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he commercial feasibility of many
emerging nanotechnologies requires
precise control of nanoscale struc-
tures over large areas. Self-assembly pro-
cesses in block copolymer (BCP) thin films
provide the opportunity to create designer
nanoscale materials for nanoporous mem-
branes,' 3 lithographic masks,"** and na-
nopatterning/templating applications,® "
of which the latter two applications have
been investigated for the production of
organic and optoelectronics'> ' and
high-density storage devices.'> Addition-
ally, block copolymer thin films offer ideal
structures for heterojunction organic
photovoltaics (~10 nm wide interdigitated
domains) due to their ability to form co-
continuous or perpendicularly oriented
phases with domain spacings on similar size
scales to exciton diffusion lengths.' #1617
Many of the above nanotechnologies
take advantage of morphologies common
to AB diblock and ABA triblock copolymers
(spheres, cylinders, gyroid, and lamellae),
where the thermodynamics of bulk self-
assembly is relatively well understood.'®"®
Briefly, three major variables influence
the morphology of bulk block copolymers:
the degree of polymerization (N), the inter-
action parameter (y) where xN is the segre-
gation strength, and the volume fraction of
the blocks (.'°~2" For thin films, where the
surfaces strongly effect the final nanoscale
morphology, commensurability between
the film thickness and the copolymer do-
main spacing along with polymer—surface
interactions (surface energy or surface
chemistry) can influence both the morphol-
ogy's symmetry and orientation.?? In many
cases, thermal annealing or solvent anneal-
ing is used to facilitate copolymer self-
assembly by imparting mobility to glassy
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ABSTRACT We pre-
sent a spatially resolved
approach for the solvent
vapor annealing (SVA) of
block copolymer thin

films that permits the
facile and relatively rap-
id manipulation of nanoscale ordering and nanostructure orientation. In our method, a
localized (point) SVA zone is created through the use of a vapor delivery nozzle. This point
annealing zone can be rastered across the thin film using a motorized stage to control the local
nanoscale structure and orientation in a cylinder-forming ABA triblock copolymer thin film. At
moderate rastering speeds (~100 xm/s) (i.e., relatively modest annealing time at a given
point), the film displayed ordered cylindrical nanostructures with the cylinders oriented
parallel to the substrate surface. As the rastering speed was decreased (~10 xm/s), the
morphology transformed into a surface nanostructure indicative of cylinders oriented
perpendicular to the substrate surface. These perpendicular cylinder orientations also were
created by rastering multiple times over the same region, and this effect was found when
rastering in either retrace (overlapping) or crossed-path (orthogonal) geometries. Similar
trends in nanostructure orientation and ordering were obtained from various nozzle diameters
by accounting for differences in solvent flux and annealing time, illustrating the universality of
this approach. Finally, we note that our “stylus-based” raster solvent vapor annealing
technique allows a given point to be solvent annealed approximately 2 orders of magnitude

faster than conventional “bell jar” solvent vapor annealing.

KEYWORDS: solvent vapor annealing - morphology - block copolymer -
thin film - nanostructure - annealing - raster - zone annealing

and/or entangled regions that are often
kinetically trapped upon casting. In addition
to imparting increased chain motion, many
annealing protocols also are employed to
manipulate the nanostructure orientation in
BCP thin films.

Thermal annealing can promote perpen-
dicular (or parallel) cylinders®*** or lamellae®®
by creating a neutral (or preferential)
free surface; however, the effect often is
limited to systems containing blocks with
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similar surface energies for perpendicular orienta-
tions and systems that do not contain thermally sensi-
tive or thermally responsive polymers, such as t-butyl
acrylate.>*~%° An alternative approach, solvent vapor
annealing (SVA), provides mobility by effectively de-
creasing the T, of the copolymers®®*' and can direct
nanoscale self-assembly in several ways. For example,
solvent in the film alters block—block interactions (y.¢)
and enhances (or mitigates) free and substrate surface
interactions.>®3273> Solvent swelling also changes
both the domain spacing and overall film thicknesses,
effecting commensurability and thus influencing the
orientation of the copolymer nanostructure3336~38
Furthermore, selective swelling of one block can alter
the thin film morphology by shifting the relative
component volume fractions,3*~*? while solvent affi-
nity for the minority block(s) can play an additional role
in the orientation of some morphologies via preferred
diffusion routes.*® Finally, controlled deswelling can
direct nanostructure orientation in response to mod-
erated changes in film thicknesses.***

Control over morphology and orientation in small
batch processes, typical of thermal and solvent anneal-
ing experiments, is not sufficient for the large-scale
production of BCP thin film nanotechnologies. Contin-
uous methods such as roll-to-roll or web-based fabri-
cation are required to achieve low-cost production of
BCP-based products.*® In the literature, there are sev-
eral examples of zone-based methods adapted from
small molecule crystals*” or metallurgy and semicon-
ductor processing®®*° that are amenable to continu-
ous processing of BCP thin films. For example, Tang
and co-workers demonstrated ordering of parallel and
perpendicular oriented lamellae*’*° and perpendicu-
lar oriented cylinders>® by zone casting directly from
solution, where a controlled flow of polymer solution
was placed onto a moving substrate creating an
evaporation/solidification front. A combination of so-
lution flow rate, substrate speed, and solvent evapora-
tion rate (by manipulating temperature) was used to
manipulate the advancing evaporation/solidification
front, generating nanoscale order over tens of micro-
meters in a continuous process. However, parallel
alignment of lamellae was only achieved by changing
to a crystallizable block, creating a crystallization front
normal to the solidification front. Hashimoto and co-
workers also described alignment and preferential
orientation of lamellae and cylinder-forming BCP thick
(bulk) films using a “zone heating device”.>' In zone
heating, the film is passed over a narrow heating zone
surrounded by a pair of cooling zones, creating a
thermal front above (hot zone annealing)®' > or
below (cold zone annealing)®® the order—disorder
transition (ODT) temperature (Top7).**>® One example
of BCP thin film hot zone annealing (HZA) by Angelescu
used aresistive heater and function generator to create
a sweeping (oscillatory) thermal gradient.*® Although
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Figure 1. lllustration of RSVA apparatus. Solvent vapor
from a bubbler system was directed onto the surface of a
block copolymer thin film creating a SVA zone (left side).
Rastering the SVA zone by moving the film with a motorized
stage created a localized annealed area (right side).

not directly amenable to continuous processing, the
oscillating solidification front produced highly ordered
cylinders covering square millimeters. Jones and co-
workers applied cold zone annealing (CZA) to a cylinder-
forming BCP thin film.**” Unlike HZA, where order-
ing occurs as a solidification or phase separation
front when the BCP falls below Topr upon exiting the
heating zone, BCPs annealed by CZA are in the strong
segregation regime (T < Tppy) with an ordering front at
the approach of the heating zone. Jones and co-
workers' experiments showed enhanced ordering kinetics,
preferential alignment, and defect-free long-range
order in parallel oriented cylinders. Unfortunately,
HZA and CZA are thermal annealing methods and thus
share the limitations found in classical (static) thermal
annealing, where ordering is directed primarily by
block—block and block—surface interactions. Adapt-
ing SVA as a zone method incorporates the advantages
of thermal zone annealing (continuous processing and
enhanced ordering kinetics) and SVA (compatibility
with thermally responsive polymers and a large param-
eter space for morphology and orientation control).
To the author's knowledge, the zone annealing of
BCPs using solvent vapor remains unexplored, and
examples of solvent zone annealing in the literature
are primarily limited to organic semiconductors.’®>°
Thus, we report the design and characterization of a
SVA analogue to thermal zone annealing for BCPs with
the added benefit of spatial control over morphology,
here termed raster solvent vapor annealing (RSVA). By
combining SVA and zone processing, RSVA offers some
unique advantages over classic “bell jar” or flow cham-
ber annealing methods. In typical SVA experiments,
solvent vapor equilibrium is maintained by the solvent
vapor pressure in a sealed system or solvent uptake by
a carrier gas, usually N, into a flow chamber setup.®? In
either case, transport of solvent vapor to the film
surface is diffusive, by nature of the setup, and an
equilibrium—swelling ratio (or film dewetting)®? is
reached after a sufficient time (minutes to hours).3®%°
Thus, a uniform surface field directs the self-assembly
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Figure 2. AFM phase images of a single-pass RSVA with a 0.514 mm i.d. nozzle and 30 mL/min THF bubbler N, flow rate at
decreasing RSVA speeds, taken at the center of the annealed area. (a) As-cast example of phase-separated nanostructure with
minimal long-range order; (b) 500 um/s, parallel oriented cylinders; (c) 100 um/s, parallel oriented cylinders with greater long-
range order; (d) 10 um/s, primarily perpendicular oriented cylinders. RSVA direction was from left to right in all images.

across the entire film. RSVA, which uses a nozzle to
direct the solvent vapor, provides convective transport
(nearly instantaneous film swelling), spatial fidelity of
annealing, and, when coupled with a motorized stage,
finite control over the annealed areas (see Figure 1).
This geometry provides the same basic effect of HZA or
CZA with the additional benefits of the improved
flexibility afforded by solvent vapor annealing (such
as tunable mitigation of block—block interactions,
block volume fractions, and surface fields).

RESULTS AND DISCUSSION

Raster solvent vapor annealing was accomplished
using a tetrahydrofuran (THF)-rich vapor stream in
single or multiple pass(es) over a 100 nm thick
(~3.5L¢) poly(styrene-b-isoprene-b-styrene) (SIS) film
(domain spacing of ~29 nm). RSVA speeds (speed of
the motorized stage relative to the fixed nozzle) span-
ning 500 um/s to 3 um/s were employed to generate
spatially resolved regions with nanoscale cylinders
oriented either parallel or perpendicular to the sub-
strate surface. Solvent uptake or swelling was nearly
instantaneous (to the naked eye) and thus indepen-
dent of the RSVA speed over the studied range. As the
annealing zone passed over the film, the film color
changed from deep-blue (“as-cast”) to green just out-
side the nozzle radius to tan directly under the nozzle.
Though our setup did not permit in situ film thickness
measurements with the nozzle normal to the surface, a
qualitative comparison with the nozzle angled to
45° (where solvent swollen film thickness measure-
ments could be obtained in situ using a spectral
reflectometer)* was employed to estimate the film
thickness. Thus, we determined that the SIS film under
RSVA equilibrated to a swollen film thickness of at least
160 nm (~5.5Lp), changing in color from deep-blue
(unswollen) to green and tan (swollen) when under
direct exposure to the directed solvent vapor stream.
Thickness measurements made following completion
of the RSVA experiments indicated that the film had
dried to near its pre-RSVA thickness of 100 nm, though
some samples appeared to contain a minor amount of
residual solvent as detailed below. We note that the
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reported final thickness is an average of rastered and
non-rastered regions as the spot size of the spectral
reflectometer is ~4x larger than the area directly
annealed.

Single-Pass RSVA Nanostructures and Orientations. The “as-
cast” nanostructure of our flow-coated SIS films was
parallel oriented cylinders with minimal long-range
order, as shown in Figure 2a. RSVA with a 0.514 mm
i.d. nozzle and THF bubbler N, flow rate of 30 mL/min
facilitated the ordering of cylinders oriented parallel to
the substrate at RSVA speeds above 100 um/s (see
Figure 2b,c). The grain size of the parallel cylinders
increased as RSVA speed was reduced (or as annealing
time per unit area increased), as shown in Figure 2.
RSVA at 100 um/s was equivalent to an annealing time
of ~5 s (nozzle diameter of 0.514 mm moving across
the film at 100 um/s), and the orientation and degree
of order in the parallel cylinders was quantitatively
equivalent to that of a static 30 min THF bell jar anneal
(see Supporting Information Figure S1 for bell jar
annealed AFM images).

As the RSVA speed was further reduced, a transfor-
mation of the nanostructure orientation was noted.
RSVA at a speed of 10 um/s (an annealing time of ~50s
per nozzle diameter) led to a surface nanostructure
indicative of cylinders oriented perpendicular to the
substrate surface (see Figure 2d).3® In comparison, THF
bell jar and flow chamber SVA of SIS films of similar
thickness typically result in parallel orientations
and, after sufficient time, dewetting.>® The perpendi-
cular cylinders from RSVA appeared slightly swollen
(postdrying), which was confirmed by comparison of
the first peak (g*) position in the azimuthally integrated
1D profiles from fast Fourier transforms (FFTs) of the
AFM images (see Supporting Information Figure S2
for 1D profiles). Instead of the expected 2/(+/3) ratio
of G*perpendicular 10 G*paralie; We find a ratio closer to
0.84. This discrepancy could result from a combination
of the lack of hexagonal order as well as residual
solvent that leaves the PS cylinders slightly swollen.
However, Konrad et al. provides an alternative expla-
nation in their radio frequency etching study of
cylinder-forming poly(styrene-b-butadiene-b-styrene)
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Figure 3. AFM phase images of a single-pass RSVA with a 0.210 mm i.d. nozzle and 5 mL/min THF bubbler N, flow rate at
decreasing RSVA speeds: (a) 10 um/s, parallel oriented cylinders; (b) 7.5 um/s, parallel oriented cylinders exhibiting greater
long-range order; (c) 4 um/s, primarily perpendicular oriented cylinders with a significant fraction of short parallel cylindrical
nanostructures; (d) 3 um/s, primarily perpendicular oriented cylinders.

thin films.%" They describe perpendicular cylinders
protruding as “necks” from an underlying parallel
cylinder nanostructure where the ratio of the cylinder-
to-cylinder spacing of perpendicular necks to par-
allel cylinders is 2/(+/3) or 1.155. Experimentally, they
measured ratios of 1.09 to 1.22. The ratio of our
cylinder-to-cylinder spacing for perpendicular to parallel
cylinders is 1.19, based on image analysis of AFM
micrographs. Additionally, we note that the perpendi-
cular structures appear to result from the breakup of
parallel cylinders as the transition between the two
cylinder orientations can be noted in Figure 3c,d.
When the nozzle was changed to a smaller diameter
(0.210 mm i.d.), the THF bubbler N, flow rate was
decreased to 5 mL/min, keeping the solvent vapor flux
constant. RSVA at 10 and 7.5 um/s with the 0.210 mm
i.d. nozzle promoted parallel orientations of cylinders,
where the lower of the two speeds resulted in in-
creased ordering (see Figure 3a,b). A further reduction
in the RSVA speeds to 4 and 3 um/s produced mor-
phologies indicative of primarily perpendicular orien-
tations of cylinders (with the remainder oriented
parallel to the substrate), as shown in Figure 3c,d. We
note that the fraction of perpendicular cylinders in-
creased at the lower of the two speeds. Although the
smaller nozzle (0.210 mm i.d.) required slower RSVA
speeds in order to achieve similar degrees of cylinder
order and orientation when compared to the larger
nozzle (0.514 mm i.d.), the results are consistent with a
reduction in total annealing time per unit distance
given the smaller annealing area at equivalent RSVA
speeds. Nearly equivalent annealing times occurred at
RSVA speeds of 4 um/s with the 0.210 mm i.d. nozzle
(THF bubbler N, flow rate of 5 mL/min) and 10 um/s
with the 0.514 mm i.d. nozzle (THF bubbler N, flow rate
of 30 mL/min), 52.5 and 514 s, respectively. The
predominant features indicated cylinders oriented
perpendicular to the substrate under both nozzle
configurations, as illustrated by Figures 2d and 3c.
The final nanostructure resulting from RSVA at
different speeds was a balance between several com-
peting forces. Polyisoprene (PI), the majority block,
had a lower surface energy than polystyrene (PS),
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32.0 mJ/m? versus 40.7 mJ/m?°%? and preferred to
“wet” both the free and substrate surface leading to a
parallel orientation of the cylinder morphology.®® At
high RSVA speeds, the preferential surface interactions
were maintained, and the nanostructure retained its
parallel orientation. These surface energy differences
between the PS and PI likely were strong enough to
overcome the entropic penalties (looping of the mid-
dle block at the film's top and bottom surfaces) in-
curred by the Pl block®® and (loss of free chain ends at
the surface) incurred by the PS block® in the parallel
configuration. At sufficiently low RSVA speeds (i.e.,
longer annealing times for a given point), the solvent
vapor annealing likely contributed to the formation of
cylinders oriented perpendicular to the substrate sur-
face in several ways. First, the solvent lowered the
surface energy difference between the blocks, allow-
ing either the entropic bending penalty of the middle
Pl block® or the entropic drive for locating free chain
ends near the surface® to dominate. Second, the initial
swelling and subsequent deswelling of the thin
film cycled the BCP film through a series of commen-
surate and incommensurate thickness conditions,
which perpendicular orientations of cylinders can bet-
ter accommodate by avoiding the entropic stretch-
ing penalty associated with parallel orientations of
cylinders 3342636657 Einally, the perpendicular orienta-
tions of cylinders appeared to form following the
breakup of parallel cylinders,®® again supporting the
formation of parallel cylinders at shorter annealing
times (or faster RSVA speeds) and perpendicular cylin-
ders at longer annealing times (or slower RSVA speeds),
as shown in Figure 3¢,d. We also note that the slower
RSVA speeds likely lead to slower deswell rates, which
is also known to induce perpendicular cylinder orienta-
tions that propagate from the free surface down
toward the substrate in SIS thin films;** this effect will
be investigated in future studies.

Multiple-Pass RSVA Nanostructures and Orientations. RSVA
speed was not the only method for controlling cylinder
ordering and orientations, as multiple RSVA passes
over the same area showed a similar effect. Multipass
RSVA with the 0.514 mm i.d. nozzle (THF bubbler N,
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Figure 4. AFM phase images of single- and multiple-pass
RSVA with 0.514 mm i.d. nozzle and 30 mL/min THF bubbler
N, flow rate. (a) Single pass at 100 um/s, parallel oriented
cylinders; (b) four passes at 100 um/s, primarily perpendi-
cular oriented; (c) single pass at 30 um/s, parallel oriented
cylinders; (d) two passes at 30 um/s, primarily perpendicular
oriented cylinders.

200 nm
—

flow rate of 30 mL/min) at speeds of 100 and 30 um/s
resulted in perpendicular orientations of cylinders
following four passes (100 um/s) or two passes (30 um/
s), as displayed in Figure 4. For the 100 um/s RSVA
samples, a single pass resulted in parallel cylinders
(Figure 4a), while a series of four passes led to the
formation of perpendicular cylinders (Figure 4b). A
similar effect was noted for the 30 um/s RSVA samples,
where a single pass resulted in parallel cylinders
(Figure 4c), while a second pass led to the formation
of perpendicular cylinders (Figure 4d). In this case, only
two passes were needed at the lower RSVA speed due
to the concomitant increase in annealing time per unit
area. The annealing times appear additive with a
minimum annealing time of ~20 s required to produce
perpendicular nanostructures, achieved in 4 passes at
100 um/s and in 1.2 passes at 30 um/s. This minimum
annealing time is supported by the single-pass results
in Figures 2 and 3.

Crossed-Path RSVA Nanostructures and Orientations. Given
the ability of multiple passes to alter the nanoscale
orientation of the cylindrical domains, “crossed-path”
RSVA provided the opportunity to generate spatially
defined parallel and perpendicular orientations of
cylinders on a single substrate. More specifically, the
above results show that the surface orientation of the
cylindrical domains can be switched from parallel to
perpendicular in a specific location by making a second
RSVA pass over an annealed area. An example of
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Figure 5. AFM phase images of crossed-path RSVA with
0.514 mm i.d. nozzle, 30 mL/min THF bubbler N, flow rate,
and fixed RSVA speed of 30 um/s. (a) Area outside RSVA
zone; (b) area in first RSVA zone, single pass; (c) area in
second (orthogonal) RSVA zone, single pass; (d) area where
RSVA zones in panels b and c crossed paths, i.e., two passes.

crossed-path RSVA using two orthogonal passes is
presented in Figure 5. In this experiment, the film
was RSVAed at 30 um/s using the 0.514 mm i.d. nozzle
(THF bubbler N, flow rate of 30 mL/min), then rotated
90° and RSVAed a second time under the same condi-
tions. This treatment procedure created a “cross-
shaped” annealed area with regions of as-cast, single-
pass RSVAed film and double-pass RSVAed film. Areas
annealed by only a single RSVA at 30 um/s exhibited
parallel orientations of cylinders (see Figure 5b,c), similar
to the example in Figure 4. At the center of the crossed-
path RSVA area, perpendicular orientations of cylinders
dominated the thin film (see Figure 5d), as expected
based on Figure 4 (intermediate regions, between
Figure 5b,d, are available in the Supporting Information
Figure S3). In regions outside either the first or second
RSVA passes, the nanostructure was nanoscale cylinders
with minimal ordering, similar to an as-cast condition
(see Figures 5a and 2a).

CONCLUSIONS

Raster solvent vapor annealing (RSVA) provided a
spatially controlled method for promoting order and
reorientation of nanoscale domains in cylinder-forming
ABA triblock copolymer thin films. Spatial control of
nanostructure orientation was achieved through a
motorized x—y stage and mass flow controllers to
manipulate the solvent vapor feed. Moderate RSVA
speeds (~5 s per nozzle diameter) promoted the for-
mation of cylinders oriented parallel to the substrate
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surface, with the nanostructure's grain size increasing as
RSVA speed was moderately decreased (e.g., annealing
time increased). Slow RSVA speeds (~50 s per nozzle
diameter) promoted the formation of dot patterns
indicative of cylinders oriented perpendicular to the
substrate surface. The perpendicular cylinders ap-
peared to form following a gradual breakup of the
parallel cylinders as annealing time grew (either via
slower RSVA speed in a single pass or through an

METHODS

Thin Film Preparation. Poly(styrene-b-isoprene-b-styrene) (SIS)
(Vector V4211a, DEXCO Polymer, Inc.) was flow coated® from a
2 wt % solution in tetrahydrofuran (THF) (Optima HPLC grade,
Fisher Scientific, purified though 2 neutral alumina columns)
onto polished silicon substrates (Wafer World, N<100>). The
block copolymer had a number average molecular weight of
118 kg/mol, polydispersity index of 1.09, and block volume
fractions of fps = 0.134, fp; = 0.732, and fps = 0.134 (determined
from the homopolymer densities at 140 °C).”® Small-angle X-ray
scattering (SAXS) indicated a bulk cylinder morphology with a
domain spacing (Lo) of 29 nm (calculated from the primary SAXS
peak). Silicon substrates were triple rinsed with toluene (ACS
grade, Fisher Scientific, purified through a neutral alumina and a
Q5 catalyst column), UVO-cleaned (model 342, Jelight Co., Inc.),
and then rerinsed with toluene. Flow coating was accomplished
by injecting 75 uL of the polymer solution under a 1 in. wide
glass blade held 200 um above a wafer affixed to a program-
mable motorized stage.®® Uniform films (100 & 2 nm in thick-
ness and 60 mm in length) were produced using a velocity of
15 mm/s with an acceleration of 0.1 mm/s?. Film thickness was
measured using a FM-20UV spectral reflectometer (Filmetrics,
Inc.) with a mass-averaged refractive index.

Thin Film Annealing. Raster solvent vapor annealing was
performed using a setup in which N, gas was bubbled through
THF to produce a solvent-rich vapor stream. The vapor stream
was directed onto the film using a nozzle. The nozzles were
constructed from 21 or 27 gauge hypodermic needles, 0.514 or
0.210 mm i.d., respectively. The needles were ground flat and
attached to a vertical micrometer stage set 0.5 mm above
the film surface for the 0.514 mm i.d. nozzle and 0.1 mm for
the 0.210 mm i.d. nozzle. The substrate-supported films were
affixed to a programmable motorized stage to control the
rastering speed and position. RSVA experiments were con-
ducted under ambient conditions (~22 °C, <20% relative
humidity). RSVA experiments with multiple passes were dried
under vacuum at 50 °C for 30 min between each pass.

AFM 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 (150kHz, 5 N/m). Images were
taken in the center of the annealed area along the rastering
direction unless otherwise noted. Phase images in the text are
displayed with the RSVA direction from left to right.
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increased number of passes). We note that our RSVA
allows a given point to be solvent annealed approxi-
mately 2 orders of magnitude faster than conven-
tional bell jar solvent vapor annealing. Finally, this
“stylus-based” annealing method can be adapted to
other nozzle shapes such as slit geometries, and
additional parameters such as solvent quality and
substrate temperature can be manipulated to alter
the annealing profile.

Note Added after ASAP Publication: This paper was inadver-
tently published on the Web October 4, 2012, before author
corrections were applied. The corrected version was reposted
October 5, 2012.
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