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Many strategies for synthesizing nanostructures such as dots

wires, rods, belts, and capsules have been developed in rece
years~15 Arrangement of these on surfaces and within thin
films may enable the development of applications ranging from

fuel cells to optoelectronic devices. Many of these applications
require that the nanostructures be organized into specific

patterns. Unfortunately, strategies for controlling their organiza-
tion are significantly less developed than those for their
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into the brush by electron-beam lithography, with doses varying
from 673 to 120Q:C/cn?. The PMMA was developed in a 1:3
mixture of methylisobutylketone and isopropanol at21 The
exposed regions of the brush were chemically modified by
reactive ion etching with an £Ar plasma, after which the
remaining PMMA resist was removed by rinsing in &Hp.

We focus on a 2«m diameter pattern with a 12 nm radius
circle of unmodified polystyrene at the center and a series of
24 nm wide concentric rings of plasma-etched and unmodified
polystyrene emanating form the center. We also present results
obtained from 2Qum x 20 um arrays of 24 nm wide parallel
lines.

A symmetric poly(styrenélockmethyl methacrylate) (PS
PMMA) copolymer with number-averaged molecular weilyht
n’T_' 104 kg/mol was purchased from Polymer Source, Inc. The
volume fraction of the poly(methyl methacrylate) block was
0.49, and the equilibrium morphology of the polymer in the
bulk, as measured by small-angle neutron scattering, is a lamellar
phase with a period of 49 nm. The unperturbed radius of
gyration of the copolymerR,, is estimated to be 15 ni.A
49 nm film of the PS-PMMA copolymer was coated on the

synthesis. In pioneering work, Nealey and co-workers studied patterned substrates described above and annealed ugtier N

the assembly of block copolymer nanostructures on lithographi-

cally patterned substrate$%17They showed that matching the
period of a striped lithographic pattern with the domain spacing

of the polymer leads to near-perfect alignment of the lamellae

to the stripes. In this case, the equilibrium morphology of the

block copolymer matches the striped pattern. This opens up the

possibility of creating complex patterns in polymer thin films
with precisely placed nanostructures by the relatively simple
process of spin-casting block copolymers on patterned substrate
Many applications will, however, require the presence of
different kinds of patterns within the same film, and a thorough
understanding of the energetics of polymer assembly in the fil
will be necessary for the design of complex patterns. If eac

pattern requires the use of a different copolymer system with a

particular equilibrium morphology, then the patterns that can
be created by lithographically directed block copolymer self-
assembly will be extremely limited. The purpose of this paper
is to examine the extent to which patterns with different

curvatures can be created within the same block copolymer thin

film. In particular, we show that the block copolymer lamellae
conform to patterns with radii of curvature equal to the
equilibrium domain spacing.

Following Nealey et al'/ hydroxyl-terminated polystyrene
(PS-OH) with number-averaged molecular weilght= 5.1 kg/

mol was synthesized using standard anionic polymerization

techniques, capped with 1 equiv of ethylene oxide, and
terminated with methanol. A 40 nm film of PS-OH was applied
to the oxide coating of a piranha-cleaned silicon wafer by spin-
coating from a toluene solution. After annealing underfdt 2

days at 140C to form a polystyrene brush, unreacted polymer
was removed by rinsing in hot toluene with sonication. The

3 days at 195C.

Three observations lead us to suspect that the energetic cost
of lamellar curvature is relatively small. First, the well-known
fingerprint patterns exhibited by these types of diblocks on
neutral surfaces contain many regions of high curvatdfe.
Second, small radius structures have been observed in cylindri-
cally confined geometrie¥:12Third, we see extremely abrupt
transitions in the orientation of lamellae between patterned and
sunpatterned regions: Figure 1 is a scanning electron microscopy
(SEM) micrograph taken with a LEO FE-SEM operating at 2
keV, showing the result of annealing a diblock film on a brush

ms patterned with parallel lines. As is the case in previous
h publications’1617the thin dark lines in the micrographs (Figures

1 and 3) represent the PMMA block. In the unpatterned regions,
the block copolymer lamellae are parallel to the substrate. This
is due to the presence of the PS block at both polymer/air and
polymer/substrate interfaces (symmetric wetting). The film
outside the patterned regions is smooth because the thickness
of the film matches the domain spacing of the block copoly-
mer?°1n the patterned region the block copolymer lamellae are
oriented perpendicular to the substrate. The image in Figure 1
indicates that the transition from perpendicular to parallel
lamellae occurs over a distance comparable to, if not less than,
the domain spacing.

The free energy penalty for bending a lamellar block
copolymer along a circle of radiug; in the small curvature
limit may be estimated 85
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where Af; is the free energy penalty per chain akgis the

1

Af=3

1)

brush was patterned with electron-beam lithography using a 30spjay elastic coefficient of the lamellar phase. In the strong

nm film of poly(methyl methacrylate) (PMMAM, = 950 kg/

segregation limitK; is given by?23

mol) as a photoresist. Several identical patterns were written
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whereL is the lamellar domain spacingg is the Boltzmann
constant,T is temperatureN is the polymerization index, and
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Figure 1. SEM micrograph of poly(styrenklock-methyl methacrylate)
diblock copolymer on a silicon wafer with 48 nm period patterned into
the polystyrene bush. Note the abrupt transition from perpendicular to
parallel lamellae at the pattern edge. Scale bar is 500 nm.
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Figure 2. Free energy penalty per chain in unitskef of bending a
block copolymer lamellar phase to conform to a circle of radRds

Macromolecules, Vol. 39, No. 7, 2006

diblock copolymer on a silicon wafer with concentric circles patterned
into the polystyrene brush. Scale bar is 500 nm.

For the patterns in the polymer brush to be transferred to the
block copolymer, the favorable interactions between the brush
and diblock must be greater than the free energy cost for bending
the lamellae. For a randomly arranged-FRBVIMA film on a
patterned brush of 50% duty cycle, on average half of the
diblock PMMA segments will be in contact with the PS brush,
and half of the diblock PS segments at the interface will be
contacting the plasma-treated brush. In a film with perfect
registry between the block copolymer and the patterned brush,
all PS segments of the diblock will be contacting the polymer
brush, and all PMMA segments will be contacting the plasma-
treated brush. Assuming that the plasma-treated regions of the
brush are chemically equivalent to PMMA, the difference in
interfacial energy between these two arrangements on a per

The shaded region shows the range of the calculated interfacial energychain basisAfin, is given by’

gain between the patterned brush and the diblock copolymer (eq 4).

ais the statistical segment length. For our systens 49+ 1
nm, ais 0.524 0.05 nm?*2>andN is 10684+ 50 (bothN and
a are based on a reference voluraepf 100 A3). Thus

Af, 1\2
—= =96 nnf (—)

ke T R
The validity of the approximations used to obtain eq 3 increases
with increasingR.. The bending free energy of our PBMMA

chains in units okgT is plotted vsR. in Figure 228 It is clear
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With the interfacial energy between PS and PMM#ys = 0.9

+ 0.5 erg/cm,2829and polymer film thicknesg,= 49 nm, Afin,

= 0.27+ 0.15kgT units, which is comparable in magnitude to
the curvature energy for the smallest circle in Figure 3.

In related work, Nealy et al. showed that bent block
copolymer lamellae could be obtained by lithographically

that these types of block copolymer nanostructures are inherentlydirected assembly if polystyrene and poly(methyl methacrylate)

soft due to the entropic elasticity of the blocks.
Figure 3 shows a SEM micrograph of the-PBMMA block
copolymer film on the patterned concentric circles. The pattern,

homopolymers were added to the-PBMMA diblock copoly-
merl” While this approach does lead to faithfully patterned
block copolymer films° the presence of homopolymers leads

wherein the radius of curvature changes from 12 to 1000 nm in t0 an increase in the natural domain spacing by a factor of about
a space of 1000 nm, is far removed from the equilibrium 2. Our work demonstrates that the addition of homopolymers
morphology of any block copolymer. Despite this, the block IS not necessary for bending block copolymer nanostructures.
copolymer chains conform to the underlying pattern. Even the In summary, the lithographically directed assembly of block
central circle, which was patterned to be 24 nm in diameter, is copolymers can be successfully applied even if the desired
faithfully reproduced in the block copolymer film as a single patterns are very different from the equilibrium morphology.
PS cylinder surrounded by PMMA. For the smallest circle in  Our work establishes the possibility of obtaining lithographically
our pattern, the per-chain bending energy is 460.26 kg T directed patterns with widely different curvatures within close
units. proximity in a block copolymer thin film. To our knowledg&,DV
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the inner circle in Figure 3 represents the smallest curved feature (15) Li, H.-W.; Huck, W. T. S.Nano Lett.2004 4, 1633-1636.
that has been faithfully located and reproduced in a polymer (16) Edwards, E. W.; Montague, M. F.; Solak, H. H.; Hawker, C. J.;

film.
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