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ABSTRACT: Block polymers (BPs) potentially can be used to
template large arrays of nanopatterns for advanced nanotechnolo-
gies. However, the practical utilization of directed BP self-assembly
typically requires guide patterns of relatively small size scales. In this
work, the macroscopic alignment of block polymer cylinders on a
template-free substrate is achieved through raster solvent vapor
annealing combined with soft shear (RSVA-SS). Spatial control over
nanoscale structures is realized by using a solvent vapor delivery
nozzle, poly(dimethylsiloxane) shearing pad, and motorized stage.
Complex patterns including dashes, crossed lines, and curves are
demonstrated, along with the ability for large area alignment and
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scale-up for industry applications. The unique ability to directly write macroscopic patterns with microscopically aligned BP
nanostructures will open new avenues of applied research in nanotechnology.

he macroscopic alignment of nanoscale periodic structures
in block polymer (BP) thin films is attracting increased
attention due to its necessity for unlocking various applications
in materials chemistry and nanotechnology.'”” For example,
spherical or cylindrical nanostructures formed by self-assembled
BPs have been used successfully to pattern semiconductors,
fabricate ultradense arrays of metal nanowires, and template
magnetic storage media;*™*® however, progress in the wide-
spread adoption of BPs for these applications has been impeded
by the lack of a versatile and efficient technique for inducing the
long-range order and orientation of nanostructures in a
predetermined direction. One major difficulty is that BPs
tend to self-assemble in an isotropic manner in the absence of
surface forces and external fields."*™'® Thus, many techniques
have been developed to guide BP self-assembly with varying
degrees of success. Graphoepitaxy creates single-crystalline
ordered structures, but the required substrate prepatterning can
limit the size of the arrays that can be fabricated."”'®
Additionally, valuable substrate area is lost due to patterning.
Chemical prepatterning can direct BP alignment over large
areas, but it requires substrate modification at the nanometer
scale; this process can be prohibitively slow.'”*° Electric fields,
magnetic fields, and polarized light also have been explored but
are limited to specialized polymer systems.*' ~>*> To address
these above limitations, researchers are actively developing new
and more universal methods to efficiently direct BP self-
assembly on template-free substrates through cost-effective
means.
Shear fields are an established approach to align BPs in
bulk’*** and have been employed to align single-layer BP thin
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films (~30 nm) as demonstrated by Register and Chaikin.**”
In these works, shear stress was applied by the deformation and
displacement of a cross-linked poly(dimethylsiloxane) (PDMS)
pad placed on top of a cylinder-forming BP thin film, and the
BP domain orientation was correlated strongly with the shear
direction after thermal annealing under shear for an hour.”®
This technique could be modified easily for larger or smaller
areas by changing the size of the elastomer pad. However, the
alignment quality degraded quickly as the BP film thickness
deviated from a single domain spacing.26 Additionally, the time
scale of this processing method may not be ideal for alignment
in all applications.

Recently, other techniques have been combined with shear
fields to facilitate alignment in BP thin films.”* " Karim et al.
employed a moving temperature gradient in conjunction with
shear, termed cold zone annealing-soft shear (CZA-$S).*® In
the case of CZA-SS, an elastomeric PDMS layer was placed on
top of the BP film and undergoes directional expansion and
contraction due to a dynamic thermal field, thereby imposing
an oscillatory shear field on the underlying BP film. Using this
process, horizontally aligned BP cylinders were fabricated
continuously in films over a wide thickness range of 40—1000
nm at an industrially relevant speed of v = 12 mm/min (i.e,
200 pm/s). However, this process required high annealing
temperatures, well above the glass transition temperature (T,)
of the BP to enable chain mobility, and only was applicable to
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Figure 1. (a) Schematic of RSVA-SS process. (b), (c), and (d) AFM phase images of the SIS thin films treated with RSVA-SS, demonstrating in-
plane horizontal, vertical, and diagonal alignment of SIS cylinders. The orientation of the SIS cylinders correlated strongly with the rastering path as

indicated in the inset. Scale bars represent 200 nm.

BPs with an accessible T, < Topr (order—disorder transition
temperature). More recently, Jung and co-workers demon-
strated that unidirectional alignment of BP cylinders could be
produced by solvent vapor annealing (SVA) partnered with
shear.®" A solvent-containing PDMS pad was placed on top of a
BP film, and shear alignment was accomplished by the
movement of the PDMS pad across the film surface. The
solvent vapor effectively decreases the T, of the BP and imparts
mobility to the polymer chains, thus making this approach
readily applicable to a vast array of BPs.** Cavicchi, Vogt, and
co-workers further showed alignment of BP thin films using a
flow chamber annealing method (solvent flow in/out of a
chamber).>**** The nanostructure alignment was found to be
induced primarily by contraction of the PDMS pad during
solvent removal. However, the resulting alignment depended
strongly on the shape and placement of the PDMS pad, and
this method is not directly amenable to continuous processing.

Our present study demonstrates a simple but effective
method to achieve macroscopic alignment of BP cylinders
through the application of raster solvent vapor annealing with
soft shear (RSVA-SS). This method significantly improves on
previous approaches by eliminating the correlation between the
BP alignment and PDMS shape, allowing continuous
fabrication of highly ordered BP cylinder patterns in a two-
dimensional manner. This advance makes the RSVA-SS
approach more attractive for the industrial production of
hierarchically patterned BP nanostructures. Spatial control over
nanoscale structures was accomplished through the implemen-

tation of a solvent vapor delivery nozzle and motorized stage. In
this manner, macroscopic patterns of nanoscale features could
be “written” in a controlled fashion into the BP thin film. We
demonstrate that complex patterns such as dashes, crossed
lines, and curves can be imparted easily to thin films on
featureless and untreated substrates. Additionally, the capability
to erase and rewrite the patterns affords advantages over
conventional patterning methods. Furthermore, the ability to
expand or shrink the “writing” size of the oriented regions from
millimeters to centimeters (decoupled from the size of the
PDMS pad) provides a unique handle for manipulating pattern
formation in an on-demand fashion. Finally, the RSVA-SS
approach provides a feasible and scalable pathway for the
continuous processing of various copolymer systems, especially
those containing thermally sensitive or thermally responsive
components.

A schematic of RSVA-SS is shown in Figure 1a. In this case, a
thin film of cylinder-forming poly(styrene-b-isoprene-b-styr-
ene) (SIS) was flow coated onto an UV-ozone cleaned silicon
substrate (SIS film was 90 nm thick), and an unpatterned
elastomer pad (PDMS) was laminated onto the SIS film. Then,
toluene vapor was directed onto the film using a nozzle (for
example a ~0.5 mm in diameter circular nozzle was used in one
iteration). The rastering speed and position were controlled by
a programmable motorized stage. The elastomeric capping
layer was removed easily after RSVA without damaging the BP
film. Nanostructure formation and orientation was assessed by
atomic force microscopy (AFM).
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Figure 2. AFM phase images. (a) Dash pattern. The macroscopic dashes were spaced S mm apart, and the speeds for the “fast” and “slow” rastered
regions were 100 and 10 um/s, respectively. (b) Crossed line pattern. The SIS thin film was exposed to two orthogonal RSVA-SS linear pattern

steps. Scale bars represent 100 nm for all AFM images.

Figure 1(b—d) presents the results of single RSVA-SS passes
that were horizontal, vertical, and diagonal to the rectangular
PDMS pad (a typical dimension of PDMS pad was 20 mm X
10 mm X 0.3 mm, rastering speed was 10 um/s). The
alignment of cylindrical domains in the SIS films was correlated
strongly to the rastering direction instead of PDMS shape. This
long-range ordering of SIS cylinders persisted across the entire
area that was rastered by toluene vapor as determined through
multiple AFM measurements across the surface. Although only
the surface morphology was assessed in this study, the through-
thickness nanostructure of films subjected to soft shear
annealing has been investigated previously by grazing incidence
small-angle X-ray scattering (GISAXS).”” In that case, the soft
shear process produced highly ordered cylindrical nanostruc-
tures over a range of film thickness (40 nm to 1 gm). Similar
order through the thickness of the films is expected in this
work, given that our film thickness is 90 nm and well within the
range of the previous study.

The implementation of a solvent vapor delivery nozzle
generated a localized (point) SVA zone in which both the
PDMS and BP film were swollen by uptake of the solvent
vapor, which plasticized the BP to enhance its mobility and
enable domain ordering. Because the film was fixed to the
substrate and moved with the motorized stage, an advancing
swelling front and receding deswelling front were created. The
swelling and deswelling of the PDMS pad produced a soft shear
field to align the BP domains, similar in effect to CZA-SS in
which shear force is obtained from the thermal expansion and
contraction of PDMS. The rastering speed strongly impacted
the solvent swelling and deswelling rates.** With the parameters
employed in this work, highly oriented cylinders were produced
with a rastering speed of 10 ym/s, and the SIS film retained its
as-cast morphology with a rastering speed of 100 um/s (see
Supporting Information Figure S1). The width of the rastered
area was approximately 4 mm for this particular setup with high
pattern fidelity except as one approached the edge of the
rastered zone (see Supporting Information Figure S2). Because
the alignment quality correlates with the swollen ratio of the
PDMS pad,33 we note that films lose alignment at the end of
the edge of the rastered region. At present, the lack of a step
transition between highly aligned and unaligned structures at
the edge of the rastered region is a potential shortcoming of
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RSVA-SS in comparison to graphoepitaxy or chemical
prepatterning. The key process variables such as rastering
speed, solvent flow rate, nozzle dimension, nozzle height, etc.
are coupled in their influence on the solvent field and,
ultimately, on the swelling ratio of the PDMS pad and the
alignment quality of the SIS film. These parameters, together
with the physical properties of the PDMS pad (e.g., cross-link
density, thickness, etc.), will be investigated in detail in future
studies.

A key feature of the RSVA-SS technique is the ability to
produce complex patterns such as dashes, crossed lines, and
curved structures as demonstrated in Figure 2 and Figure 3.
First, a dash pattern was achieved by applying alternating slow
and fast rastering speeds (10 versus 100 um/s). The SIS

Figure 3. UD pattern. A UD pattern (top) was visible due to the shear
effect (optical image with enhanced contrast). AFM phase images
showed the SIS domains were aligned along the local shear direction.
Arrows indicate direction of raster. Font size was 10 mm. Scale bars
represent 100 nm for all AFM images.
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cylinders were strongly aligned in the “slow” rastered region, as
compared to in the “fast” rastered region where the cylinders
remained disordered due to low solvent uptake. The low uptake
of solvent in the “fast” regions resulted in limited expansion and
contraction of the PDMS pad and limited chain mobility in SIS
(Figure 2a). The borders between the fast and slow rastered
regions (poor alignment versus high alignment) were not as
sharp as typically demonstrated by graphoepitaxy or chemical
prepatterning. This alignment edge width in RSVA-SS may not
be ideal for all applications, and combining RSVA-SS with other
available tools might help improve the accuracy of the
patterns.”’31

A second key feature, a crossed line pattern, was produced by
rastering a line pattern, changing the raster direction, and
rastering a second (orthogonal) line pattern. In this case, a new
PDMS pad was used for each pass because the shape of the
PDMS pad did not fully recover after deswelling. In Figure 2b,
the alignment of the SIS cylinders was overridden by the
second rastering pass in the coincident region, suggesting
RSVA-SS can direct BP cylinders independent of any
preexisting orientation, and a single BP thin film can be
patterned multiple times. This facile, independent, and reusable
patterning strategy is important for practical applications with
BPs and, to our knowledge, is not achievable with other
methods. We note that edge effects similar to those found in
the dash pattern were present in the crossed line patterns as
well, and the use of other available tools may lead to the
potential fabrication of well-defined structures such as T-
junctions and nanosquare al‘rays.27’31

We also show that the versatility of patterns could be
achieved by using a two-dimensional motorized stage. Figure 3
displays a macroscopic “UD” pattern, which contained SIS
cylinders that were microscopically aligned along the local shear
direction. Again, this ability to “write” ordered BP nanostruc-
tures freely on pattern-free substrates based on the
spatiotemporal swelling/deswelling of a PDMS pad offers
unique advantages over conventionally patterning methods due
to its simplicity and efliciency. The font size of the patterns
could be tuned easily by the programmable stage and nozzle
dimension, allowing controlled pattern formation in an on-
demand fashion for practical use in various applications.

Furthermore, we demonstrate that the aligned BP pattern
could be erased easily by a simple “bell jar” SVA treatment
(Figure 4). Upon solvent removal from a film swollen to
~160% of the original film thickness, the film morphology was
poorly ordered, similar to the as-cast morphology, and allowed
for repatterning. We also note the nanopatterns could be erased
locally by taking advantage of the RSVA process alone.*® This
erase and rewrite capability affords additional advantages over
conventional patterning methods.

bell jar SVA erase rewrite

Figure 4. Erase—rewrite process. Aligned SIS domains became poorly
ordered (middle AFM phase image) after a “bell jar” SVA treatment
and were realigned by RSVA-SS (right AFM phase image). Scale bars
represent 100 nm for all AFM images.

Another exciting aspect of RSVA-SS is its scalability for
industrial production. For example, we fabricated a flat nozzle
with a slit opening of dimension S cm X 1 mm (Figure S). Two

Figure S. Large-scale production of highly ordered cylinders. AFM
phase images of SIS thin film at different locations (a and ¢ were 0.5
mm from the nozzle edge, b was in the center of the film) showed high
quality of alignment in the rastering direction. Scale bars correspond to
100 nm.

inlets for solvent vapor stream, along with a graded opening,
allowed the solvent to distribute uniformly through the thin slit.
After the RSVA-SS process, multiple locations were examined
by AFM and indicated a high degree of orientational ordering
in the direction of the RSVA-SS, and this ordering persisted
across the entire area exposed to the process. The RSVA-SS
approach provides a feasible and scalable pathway to fabricate
highly ordered BP cylinders at relatively high speed (mm/min)
over unlimited dimensions.

In summary, we have developed a directed self-assembly
method termed RSVA-SS to fabricate oriented BP cylinders on
pattern-free substrates. The simplicity of the apparatus and the
versatility of patterns possess advantages over other directed
self-assembly methods, in particular with respect to a variety of
polymers, patterns, and feature sizes. This unique ability to
directly write macroscopic patterns with microscopically
aligned BP nanostructures will unlock new avenues of applied
research in nanotechnology and pave the way toward practical
industrial use of hierarchically patterned BP nanostructures.

B EXPERIMENTAL SECTION

Materials. Polystyrene-b-isoprene-b-styrene (SIS) with total
molecular weight of 118 kg mol™" and dispersity of 1.09 was obtained
from DEXCO (V4211) and used as received. The volume composition
for each block was fg = 0.134, f; = 0.732, and fg = 0.134. In the bulk,
the BP self-assembled into hexagonally packed polystyrene (PS)
cylinders embedded in a polyisoprene (PI) matrix, with a nearest-
neighbor spacing of 33 nm as determined from small-angle X-ray
scattering. SIS films were flow coated onto the silicon substrates
(N(100), Wafer World, Inc.) from a 2.3 wt % solution of SIS in
tetrahydrofuran. The film thickness was measured using a reflectance
spectrometer (Filmetrics F20—UV). All the films used in this
manuscript were ~90 nm in thickness.

The elastomer pad was prepared from polydimethylsiloxane
(PDMS, Dow Corning Sylgard 184) at 10:1 w/w ratio of base to
curing agent and cured at 80 °C for 2 h. The thickness of the PDMS
pad (approximately 0.3 mm) was controlled by spreading 1 g of
PDMS in a Petri dish (2 in. in diameter).
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Raster Solvent Vapor Annealing and Shear Alignment.
Raster solvent vapor annealing soft-shear (RSVA-SS) was performed
using a setup in which 25 mL min™" N, gas was bubbled through
toluene to produce a solvent-rich vapor stream. The vapor stream was
directed onto the film using a nozzle. As an example, the nozzle was
constructed from a ground-flat 21-gauge hypodermic needle (0.514
mm inner diameter) attached to a vertical micrometer stage set 0.2
mm above the PDMS surface. The width of the rastered area was ~4
mm and could be tuned by changing solvent flow rate, nozzle
diameter, and needle height. The substrate-supported films were
affixed to a programmable motorized stage to control the rastering
speed and position. The rastering speed was 10 um/s for the
experiments performed in this manuscript, unless specified otherwise.
The scale-up flat nozzle was custom-built using aluminum and had two
inlets for solvent vapor (flow rate was 30 mL min~" for each stream);
the slit opening had a dimension of § cm X 1 mm.

Characterization. Atomic force microscopy (AFM) phase images
were obtained on a Bruker Veeco Dimension 3100 with Nanoscope V
controller operating in tapping mode using Budget Sensors TAP150-G
tips (150 kHz, S N m™"). Images were taken in the center of the
rastered area along the rastering direction, but we note that the quality
of alignment/orientation did not degrade until the very edge of the
rastered area.
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Comparison of alignment quality at different rastering speeds.
Comparison of alignment near the edge versus center of the
rastered area. This material is available free of charge via the
Internet at http://pubs.acs.org.
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