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Nanometer Scale Alignment of Block-Copolymer Domains
by Means of a Scanning Probe Tip

Jonathan R. Felts, M. Serdar Onses, John A. Rogers, and William P. King*

Block-copolymers (BCPs) comprise one set of materials useful
for nanometer-scale lithography!!l and nanomaterial pat-
terning.l?l Under certain conditions, a BCP thin-film can phase-
separate into discrete domains on a surface, with domain sizes
much smaller and densities much higher than can be achieved
using conventional lithography.># The phase-separated films
can then be used as an etch mask in a technique known as
BCP lithography, where selectively etching one of the blocks in
a spin-cast BCP thin film yields a polymer mask further used
for liftoff or etching processes. BCP lithography has been used
to construct functional nanostructured surfaces,>® thin film
electronics,”! and organic electronic sensors.!®! While BCPs pro-
vide great control over the size and periodicity of the nanoscale
domains, the random domain orientation typically found in
BCP thin films makes design of nanolithographic structures
difficult.”) Incorporating BCP lithography into nanodevice fab-
rication requires the ability to both pattern BCP nanostructures
and direct BCP domain self-assembly.

A variety of techniques exist to pattern and control domain
alignment of BCPs, such as lithographically modifying the
underlying substrate prior to adding the BCP film, applying
an external field to the film, and patterning BCP nanostruc-
tures using imprint lithography and electrohydrodynamic-jet-
ting.['%1] Modifying the chemistry or the geometry of the sub-
strate changes the surface-polymer interaction such that one
block prefers the modified areas of the substrate.'>1* While
surface modification is effective at producing long range order
in the BCP patterns, the modification itself requires an addi-
tional nanolithography technique with a resolution on the order
of the BCP domain size. Long range BCP domain order can
be achieved without the use of nanolithography techniques by
applying an external electric field,!'>% temperature gradient,!!”]
or shearing forcel'®2% to the BCP thin film. While applying
external fields does not require high resolution lithographic
techniques to align the BCP domains, the fields are applied
to the entire thin film, with no translational or spatial control
over domain self-assembly. Imprinting and jetting techniques
can generate BCP nanostructures, but must often be combined
with chemical or geometrical substrate modifications to direct
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BCP self-assembly. There is a need to arbitrarily control the
patterning and alignment of BCP domains at the nanometer
scale—and ultimately with single domain control—without
the use of nanometer scale substrate modification or pre-fab-
ricated lithographic masks. Atomic force microscope (AFM)
tips provide a means for nanolithographic surface modifica-
tion, and have been used previously to pattern a wide variety
of organic materials, such as polymers,21=23 self-assembled
monolayers,?#25 block-copolymers,l?®! and polymer-nanopar-
ticle blends?”] by controlling the tip speed, tip dwell time, and
tip or surface temperature. The high level of control over shear
force and mass flow rates at the tip makes AFM a useful tool
for investigating nanometer scale patterning and alignment of
BCP domains.

Here we demonstrate nanometer-scale control of BCP
domain alignment and patterning using an AFM tip, achieving
long range alignment of a lamellae-forming BCP with domains
oriented perpendicular to the underlying substrate. The
domains are aligned parallel to the tip travel with a spatial
resolution of 200 nm (roughly 10 domains). The domains can
undergo multiple realignment steps, providing a means for
patterning micrometer sized regions of unique and different
domain alignment. An AFM tip can also deposit BCP nano-
structures onto a heated substrate, and we show that under
certain conditions the BCP domains align themselves either
parallel or perpendicular to the tip shear direction, a behavior
not observed in studies of BCP at the macro scale.

Figure 1(a) shows the experimental setup. The BCP thin
film sample was placed within the AFM in an inert nitrogen
environment while a heater brought the sample to 220 °C, well
above the glass transition temperature (see supporting infor-
mation). Once the BCP film phase-separates, an AFM tip con-
tacts the sample and scans in the direction of the desired BCP
domain alignment. The block-copolymer in this experiment
has a 37—37 K molecular weight and consists of poly(styrene-
block-methyl methacrylate) (PS-b-PMMA). The silicon sub-
strate is initially coated with a random copolymer mat which
non-preferentially wets (i.e. neutral) both the PS and PMMA
blocks, and the BCP is deposited onto the neutral surface using
spin-casting with a thickness of ~35 nm. Figure 1(b) shows an
AFM phase image of a patterned sample area. The left por-
tion of the image shows the randomly oriented domains that
resulted from the initial sample heating, and the right portion
of the image shows a region of domains preferentially aligned
in the direction of tip travel. The tip speed was 2 pm/s with
a scan line pitch of 100 nm, on the order of the 41 nm BCP
domain periodicity. Figure 1(c) shows aligned BCP domains
resulting from a single tip scan line, showing that the tip can
align domains with a resolution of 200 nm, which for this BCP
is roughly equivalent to 10 domains.

wileyonlinelibrary.com 2999

o
o
3
=
G
2
a
-
o
=



http://doi.wiley.com/10.1002/adma.201305481

=
o
=
-
—
=
=
=
=
o
v

3000

ADVANCED
MATERIALS

www.advmat.de

(a)

Randomly
Aligned
Copolymer
Domains

4— uo!ioa.l!d |aAe:|_|_ dig

Randomly Aligned
Domains

Aligned Domains

Figure 1. (a) Schematic of the experimental setup. An AFM tip aligns
block-copolymer domains along the direction of tip travel while a heater
heats the surface to 220 °C. (b) An AFM phase image of a tip aligned
region (right) next to a randomly aligned region (green overlay on left to
aid the eye). (c) 200 nm wide aligned copolymer domains resulting from
a single tip pass.

The BCP domain alignment direction can be controlled at
the nanometer scale by changing the direction of tip travel,
and subsequent tip scans are able to further change the align-
ment direction. Figure 2(a) shows an AFM phase image of the
sample after multiple tip scans. The tip first scanned vertically
over the entire area, followed by horizontal tip scanning in
1 pm stripes. The results show that the initial vertical tip scans
orient the random BCP domains along the tip travel direction,
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and subsequent tip scans orthogonal to the original scan direc-
tion reoriented the previously aligned domains. A close-up view
of the interface between the two orthogonally aligned regions
shows that the transition between them occurs within 100 nm
(5 domains), which is the distance between tip scan lines.
Figure 2(b) shows an AFM phase image of domains aligned
along a sinusoidal tip scan, after first aligning the domains
vertically, further demonstrating that domain alignment fol-
lows the tip trajectory at the micrometer scale. In all cases,
the smallest local alignment size achieved exceeded the nom-
inal AFM tip radius of 10 nm, likely due to a combination of
BCP domain size and the fluid shear dynamics within the film
induced by the moving tip.

The measurements agree with previous studies of shear-
induced alignment. Previous research studying macroscale shear
alignment in perpendicular lamellar BCP domains showed that
domains aligned parallel to the shear direction, with an orien-
tational order parameter (a quantitative measure of the degree
of long range alignment) of 0.8 for shear stresses between
10-40 kPa.l?®l In the current experiments, the local shear stress
within the BCP thin film can be approximated by 7 = uV/h,
where u is the polymer viscosity, V is the tip velocity, and h is
the distance over which the stress is applied. Assuming a typical
viscosity value of 1000 Pa-s, a tip speed of 2 pm/s, and a charac-
teristic shear length of 100 nm results in a shear stress of about
20 kPa, well above the threshold required to align the domains.
The orientational order parameter was calculated to be 0.66 (see
supplemental material), which could be improved in the future
by using a smaller pitch between scan lines or undergoing
multiple tip passes in each area. Increasing the speed of the tip
did not noticeably enhance domain alignment, and tip speeds
exceeding 5-10 pm/s (50 — 100 kPa) damaged the BCP film.

In addition to alignment of BCP domains, the tip can also
deposit BCP nanostructures onto a neutral substrate. Figure 3(a)
shows the experimental technique, where the tip — first coated
with the BCP by dip-coating — scans along the heated substrate.
The BCP melt flows from the tip to the substrate when the sub-
strate is 220 °C. Figure 3(b) shows an AFM phase image of a
BCP nanostructure written from a coated AFM tip with a width
of 700 nm and a height of 100 nm, where the BCP domains are
aligned in the direction of tip travel. Figure 3(c) shows a sepa-
rate written nanostructure having a necked region in the center,
resulting in 3 unique domain orientations. The structures
on either side of the necked region are similar to the feature
written in Figure 3(b) and have domains oriented perpendic-
ular to the substrate and parallel to the tip travel direction. In
contrast, the necked region shows domains oriented perpendic-
ular to the substrate and transverse to the direction of tip travel,
an orientation not previously seen in shear driven BCP domain
alignment. The intermediate region between the perpendicular
and transverse regions has a featureless area and visible trans-
verse domains isolated at the edges of the nanostructure. We
speculate that the intermediate region contains either BCP
domains stacked parallel with respect to the surface, or a region
of transverse domains covered by a single polymer overlayer,
due to the presence of visible domains near the nanostructure
edges.?] For tip speeds exceeding 10 pm/s, the tip deposited
nanostructures with dimensions on the order of the domain
size and smaller, as shown in Figure 3(d). The BCP nanoribbon
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Figure 2. (a) An initial tip pass in the vertical direction aligns the copolymer domains vertically, and a subsequent horizontal tip pass aligns the domains
horizontally (green overlay aids the eye in identifying vertical domains). (b) A sinusoidal tip scan trajectory shows that the domain orientation can be

controlled on the micrometer scale.

has a width of 50 nm and a height of 0.8 nm, where the
domains are again oriented perpendicular with respect to the
substrate and transverse to the tip travel direction. Figure 3(e)
shows a cross-section of the AFM tip phase in tapping mode,
showing clearly the presence of distinct BCP domains, with a
periodicity of 35 £ 7 nm.

The observed domain orientations and alignments are likely
influenced by competition between interfacial surface energies,
tip shear force, and geometrical constraints within the nano-
structures. Film thickness and preferential polymer wetting
of the silicon tip may influence the formation of featureless,
parallel structures, as observed in Figure 3(c). This hypothesis
is supported by the presence of perpendicular domains on the
edges of the nanostructure, far the tip-feature contact and at
smaller thickness. The orientation of domains perpendicular
to the substrate is influenced by tip shear, confinement due to
the nanostructure boundaries and the curvature of the nano-
structure. For the structure in Figure 3(c), the domains labeled
perpendicular are regions where tip shear and confinement
act to orient the domains parallel to tip travel, while the par-
allel and transverse regions are likely dominated by the nano-
structure curvature acting to orient the domains transverse to
tip travel.?’l In contrast, the dimensions of the nanoribbon in
Figure 3(d) suggests that the domain structure is determined
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mainly by high tip shear, where the polymer chains are
stretched flat along the direction of tip travel. Despite current
uncertainties in the orientation mechanisms of tip-based BCP
nanostructure deposition, nanometer sharp tips can pattern
BCP structures with a wide range of feature sizes, geometries,
and domain configurations not easily achieved using conven-
tional BCP patterning methods.

In the future, tip-based nanolithography of BCPs can be
further improved by optimizing the choice of BCP, tip, and
substrate, and by improving the control of BCP nanostructure
deposition. BCP compositions which form cylindrical domains
have shown much better long range order when sheared.!®!
Coating the AFM tip with a neutral layer may reduce the pres-
ence of domains oriented parallel with respect to the surface.
Improving the control of nanostructure deposition such that
the size and geometry of the deposited structures can be rou-
tinely determined would provide additional understanding of
the mechanisms involved in domain alignment, and ultimately
the ability to design nanostructures with the desired alignment.
Further, tip-based BCP patterning could be integrated with
chemically and structurally heterogeneous surfaces as a way to
control domain alignment within a single nanostructure or to
discover and repair defects in structures aligned through other
means.
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Figure 3. (a) Schematic depicting block-copolymer deposition from a tip
onto a heated substrate. (b) AFM phase image of a deposited polymer
structure showing copolymer domains aligned in the direction of tip
travel. (c) An AFM phase image of a polymer line with a sub 200 nm
domain where the domains order transverse to the direction of tip travel.
(d) AFM phase image of a polymer nanoribbon 0.8 nm tall and 50 nm
wide showing copolymer domain orientation transverse to trip travel
direction. (e) Phase cross section of the copolymer nanoribbon showing
a domain pitch of 35 £ 7 nm.

In conclusion, we have demonstrated nanometer scale con-
trol over the alignment of domains within a BCP thin film and
deposited BCP nanostructures using AFM tips. Scanning a tip
over the BCP film aligns the domains parallel to the direction
of tip travel with a spatial resolution of 200 nm. Further, subse-
quent alignment scans can alter the direction of already aligned
domains, and adjacent sub-micron patterns with different
domain alignment can be patterned with transitional bounda-
ries on the order of 100 nm. AFM tips can also deposit BCP
nanostructures onto a heated substrate, where the domains can
be aligned parallel or transverse to tip travel, enabling the con-
trol of domain alignment within deposited BCP structures.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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