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ABSTRACT: Cylinder-forming poly(styrene-b-methyl methacrylate) (PS-b-PMMA) thin films were directed to
assemble on chemically nanopatterned surfaces consisting of alternating stripes that were preferentially wet by
the two blocks of the copolymer. The cylindrical domains oriented in the plane of the film and formed defect-
free periodic arrays over large areas in registration with the underlying chemical surface pattern if three constraints
were satisfied: the substrate pattern period (LS) was commensurate with the bulk intercylinder period of the
block copolymer (LO), the initial film thickness was quantized with respect to the thickness of a half layer (L/2)
or single layer of cylinders (L), and the widths of adjacent stripes of the chemical surface pattern were nearly
equal.

Introduction

Diblock copolymers are polymer molecules consisting of two
chemically distinct chains covalently bonded at a single point.
When diblock copolymers are annealed above the glass transi-
tion temperatures of their constituent components and below
an order-disorder transition temperature, they tend to micro-
phase separate to form equilibrium structures including spheres,
cylinders, or lamellae with bulk repeat spacings on the order of
10-100 nm.1,2 The overall molecular weight of the block
copolymer, the volume fraction of the two components, and
the Flory-Huggins interaction parameter,ø, determine the
morphology of the block copolymer and the bulk repeat spacing
of the domains. In thin films, diblock copolymers can be used
for nanopatterning applications by applying additive or subtrac-
tive processes to the block copolymer domain structure to create
dense arrays of uniform nanostructures in a process known as
block copolymer lithography.3

Block copolymer lithography has been developed for cylinder-
forming diblock copolymers in thin films with the cylindrical
domains oriented either perpendicular or parallel to the substrate.
For example, templates consisting of uniform, isolated pores
created from the removal of the minority block of cylinder-
forming block copolymers have been used in subtractive
processes to fabricate increased capacitance gate devices,4

nanocrystal floating gate devices for FLASH memory,5 and
high-capacity metal oxide semiconductor capacitors.6 Additive
processes have been used on similar templates generated from
cylinder-forming diblock copolymers to produce magnetic
nanowires,7 magnetic nanodots,8 and metallic nanodots9 that are
oriented perpendicular to the substrate. Examples of applications
in which cylinder-forming diblock copolymers oriented parallel
to the substrate have been used include the fabrication of
metallic nanowires10 and the generation of one-dimensional
arrays of spheres through a hierarchical process involving
thermally induced phase transitions.11 An additional advantage
of block copolymer lithography rests in the possibility of using
the self-assembled domain structures as chemical templates for

creating composite materials. Examples of such materials
include metal/block copolymer composites that incorporate
nanoparticles, nanoclusters, or metallic domains deposited by
electroless deposition in or on top of one of the self-assembled
block copolymer domains12-19 and organic/inorganic hybrid
materials that selectively incorporate silicon containing moieties
in one of the block copolymer domains.20-23

In addition to those applications that benefit from the
generation of dense arrays of nanostructures with uniform
dimensions and spacings, there are many applications that will
require block copolymer domain arrays with a high degree of
translational and orientational order. Techniques that have been
used to create highly ordered arrays of either parallel or
perpendicular cylinders include electric field alignment,24-26

nano-imprint lithography,27 and topographically patterned sub-
strates or graphoepitaxy.8,28,29 Additionally, highly ordered
perpendicular arrays of cylinders have been fabricated by using
solvent annealing,30,31 and highly ordered parallel arrays of
cylinders have been fabricated by using shear alignment.32

Previously, we have directed the assembly of lamellae-
forming block copolymers on chemically nanopatterned striped
substrates to fabricate defect-free arrays of perpendicular
domains that are registered with the underlying chemical surface
pattern.33 This technique has been shown to be capable of
fabricating both periodic34 and nonregular device-oriented
arrays35 of block copolymer domains. Here, we demonstrate that
thin films of cylinder-forming diblock copolymers can be
directed to assemble into defect-free arrays oriented parallel to
the substrate when they are annealed on chemically nano-
patterned striped surfaces. When the stripes are patterned with
periods that are commensurate or near commensurate with the
bulk block copolymer intercylinder repeat period,LO, the
periodic preferential wetting of the two blocks of the block
copolymer directs the assembly of the cylindrical domains into
arrays that are parallel to the substrate and defect-free over large
areas.

Experimental Section

Unless otherwise noted, all chemicals were used as received.
PS-b-PMMA (MN ) 46-b-21 kg/mol, PDI) 1.09,LO ) 44.8 nm)
was purchased from Polymer Source Inc. of Dorval, Quebec.
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Styrene, toluene, and chlorobenzene were purchased from Aldrich
Chemical Co. of Milwaukee, WI. Sulfuric acid, hydrogen peroxide,
isopropyl alcohol, and methyl isobutyl ketone were purchased from
Fisher Scientific. Photoresist-grade poly(methyl methacrylate) (MN

) 950 kg/mol, 6 wt % in chlorobenzene) was purchased from
Microchem Corp. of Newton, MA, and diluted to 1.2 wt % in
chlorobenzene. Silicon wafers were purchased from MONTCO
Silicon Technologies Inc.

Hydroxyterminated polystyrene was synthesized by using a
TEMPO-based 2,2,6,6-tetramethylpiperidin-1yl oxide initiator as
reported in the literature.25,34,36-38 Prior to polymerization, styrene
monomer was degassed. Polymerization was performed for 3 days
under argon at 125°C. The resulting polymers were dissolved in
toluene and precipitated in methanol before drying overnight under
vacuum (approximately 30 mTorr).

A 40-nm-thick layer of hydroxyterminated polystyrene was spin-
coated onto silicon wafers that were cleaned with piranha solution
((7:3) v/v H2O2/H2SO4 at 100°C, for 30 min). (Caution: piranha
reacts violently with organic compounds and should not be stored
in closed containers.) The silicon wafers coated with hydroxy-
terminated polystyrene were then annealed under vacuum for 48 h
at 160°C to graft a 4-nm-thick layer of polystyrene, henceforth
referred to as a brush, to the silicon substrate. The excess, ungrafted
hydroxyterminated polystyrene was then removed by repeated
sonication in warm toluene. The resulting polystyrene brush had
water contact angles of 93° (advancing) and 79° (receding).

The silicon substrates with polystyrene brushes were spin-coated
with a thin layer of poly(methyl methacrylate) photoresist (50 nm)
and baked in air at 130°C for 120 s. The photoresist was then
patterned by using extreme ultraviolet lithography (EUVL) as
described previously in the literature.39 The mask used in these
experiments yielded topographic patterns in the photoresist consist-
ing of lines and spaces with periods,LS, ranging from 40 to 50 nm
in increments of 2.5 nm. EUV exposures were performed in a
vacuum at 10-5 mbar at the X-ray interference lithography beam-
line of the Swiss Light Source. The beamline uses undulator light
with a central wavelength of 13.4 nm, 92 eV, and 4% spectral
bandwidth.

After exposure, the films were developed in a 1:3 development
mixture of methyl isobutyl ketone and isopropyl alcohol for 30 s,
rinsed extensively with isopropyl alcohol, and dried in a stream of
nitrogen. The resulting pattern in the photoresist structures was
transferred to a chemical surface pattern by using a brief oxygen
plasma etch that incorporates highly polar, oxygen-containing
moieties in areas of the polymer brush that were unprotected by
the photoresist structures and leaves areas of the polymer brush
protected by the photoresist structures unmodified.40 The remaining
photoresist was then removed via repeated sonication in warm
chlorobenzene, yielding a chemically nanopatterned substrate
consisting of stripes of polystyrene brushes alternated with stripes
of oxygenated polystyrene brushes.

The chemically nanopatterned substrates were spin-coated with
PS-b-PMMA block copolymer cast at 6000 rpm from 1.0 to 2.3
wt % solutions in toluene to give films between 18 and 60 nm
thick and annealed under vacuum at 190°C for 72 h. (The block
copolymer film thicknesses reported in this paper were adjusted
and do not include the underlying 4-nm-thick polystyrene brush
layer.) Samples were then slowly quenched to room temperature
by first cooling to 100°C at a rate of 1°C/min, and then slowly
cooling to below 60°C at an uncontrolled rate before removing
from vacuum. The resulting domain structures were analyzed in
plan-view by using field emission scanning electron microscopy
(LEO-1550 VP), atomic force microscopy (Thermomicroscopes),
and optical microscopy. Contrast in the SEM images arises because
the electron beam damages and removes the PMMA domains. The
PS domains appear bright and the PMMA domains appear dark in
the SEM images.41

Information about the average domain spacing of the annealed
block copolymer films was gathered from a two-dimensional fast
Fourier transform (2D-FFT) analysis of scanning electron micro-
graphs of the domains in the annealed films. 2D-FFTs of images

that were 512 pixels by 512 pixels were interpolated to a 1023 by
1023 pixel grid. The intensities of the FFT power spectra were
averaged azimuthally by using 512 rings around the 1023 by 1023
grid, yielding the average azimuthal intensity of the FFT inq-space
(q ) 2π/L).

Results and Discussion

A schematic of the experimental procedure used to direct the
assembly of cylindrical domains of PS-b-PMMA is shown in
Figure 1A. A thin layer of polystyrene was grafted to a silicon
wafer and coated with a photoresist. The photoresist was
patterned with lines and spaces at pattern periods,LS, ranging
from 40 to 50 nm in increments of 2.5 nm. The width of the
photoresist lines,W, depends on the exposure dose. The
topographic photoresist pattern was transferred to a chemical
surface pattern in the grafted polystyrene brush by using an
oxygen plasma etch. The chemically nanopatterned substrate
was coated with a thin layer of PS-b-PMMA block copolymer
that forms cylinders in the bulk. The PS block preferentially
wets the polystyrene brush, and the PMMA block preferentially
wets the polystyrene brush that was chemically modified by
the oxygen plasma. A schematic that defines the lattice spacings
of the block copolymer and the notation used in this study is
shown in Figure 1B. The intercylinder repeat period,LO, is 44.8
nm for this block copolymer, and the repeat spacing for a row
of cylinders,L, is 38.9 nm. The block-copolymer-coated samples
were then annealed at 190°C for 72 h under vacuum to direct
the assembly of the cylindrical block copolymer domains. The
resulting domain structures were analyzed in plan-view using
SEM, AFM, and optical microscopy.

Figure 2 presents SEM images that capture the behavior of
cylinder-forming PS-b-PMMA films that are initially 19 nm (L/
2) thick. (In all micrographs presented in this study, the
chemically patterned stripes run from left to right in the
micrographs.) At all pattern periods, the asymmetric block
copolymer self-assembled into a highly ordered near-substrate
layer that aligned with the same periodicity as the lithographi-
cally defined chemical surface pattern, as shown in the azimuth-
ally averaged power spectra of the 2D-FFTs shown in Figure
2f. Theq-value corresponding to the maximum intensity in these
spectra shifted to match theq-value corresponding to the
substrate pattern period for all values ofLS. The wetting layers
were defect free except over theLS ) 50 nm chemical surface
pattern, which intermittently exhibited cylindrical domains that
were perpendicular to the free surface between two of the
lithographically defined lines. The micrographs shown in Figure
2 are representative of the typical behavior of the assembled
block copolymers on chemical surface patterns in whichW/LS

∼ 0.5.
SEM images presented in Figure 3a-e capture the behavior

of cylindrical domains on chemical surface patterns with repeat
periods,LS, from 40 to 50 nm in increments of 2.5 nm (W/LS

∼ 0.5), in a film with an initial thickness before annealing of
39 nm. The block copolymer thin film assembled to form a
half layer of defect-free cylinders at the free surface, with the
same repeat period as the underlying chemical surface pattern,
on the chemically nanopatterned substrates that had repeat
periods,LS, from 42.5 to 47.5 nm. On theLS ) 40 nm andLS

) 50 nm chemical surface patterns, however, defect-free
ordering of the cylindrical domains was not observed over large
areas. These films exhibited defects consisting of PMMA
cylinders that were either perpendicular to the free surface or
unaligned with the underlying chemical surface pattern. In those
regions of the block copolymer domains that were registered
with the underlyingLS ) 40 nm andLS ) 50 nm chemical
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surface patterns, the domain spacing matched the lithographi-
cally defined pattern period. This is captured in the azimuthally
averaged power spectra of 2D-FFTs of the images shown in
Figure 3f. Over the range 42.5 nme LS e 47.5 nm, the first-
and second-order peaks in the azimuthally averaged power
spectra are narrow and well-defined, indicating a nearly mono-
disperse distribution of spacings between cylinders directed by
the chemical surface pattern. Contrastingly, the peaks are broad
and shift toward the bulk repeat intercylinder spacing of the
diblock copolymer domains on chemical surface patterns with
periods ofLS ) 40 nm andLS ) 50 nm, indicating that the
chemically patterned substrate is no longer directing the
assembly of the block copolymer domains over large areas.

Phenomenological Modeling Captures the Effect ofLS -
LO Commensurability. The effect of the chemical surface
pattern period/cylinder repeat period commensurability on the

ordering of cylinders oriented parallel to the substrate was
investigated using a free energy analysis that utilizes a well-
known phenomenological model in the literature.42 The elastic
free energy increase per chain for stretching or compressing
chains away fromLO in the cylindrical diblock copolymer
domains is given by eq 1:

where LS and LO are the substrate pattern period and inter-
cylinder repeat period, respectively,N is the degree of polym-
erization,a is the characteristic length,æB is the volume fraction
of the minority component, andf is the fraction of minority
component monomer units in the chain. ForW/LS ∼ 0.5, the
change in interfacial energy for stretching or compressing the

Figure 1. (A) Schematic diagram of the process used to direct the assembly of cylinders parallel to the substrate in registration with the underlying
chemical surface pattern (a) a silicon wafer with a polystyrene brush is coated with a photoresist. (b) The photoresist is patterned with lines and
spaces using extreme ultraviolet lithography. The widths of the photoresist structures,W, at a givenLS, become more narrow as the exposure time
is increased. (c) An oxygen plasma etch generates a chemical surface pattern in the polystyrene brush and the photoresist is removed. (d) The
chemically nanopatterned substrates are coated with a thin-block copolymer film and (e) annealed, resulting in surface directed morphologies. (B)
Schematic diagram of a cylindrical block copolymer. The intercylinder repeat period isLO the spacing of rows of cylinders isL.
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chains away fromLO is given in eq 2:

whereøA-B is the thermodynamic interaction parameter. Finally,
reductions in the overall free energy, due to substrate-polymer
interactions, over a highest-energy ordered state, assumed to
be perfectly assembled cylindrical domains on chemically
nanopatterned neutral brushes with a pattern periodLS ) LO

andW/LS ) 0.5 are given by eq 3.34

Here,MN is the block copolymer molecular weight,F is the
polymer density,t is the film thickness,γPSis the styrene block-
styrene brush interfacial energy, andγNS is the styrene block-
neutral brush interfacial energy. Using values of 0.01 erg/cm2

and 0.15 erg/cm2 for γPS and γNS, respectively,25 and a film
thickness of 18 nm in eq 3, reveals that energy penalties due to
stretching and compression of up to 0.064 kT/chain can be
allowed in defect-free assembled thin films. Summing the
contributions from these two effects in eqs 1 and 2, using
published values fora and øAB,43 reveals that the block
copolymer domains can compress or stretch to 39 or 51 nm,
respectively, and still give defect-free films. This is in good
agreement with our experimental findings. Similar agreement
between the model and our experimental results is found when

Figure 2. Scanning electron micrographs of self-assembled cylindrical domains in a 19-nm-thick film of PS-b-PMMA with LO ) 44.8 nm after
annealing for 72 h at 190°C on chemically nanopatterned polystyrene brushes. The periods of the chemically nanopatterned substrates are (a) 40
nm, (b) 42.5 nm, (c) 45 nm, (d) 47.5 nm, and (e) 50 nm. The black scale bars represent 250 nm. (f) Azimuthally averaged 2D-FFT spectra of the
images presented in (a-e). The dashed line representsqO ) 0.140 nm-1 and 2qO ) 0.280 nm-1 for theLS ) 45 nm chemical surface pattern. The
spectra are offset for clarity. The inset is a schematic of the block copolymer domain behavior.
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films with an initial thickness of 39 nm are considered, with
the calculations predicting that defect-free films should be
observed from 41 to 49 nm, corresponding to stretching and
compression penalties of up to 0.031 kT/chain.

Defect-Free Cylinders Only Formed in Films Cast at
Thicknesses Commensurate withL. Casting films with
thicknesses that were commensurate with the thickness ofL/2
or L was essential for achieving defect-free, directed assembly
over large areas. Deviations in the initial film thickness by as
little as two nanometers from these thicknesses were enough to
induce macroscopic wetting phenomena analogous to the
formation of islands and holes on uniform, unpatterned sub-
strates, as shown in Figure 4. In films that were initially cast at
a thickness,t, such thatL/2 < t < L, terraced structures formed
on the near-substrate layer, as shown in Figure 4a. In Figure

4a, the topographically higher, terraced structure appears brighter
in the scanning electron micrograph, and the topographically
lower regions appear darker. These terraced structures were
typically 20 nm thick (∼L/2) (as confirmed by AFM), 1µm
wide, and approximately 15-20 µm long and contained a
mixture of cylindrical domains that were parallel and perpen-
dicular to the free surface. As the film thickness was increased
such thatt ≈ L, a complete half layer of cylinders formed on
the near-surface layer. As the initial film thickness was further
increased such thatL < t < 3L/2, a mixture of well-ordered
parallel cylinders and terraces containing cylindrical domains
that were perpendicular to the free surface formed, as shown in
Figure 4b. Again, in Figure 4b, the topographically higher,
terraced structure appears brighter in the scanning electron
micrograph, and the topographically lower regions appear

Figure 3. Scanning electron micrographs of self-assembled cylindrical domains in a 39-nm-thick film of PS-b-PMMA with LO ) 44.8 nm on
chemically nanopatterned polystyrene brushes after annealing for 72 h at 190°C. The periods of the chemically nanopatterned substrates are (a) 40
nm, (b) 42.5 nm, (c) 45 nm, (d) 47.5 nm, and (e) 50 nm. The black scale bars represent 500 nm. (f) Azimuthally averaged 2D-FFT spectra of the
images presented in (a-e). The dashed line representsqO ) 0.140 nm-1 and 2qO ) 0.280 nm-1 for theLS ) 45 nm chemical surface pattern. The
spectra are offset for clarity. The inset is a schematic of the block copolymer domain behavior.
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darker. At an initial, quantized film thickness oft ) 3L/2,
cylinders formed that were oriented parallel to the substrate and
did not exhibit any macroscopic wetting phenomena. The
parallel cylindrical domains were not directed to assemble in
registration with the underlying chemical surface pattern, as
shown in Figure 4c. This last result contrasts with previous work
by Sundrani et al. that indicated that some alignment in parallel,
cylinder-forming diblock copolymers could be induced by
topographical surface patterns in thin films up to 5L thick.28,29

Moreover, their results also indicated that ordering could be
induced in films that were thicker than the underlying topo-
graphic surface pattern.

Quantized film thickness effects may play a role of principal
importance in determining the ultimate morphology for cylindri-
cal block copolymer domains aligned by either chemical or
topographic surface patterns. To form a single layer of defect-
free parallel cylindrical domains in our experiments, the film
thickness had to be within 2 nm of the preferred quantized film
thickness. Films with initial thicknesses outside this window
did not form a single layer of well-aligned cylindrical domains.

Similarly, Black et al. performed experiments on parallel
cylindrical domains aligned by topographic surface patterns and
found that variations of only 2 nm in their initial film thickness
could cause the ordering of block copolymer domains to change
from defect-free to defect-dominated by using identical anneal-
ing conditions.44 Although it is not clear why the second layer
of cylinders shown in Figure 4c is not aligned with the
underlying chemical surface pattern, it is likely that our
experiments did not sample a film thickness that was sufficiently
close to the preferred, quantized film thickness necessary to
induce long-range order in the second layer of cylindrical
domains.

The terraced structures that formed at film thicknesses that
were not commensurate withL or L/2 were highly anisotropic
in shape when compared to island and hole structures that form
on uniform films. This is clearly shown in Figure 5a, which is
a low-magnification SEM image of the same film presented in
Figure 4 a. As in all of the previously presented micrographs,
the underlying chemical surface pattern runs from left to right
in the image. It is evident that the topographic features in the
self-assembled film are highly extended in the direction
perpendicular to the underlying chemically patterned lines. This
behavior differs from the behavior of an asymmetric PS-b-
PMMA film on uniform substrates as shown in Figure 5b, which
is a low-magnification scanning electron micrograph of holes
formed in this same film on the oxygenated polystyrene brush.
The holes shown in this image exhibit more typical, rounded
structures that do not preferentially extend in any direction.

Time-lapse optical microscopy was used on a 30-nm-thick
film of PS-b-PMMA on a chemically nanopatterned substrate
with a pattern periodLS ) 42.5 nm to observe how these
terraced structures form (data not shown). These experiments
revealed that the terraced structures shown in Figure 5 grow by
a spinodal decomposition/nucleation-growth mechanism ob-
served for island and hole formation in lamellar-forming diblock
copolymers.45,46 Initially, small holes form in the film that
eventually coalesce as the annealing time increases. The holes
coalesce almost uniformly in the direction perpendicular to the
chemically patterned stripes. At long annealing times, the
terraced structures then ripen and narrow. One possible mech-
anism by which anisotropic, macroscopic structures form may
be that the diblock copolymer chains have a faster diffusion
rate along the chemically nanopatterned stripes than across the
chemical nanopatterned stripes.

Defect-Free Parallel Cylinders Only Formed on Chemi-
cally Striped Surfaces that had Adjacent Stripe Widths That
Were Nearly Equal. To obtain defect-free arrays of parallel
cylinders, it was necessary to control the relative widths of the
stripes that were preferentially wet by each block of the diblock
copolymer in addition to controlling the thickness of the as-
cast films. The extreme ultraviolet lithography technique used
to generate the chemical surface patterns results in variations
of the widths of the stripes that are preferentially wet by the
styrene and the methyl methacrylate blocks of the block
copolymer at a given pattern period. At low exposure doses,
wider photoresist features are generated, resulting in wider
stripes in the chemically nanopatterned substrate that are
preferentially wet by the styrene block of the block copolymer
than the stripes that are preferentially wet by the methyl
methacrylate block of the block copolymer. At high doses,
thinner photoresist features are generated, resulting in thinner
stripes that are preferentially wet by the styrene block of the
block copolymer than the stripes that are preferentially wet by
the methyl methacrylate block of the block copolymer.

Figure 4. Scanning electron micrographs of self-assembled cylindrical
domains of PS-b-PMMA with LO ) 44.8 nm cast in varying thicknesses
on LS ) 42.5 nm chemically nanopatterned polystyrene brushes after
annealing for 72 h at 190° C. Initial film thicknesses are (a) 35 nm,
(b) 44 nm, and (c) 57 nm. The black scale bars represent 200 nm.

Macromolecules, Vol. 39, No. 10, 2006 Long-Range Order of Cylinder-Forming Block Copolymers3603

CDV



The effect of the relative widths of the stripes that were wet
by the two blocks of the block copolymer on the ordering and
orientation of the cylindrical domains is shown in a series of
SEM images presented in Figure 6. These SEM images capture
the domain behavior of a 38-nm-thick PS-b-PMMA film on a
LS ) 42.5 nm chemically nanopatterned substrate withW/LS >
0.5, W/LS ≈ 0.5, andW/LS < 0.5 (hereW is the width of the
stripe that is preferentially wet by the styrene block of the block
copolymer). On chemical surface patterns that had wider stripes
that were preferentially wet by the styrene block of the block
copolymer than the stripes that were preferentially wet by the
methyl methacrylate block of the block copolymer,W/LS > 0.5,
diblock copolymer domains that appeared in plan-view as
cylinders that were oriented perpendicular to the free surface
with a high degree of hexagonal ordering formed on the
chemically nanopatterned stripes. On chemical surface patterns
consisting of adjacent stripes that had nearly equal widths,W/LS

≈ 0.5, the cylinders were oriented parallel to the substrate, in
registration with the underlying chemical surface pattern. As
the width of the regions of the chemically patterned substrate
that were preferentially wet by the methyl methacrylate domains
of the block copolymer became wider than the regions that were
preferentially wet by the styrene domains of the block copoly-
mer, W/LS < 0.5, defects consisting primarily of unregistered
cylindrical domains began to appear in the self-assembled
domain arrays.

Diblock copolymer domains that appeared in plan-view to
be cylinders that were perpendicular to the free surface with a

high degree of hexagonal ordering formed on chemical surface
patterns withW/LS > 0.5 if the chemical surface pattern period
was near commensurate withL. Figure 7 shows SEM images
and 2D-FFTs of the cylindrical domains of the block copolymer
on chemical surface patterns withW/LS > 0.5 at pattern periods
ranging from 40 to 50 nm. On theLS ) 40 nm andLS ) 42.5
nm, chemical surface patterns that appear in plan-view as
PMMA cylinders oriented perpendicular to the free surface
formed and displayed a high degree of hexagonal ordering. The
LS ) 45 nm chemical surface patterns only formed randomly
ordered block copolymer domains that appeared in plan-view
as cylinders that were oriented perpendicular to the free surface.
As the substrate pattern period was further increased toLS )
47.5 nm andLS ) 50 nm, the PMMA domains started to form
parallel to the substrate, and there was no long-range ordering
observed in the domains that were perpendicular to the free
surface in plan-view. Azimuthally averaged power spectra of
these scanning electron micrographs are presented in Figure 7f.
On chemical surface patterns with periods ofLS ) 40 nm and
LS ) 42.5 nm, the hexagonal ordering in the cylinders that
appeared in plan-view to be perpendicular to the free surface
was strong enough to exhibit peaks in these spectra at values
of x1,x3,x4, andx7 of the highest-intensity first-order Bragg
peak. For the cylinders that formed perpendicular to the free
surface, on chemical surface patterns with 45 nme LS e 50
nm, only thex1 and x4 peaks corresponding to randomly
ordered cylinders appeared; thex3 andx7 peaks that would
indicate a well-ordered, hexagonally close-packed morphology

Figure 5. Low-magnification scanning electron micrographs of macroscopic structures formed in a 35-nm-thick film of cylinder-forming PS-b-
PMMA with LO ) 44.8 nm after annealing for 72 h at 190°C on (a)LS ) 42.5 nm chemically nanopatterned polystyrene brushes and (b) an oxygen
plasma etched polystyrene brush. The black scale bars represent 50µm.

Figure 6. Scanning electron micrographs of self-assembled cylindrical domains in a 38-nm-thick film of PS-b-PMMA with LO ) 44.8 nm after
annealing for 72 h at 190°C on chemically nanopatterned polystyrene brushes withLS ) 42.5 nm. (a)W/LS > 0.5, (b)W/LS ≈ 0.5, and (c)W/LS

< 0.5. The black scale bars represent 500 nm.
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were not observed. Additionally, lower-intensity peaks corre-
sponding to a slight preference for the parallel cylindrical
domains to align on the chemical surface patterns also appeared
in these spectra.

Although the domains shown in Figure 7 appear to be
cylinders oriented perpendicular to the substrate, it is more likely
that the morphology of the film consists of necked domains
that do not propagate through the entire film. Insight into the
formation of such a morphology can be gained from Monte
Carlo simulations performed by Wang et al. that looked at the
wetting behavior of asymmetric, cylinder-forming diblock
copolymers on a variety of chemically nanopatterned sub-
strates.47,48 Those studies indicated that necked cylindrical
domains could form on chemically patterned striped surfaces
that were strongly wet by each of the two blocks of the block
copolymer, whereas perpendicular cylinders only formed if the
chemically striped surfaces consisted of regions that were wet
by the majority block of the block copolymer alternated with
regions that were neutral to the two blocks of the block
copolymer. Given that the experimental conditions of the present
study matched the simulation conditions that resulted in necked
cylinders, it is likely that the films shown in Figure 7 are actually
necked cylinders that have formed on the chemical surface
patterns. The formation of a well-ordered near-surface layer that
templates a highly ordered hexagonally close-packed morphol-
ogy at the free surface is consistent with our previously observed
results for the time-dependent behavior of lamellar-forming
diblock copolymer domains on chemically striped surfaces49 and
the equilibrium behavior of lamellar-forming diblock copolymer
domains on chemical surface patterns consisting of square arrays
of spots.50 By using experiments and simulations, these studies
found that necked domains with a high degree of hexagonal

ordering formed at the free surface, as either kinetic artifacts
or equilibrium structures, if lamellae-forming diblock copoly-
mers were annealed on a chemical surface with patterns
consisting of stripes or square arrays of spots, respectively.
These necked domains did not exhibit registration with the
underlying substrate. Moreover, in the case of lamellae-forming
diblock copolymers annealed on chemical surface patterns
consisting of square arrays of spots, the diblock copolymer
formed a bicontinuous morphology that connected the necked
domains at the free surface with a near-substrate layer of block
copolymer domains that were registered with the underlying
chemical surface pattern. Thus, the behavior of the cylindrical
diblock copolymer domains on chemical patterned striped
surface patterns consisting ofW/LS * 0.5 likely corresponds to
the formation of necked cylindrical domains ifW/LS > 0.5 and
unregistered parallel cylindrical domains ifW/LS < 0.5 that
result as the block copolymer domains wet the chemical surface
pattern with perfect fidelity and reorder throughout the remainder
of the film to adhere to conservation of volume constraints.

The directed assembly of cylinder-forming diblock copoly-
mers over chemically nanopatterned substrates resulted in
aligned cylindrical domains with an unprecedented degree of
perfection. Previously reported techniques for aligning cylinder-
forming diblock copolymers parallel to the substrate, such as
graphoepitaxy and shear alignment, have resulted in higher
defect densities than those observed in this present study. Recent
work by Hammond et al., for example, indicated that grapho-
epitaxy results in arrays of parallel cylinders that are character-
ized by a nonzero number of defects in self-assembled films
that are at thermodynamic equilibrium.51 Angelescu et al. found
that shear alignment resulted in arrays of cylindrical domains
that had defect densities of∼10/µm2, even under optimal

Figure 7. Scanning electron micrographs of self-assembled cylindrical domains oriented perpendicular to the free surface in a 38-nm-thick film
of PS-b-PMMA with LO ) 44.8 nm after annealing for 72 h at 190°C on chemically nanopatterned polystyrene brushes with pattern periods equal
to (a) 40 nm, (b) 42.5 nm, (c) 45 nm, (d) 47.5 nm, and (e) 50 nm. The black scale bars represent 500 nm. (f) Azimuthally averaged 2D-FFT spectra
of the images presented in (a-e). The spectra are offset for clarity.
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processing conditions.32 However, the optimal method for
aligning cylinder-forming diblock copolymer domains will
ultimately depend on the applications for which these materials
will be used. Graphoepitaxy and shear alignment require a much
lower degree of infrastructure and less expensive processing
than directed assembly on chemically nanopatterned substrates
and may be useful for a host of applications. Directed assembly
of cylinder-forming diblock copolymers on chemically nano-
patterned substrates will thus be advantageous in applications
for which the highest degree of patterning perfection in the
diblock copolymer domains is required. We recently reported
an illustration of this concept with the directed assembly of a
cylinder-forming poly(styrene-b-tert-butyl acrylate) diblock
copolymer on both chemically and topographically patterned
substrates, which was then followed by a thermally induced
phase transition to a spherical diblock copolymer.11 Both
chemically and topographically patterned substrates resulted in
arrays of aligned, parallel cylinders with a high degree of
orientational order. However, only chemically nanopatterned
substrates resulted in well-ordered one-dimensional arrays of
spherical domains after the thermally induced phase transition,
with many defects forming in the arrays of spheres that were
formed from cylindrical domains aligned on topographically
patterned substrates. This previous work demonstrates that there
are some applications for which the highest degree of cylindrical
domain ordering, afforded by directed assembly on chemically
nanopatterned substrates, will be necessary.

Conclusions

This work demonstrates the ability of directed assembly to
create defect-free arrays of cylinders oriented parallel to the
substrate over large areas. The technique offers some advantages
over previous methods for ordering cylindrical domains of block
copolymers, such as topographically patterned substrates, in that
it allows the periodicity of the cylindrical domains to be
controlled by the lithographically defined substrate pattern period
and forms equilibrium structures that are not characterized by
defects. Potential uses of this technique rest primarily in
nanomanufacturing and hierarchical device fabrication.
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