the guiding and pin-
ning patterns. These simulations were carried out using our
distributed memory parallel implementation of single chain in
mean-field Monte Carlo25 on an IBM BlueGene/L26 system and
visualized using OpenDX.27 The single chain in mean-field
Monte Carlo model allows the efficient, highly parallel simula-
tion of bulk and thin film polymermelts by replacing nonbonded
segment-segment interactions with a segment-density mean-
field approximation.28

A symmetric block copolymer thin film was simulated atop a
neutral substrate with varying geometries of aligning and pinning
patterns.The simulation results broadly support the experimental
observations. Figure 5 shows top and tilted views of the simula-
tion results for the substrate with interpad spacing of aligning
patterns 40 and 60 lattice unit (L0 is ∼18 units) while the film
thickness along the vertical face (side wall of pinning pattern) was
kept at 0. Consistent with experimental data shown in Figures 3
and 4, perpendicular alignment between the aligning ridges could
be improved by decreasing the simulated interpad spacing.
Because the entire substrate is energetically nonselective, the
vertical edge of the mesa also induces a perpendicular orientation
of the lamella at the lower substrate surface. With a nonzero film
thickness on the vertical surface, this orientation can propagate
up along the vertical film to interfere with the block copolymer on
the top surface. Our simulations also show that a selective vapor
interface can consistently drive the half-lamella at the edge of the
pinning pattern to be formed from the block with lower surface
tension (PS). The selective vapor interface also produces a more
realistic parallel orientation (parallel to the pinning edge) for
lamellae in the upper film outside of the guiding pattern.

It is worth noting that the simulation geometry does not
exactly match the experimental one and tends to induce a
significant and unphysical orientation of lamellar domains per-
pendicular to the pinning edge in both the upper and lower films.
This is due to the additional hardwalls constraining the simulated
films. This unphysical bulk perpendicular orientation can cer-
tainly interfere with the observed parallel orientation of the

lamellae between the aligning pads. It also interferes with the
experimentally observed tendency for lamellae to orient perpen-
dicular to the exterior walls of the aligning pads, which is only
seen in a few of our simulations. This interference is not present in
the experiment, where the orientation of the lamellae far from
the pinning and guiding patterns is uncontrolled. As a result, we
expect that our simulations underestimate the robustness of
parallel alignment and registration. We have also monitored
the process of self-assembly over the course of eachMonte Carlo
simulation and consistently observe formation of the parallel
lamellar structures in the channel before the bulk perpendicular
orientation has coarsened significantly.

The effect of film thickness along the vertical face of pinning
pattern is shown in Figure 6. The interpad spacing of the aligning
patterns was fixed at 40 lattice units. Increasing film thickness
along the vertical face from 0 to 6, 8, or 16 lattice units roughly
corresponds to increasing the meniscus. When there is significant
film thickness along the vertical face, perpendicular ordering of
the lamellae normal to that face interferes with the ordering
between the aligning patterns, as shown in Figure 6d. As men-
tioned above, the film thickness along the vertical face of themesa
is crucial for pinning of one phase of the microdomains at the
edge. Experimentally, this can be achieved by controlling the
meniscus using an undercut at the side wall of pinning pattern as
shown above or increasing the height of the pinning pattern
beyond the capillary wetting height to discontinue the block
copolymer films at the edge of the pinning pattern.

In summary, we have demonstrated the combined alignment
and registration of lamellar microdomains of PS-b-PMMAusing
two levels of topographical guiding patterns. Experimental
results indicate the critical role of the pinning pattern for the
alignment and registration. Our simulations suggest that the film
thickness at the vertical face of the guiding patterns is a key
control parameter for ordered structures and that the differential
surface tension of the two blocks provides an energetic mechan-
ism for precise registration of the lamellae.
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Supporting Information Available: Description of fabrica-
tion of topographic prepattern as well as figures illustrating the

Figure 6. Simulation results of lamellar phase block copolymer filmswith varying thickness along the vertical surface of pinning pattern. The thickness
of vertical surface is (a) 0, (b) 6, (c) 8, and (d) 16 lattice units.
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simulation geometry, order formation during the course of a
simulation, and effect of a PS-selective vapor interface on the
simulation results. This material is available free of charge via
the Internet at http://pubs.acs.org.
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