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ABSTRACT. One of the key issues associated with the utilization of block copolymer (BCP) thin

www.rsc.org/ films in nanoscience and nanotechnology is control of their alignment and orientation over
macroscopic dimensions. We have recently reported a method, solvent vapor annealing with soft
shear (SVA-SS), for fabricating unidirectional alignment of cylindrical nanostructures. This
method is a simple extension of the common SVA process by adhering a flat, crosslinked
poly(dimethylsiloxane) (PDMS) pad to the BCP thin film. The impact of processing parameters,
including annealing time, solvent removal rate and the physical properties of the PDMS pad, on
the quality of alignment quantified by the Herman’s orientational factor (S) is systematically
examined for a model system of polystyrene-block-polyisoprene-block-polystyrene (SIS). As
annealing time increases, the SIS morphology transitions from isotropic rods to highly aligned
cylinders. Decreasing the rate of solvent removal, which impacts the shear rate imposed by the
contraction of the PDMS, improves the orientation factor of the cylindrical domains; this suggests
the nanostructure alignment is primarily induced by contraction of PDMS during solvent removal.
Moreover, the physical properties of the PDMS controlled by the crosslink density impact the
orientation factor by tuning its swelling extent during SVA-SS and elastic modulus. Decreasing
the PDMS crosslink density increases S; this effect appears to be primarily driven by the
changes in the solubility of the SVA-SS solvent in the PDMS. Furthermore, this change can
significantly impact the defect density of the thin film. With this understanding of the critical
processing parameters, SVA-SS has been applied to align a wide variety of BCPs including
polystyrene-block-polybutadiene-block-polystyrene (SBS), polystyrene-block-poly(N,N-dimethyl-
n-octadecylammonium p-styrenesulfonate) (PS-b-PSS-DMODA) , polystyrene-block-
polydimethylsiloxane (PS-b-PDMS) and polystyrene-block-poly(2-vinlypyridine) (PS-b-P2VP).
These results suggest that SVA-SS is a generalizable method for the alignment of BCP thin
films.

Introduction blocks, y; the degree of polymerization, &, and the segmental
volume fraction (f;) of the block, where the driving force for the
> In thin films, additional

factors such as the film thickness, surface energies (both

The spontaneous formation of nanostructured materials via
self-assembly of the block copolymers (BCP) has received
increasing interest for a wide variety of applications including
high lithium-ion conductivity for organic
optoelectronics™ *; directed assembly for next generation
lithography in microelectronics®’and filtration membranes® °.
These applications exploit the self assembly of BCPs into well

microphase separation is y

substrate energy and free surface energy) and substrate

batteries” % 15-17

chemistries can influence the morphology and orientation
However, these BCP nanostructures are generally
kinetically controlled due to the limited mobility of the BCP.

defined nanostructures'®, which are well understood in bulk
12 with BCP morphologies determined primarily by
the Flory-Huggins interaction parameter between different

systems

This journal is © The Royal Society of Chemistry 2013

Moreover, defect elimination is difficult to obtain when solely
utilizing thermal annealing'® and the ordering kinetics are
further suppressed in thin films'®. For some BCPs, even modest
ordering can pose some problems if the glass transition
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temperature (T,) is greater than temperatures where degradation
may occur’. Moreover, chain mobility is a significant
impediment to ordering if large domain spacings are desired?'
due to its N?? scaling®®. Solvent vapor annealing (SVA)
provides an effective alternative approach to order BCP films,
where the solvent swells the BCP film, effectively reducing T,
and enhancing chain mobility.”> ** This swelling behavior can
significantly decrease yN through screening of unfavorable
interactions®, thus it is possible to disorder the film during
SVA if sufficiently aggressive conditions are utilized. SVA can
also impact the morphology by selectively swelling one
component to effectively tune the volume fraction (f;).2% %
Solvent mixtures can provide a route to produce neutral wetting
conditions at the film surface to promote perpendicular
orientation of cylinders.”® Similarly, the BCP domain spacing
and morphology orientation can be impacted by solvent vapor
pressure”*°

Although both thermal annealing and SVA enable ordering

and the solvent removal rate.’!

the BCP domains, the self-assembled structures are not aligned
over macroscopic dimensions with the film consisting of
randomly oriented grains'®. To provide this longer range
alignment, numerous methods have been developed such as
fields fields 32-34,
epitaxy’’; mechanical shear’® *7;

external (electrical or magnetic fields)

zone casting38; cold zone
annealing (CZA)***' and micro-patterned substrates*> *.
However, these methodologies generally require specialized
equipment or substrates, which limits the ability to generally
adopt these methods due to the costs involved. Jung and
coworkers reported using a pre solvent-swollen polymer gel
pad (PDMYS) for aligning the high-y BCPs in an extremely short
time with movement of the pad across the surface and the best
alignment was obtained when using a patterned substrate®.
This method still requires a methodology for moving the PDMS
pad across the surface of the film. Recently, we demonstrated a
method to fabricate highly aligned BCP thin films based upon
simple modification of the commonly utilized solvent vapor
annealing (SVA) process with a soft, flexible elastomeric
capping pad (PDMS)* for cylinder-forming polystyrene-block-
polyisoprene-block-polystyrene (SIS) films. Due to swelling of
the elastomer pad, a soft shear (SS) is produced during drying
due to an evaporation front that aligns the BCP domains. The
drying front is a result of the directional flow of dry air through
the cell over the sample; the diffusion of solvent out of the
PDMS pad and the non-centered alignment of PDMS with
respect to the air flow results in one corner of the rectangular
pad drying first, which through propagates diagonally across
the PDMS as defined by its dimensions.*> This technique is
analogous to the CZA-SS method,*® where a sharp temperature
gradient, rather than solvent gradient, provides the driving force
for shear alignment.. By slightly offsetting the PDMS edge to
dry gas inlet purposefully, the direction of the alignment of the
self-assembled cylinders can be controlled by the shape and
placement of the elastomer on the film due to the directional
drying. This methodology is applicable to a wide range of film
thicknesses from monolayer to micron thick films. However,
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the generality of this technique for the alignment of BCP films
is not clear.

Here, we identify processing parameters that impact the
alignment of the BCP films to understand how to extend this
SVA-SS method from SIS to other BCP systems. The SVA
exposure time, drying rate and the physical properties of the
PDMS all impact the efficacy of alignment. The orientation
factor can be improved and the defect density decreased by
decreasing the crosslink density of the PDMS, which increases
the solvent solubility (swelling ratio); increasing SVA-SS time;
or decreasing the solvent removal rate. This provides further
insight into the alignment mechanism associated with SVA-SS.
With this knowledge, we have successfully extended SVA-SS
to align
(SBS), polystyrene-block-poly(N,N-dimethyl-n-
octadecylammonium p-styrenesulfonate) (PS-5-PSS-DMODA),
polystyrene-block-poly(dimethylsiloxane) (PS-6-PDMS) and
polystyrene-block-poly(2-vinylpyridine) (PS-56-P2VP). With
SVA-SS is a
generalizable methodology for the alignment of BCP films.

polystyrene-block-polybutadine-block-polystyrene

proper selection of processing conditions,

Experimental Section

Materials

Chloroform (>99.8%) and cyclohexane (>99%) were
Toluene (ACS grade) and
tetrahydrofuran (THF) (>99%) were purchased from Sigma-
Aldrich. Methyl-ethyl-ketone (MEK) (>99%) and hexane
(>99%) were obtained from Fisher Scientific. Styrene was

purchased from Alfa Aesar.

purified using a basic alumina column in order to remove the
polymerization inhibitor. All other chemicals were used as
received.
(SIS) copolymer

polystyrene and
polystyrene (SBS) copolymer (Kraton D1116A), containing 23

Polystyrene-block-polyisoprene-block-polystyrene
(Kraton 1164P),
polystyrene-block-polybutylene-block-

containing 29 vol%

vol% polystyrene were obtained from Kraton Polymers. PS-b-
PSS-DMODA (M,=10.2 kg/mol, fpg=0.67, PDI=1.26)*° and
PS-b-PDMS (M,=46.1 kg/mol, fppys=0.23, PDI=1.21)* were
synthesized by RAFT polymerization as previously reported.
PS-6-PMMA (M,=47.5 kg/mol, fps=0.74, PDI=1.07) and PS-b-
P2VP (58 kg/mol, fps=0.71, PDI=1.07) were purchased from
Polymer Source Inc. The crosslink density of PDMS (Sylgard
184, Dow Corning) was varied using the base to curing agent
ratios. Four different ratios (w/w) were evaluated: 5:1; 10:1;
15:1; and 20:1. The PDMS base and curing agent were first
physically mixed by hand at the desired ratio. Once mixed, the
mixture was degased under vacuum at ambient temperature for
15 min and then poured onto a flat glass plate to create an
approximately 0.5 mm thick film. Subsequently, the PDMS was
allowed to cure at room temperature for 1 h, followed by cure
at 120 °C for 2 h. The nomenclature utilized to identify these
PDMS samples is PDMS-x, where x is the mass ratio of base to
curing agent. The cured PDMS was then cut into ca. y X y cm
pads to act as soft capping layers for the BCP films.

This journal is © The Royal Society of Chemistry 2012
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Thin film preparation and processing

(100)-oriented silicon wafers (University Wafer) were used
as substrates. The wafers were cleaved with a diamond scribe
into approximately 3 cm X 3 cm pieces and were cleaned using
ultraviolet-ozone (UVO, Jelight Company Inc., Model No. 42)
for 2 h. SIS, SBS and PS-A-PMMA thin films were spun cast
from 2 wt% solution in toluene at 3500 rpm for 1 min. PS-b-
PSS-DMODA thin films were spun cast from 2 wt% solution in
MEK at 3500 rpm for 1 min. PS-5-PDMS thin films were spun
cast from 2 wt% solution in benzene at 3500 rpm for 1 min. PS-
b-P2VP thin films were spun cast from 2 wt% solution in THF
at 3500 rpm for 1 min. In order to directly measure the swelling
of PDMS, PDMS-20 thin films were spun cast from 5 wt%
solids solution in hexane at 3500 rpms for 1 min, followed by
curing at 120° C for 2 h.

For the SVA-SS process, PDMS pads approximately 0.5
mm thick were laminated to the BCP films with the PDMS
fully wetting the BCP films prior to SVA. The standard SVA
conditions utilized for the PDMS pads of different crosslink
density were exposure to nearly saturated toluene vapor for 2 h
using mass flow controllers (MKS-146C-FF000-1) flowing dry
air at 800 mL/min through liquid toluene. Solvent removal was
performed by flow of neat air at 25 mL/min for 30 min. For
investigating the effect of SVA time on the morphology, the
SIS films capped with the PDMS pad were then exposed for 5
min - 120 min to nearly saturated toluene vapor at 800 mL/min.
The films were dried for 30 min using neat dry air flowing at 25
mL/min. Additionally, the effect of solvent removal rate on the
morphology was examined by varying the flow rate of the dry
air from 5 mL/min to 800 mL/min after the SIS films were
annealed in toluene vapor for 2 h at the standard condition. For
extending SVA-SS to other BCPs, SBS; PS-»-PSS-DMODA;
PS-b-PMMA; PS-b-PDMS and PS-4-P2VP thin films were
exposed to saturated selected solvent vapor for 2 h and dried at
25 ml/min for 30 min.

Characterization

The swelling behavior of the PDMS pad was measured
according to the method reported by Whitesides*’: simply
placing a PDMS strip in toluene for 2 h and then measuring the
change in the dimensions (e.g. length) of the solid while the
PDMS is still submersed in the toluene in the liquid phase. The
degree of swelling is expressed by the swelling ratio: S=L/L,,
where L is the length of PDMS in the toluene and L, is the
original length of PDMS before swelling.

The film thickness of the SIS and PDMS thin films was
determined using variable angle spectroscopic ellipsometry
(VASE, J.A.-Woollam Co., M-2000) in a wavelength range
from 246 nm to 1689 nm with three angles of incidence: 65°,
70° and 75°. The ellipsometric angles (A and ¥) were fit using
a recursive model consisting of silicon, an interface layer, a
SiO, layer (to represent the native oxide)*® and a Cauchy layer
to describe the polymeric films. The swelling and deswelling of
SIS and PDMS thin films by toluene vapor were measured in-
situ by VASE at 70° using a custom cell with quartz windows.

This journal is © The Royal Society of Chemistry 2012

Atomic force microscopy (AFM, Dimension ICON, Veeco) in
tapping mode at 0.5 Hz was used to investigate the surface
morphology of the films after SVA using PPP-NCC-50 tips
(Nanosensors). In order to determine the mechanical properties
of PDMS, the PDMS was cut into 8 cm X 3 cm strip for
uniaxial tensile testing using a texture analyzer (Texture
Technologies Corp., TA-XP PLUS). A total of twenty PDMS
samples for each of the four crosslink densities were stretched
at a rate of 0.05 mm/s. The elastic modulus of the polymers was
determined from the slope of the linear regression of the stress-
strain curves from 0—6 % strain, which is in the linear elastic
regime.

Results and discussion

Drying air

l l Drying front

Solvent vapor

1

Uptake solvent solvent

Totally dried
vapor removal

L L L
W, Wo
w
Adhere !’DMS Isotrop.ic Corn.er dries contraction
to BCP film expansion first

Figure 1. Schematic of the SVA-SS process. Swelling and deswelling of the
adhered PDMS pad leads to shear alignment of the BCP microdomains.

Figure 1 schematically illustrates the standard SVA-SS
process: A rectangular PDMS pad is adhered to the top of BCP
film before SVA-SS. Both the PDMS and BCP are swollen by
uptake of the solvent vapor, which plasticizes the BCP to
enhance its mobility and enable ordering. Subsequently, a
directional evaporation front is established during solvent
removal from the dry air stream, which leads to the
development of a shear field and provides alignment of the
BCP domains along the diagonal direction of the PDMS pad.
The direction for the aligned BCP domains can be controlled
simply by the shape of the PDMS pad and its orientation on the
substrate relative to the flow direction for the dry air. From
diffusion arguments, the initial drying of a corner of the PDMS
is expected; the propagation of this drying across the PDMS
proceeds in a direction that is parallel to the diagonal across the
rectangle of the PDMS. This corner first drying is consistent
with the uneven evaporation front for a swollen PDMS exposed
to the air.*” We define the direction of the SS to be the diagonal
across the rectangle as denoted by the arrow illustrated in
Figure 1 for the directional drying.

For the SVA-SS process to be effective, the SIS film must
be swollen by the toluene to provide mobility. From
ellipsometry measurements ca. 2 min is required for both the
SIS film and PDMS-20 thin film to reach equilibrium swelling
state (See ESI). However, during SVA-SS, the PDMS pad (0.5
mm; much thicker than PDMS-20 thin film, 503 nm) acts as an
effective diffusion barrier for the toluene and slows the solvent
uptake into the SIS as this diffusion controlled equilibration is

J. Name., 2012, 00, 1-3 | 3
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dependent on both the intrinsic diffusivity and the transport
path length, so the time exposed to the toluene vapor will be
important. Figure 2A illustrates the surface nanostructure of the
SIS film after SVA-SS for 15 min using PDMS-20. The surface
morphology consists of short rods without any preferential
orientation as evidenced by the FFT inset, which is similar to
the as-cast state (see ESI). Increasing the SVA exposure time to
30 min results in slight alignment of the cylinders (Figure 2B),
while cylinders also become longer on average. The FFT inset
(Figure 2B) illustrates the slight alignment with the crescents
associated with preferred direction for the cylindrical
nanostructures. The SS direction provided in the figures is that
from geometry of the PDMS pad, which can be assessed by
alignment of the sample during the AFM measurements to a
trough® in the films that develop at the edges of the PDMS
after SVA-SS. Further increasing the annealing time to 45 min
(Figure 2C) produces a signifcant improvement in the
alignment. However, there remains a significant defect density
that degrade the quality of the orientation. The alignment is
further improved with a signficant decrease in the defects in the
ordered structure by increasing the annealing time to 1 h
(Figure 2D). The streaks (both first order and second order
peaks) from the FFT of the micrographs narrow and thin
towards points, which is consistent with the increased
alignment of SIS thin film nanostrcuture along with the SVA-
SS direction.

Figure 2. AFM phase images for SIS films SVA-SS annealed using PDMS-10 pad for
(A) 15 min; (B) 30 min; (C) 45 min and (D) 60 min.

In order to quantify the orientation degree of these

nanostructured SIS thin films as a function of annealing time,
the FFTs from the AFM micrographs are analyzed as a function

4| J. Name., 2012, 00, 1-3
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of azimuthal angle to calculate the Hermans orientation factor,
S5 as:

_3<c052®>—1
- 2

where ¢ is the azimuthal angle and (cos® ¢) is the average of
cos® ¢ based on the intensity of the FFT at a given azimuthal
angle, I(¢), calculated as

Y o2 o 1(®)sindcos?®

< cos?Q >= ;
@ 237 1(@)sing

Figure 3 shows the orientation factor for these SIS films
annealed by SVA-SS for different times. For the films annealed
for 15 min, there is no preferred alignment direction for the
nanostructures, so S=0. For the weakly aligned SIS films
(Figure 2B), the orientation factor S is around 0.28. Once the
annealing time increases to 45 min and 1 h, the orientation
factor S increases significantly to 0.83 and 0.91 respectively.
This improvement in the alignment of cylinders is consistent
with tranformation from the micrographs consisting some
randomly oriented rods to the well-aligned cylindrical
structures from AFM. For longer time, there is no statistical
change in S. This
equilibrium swelling (and potential rearrangements associated
with ordering) in 45-60 min when using a 0.5 [Jm thick PDMS

pad.

suggests that the SIS film reaches

1.04

0.8 E

0.64

0.4 4

Orientation factor

0.24

0.0 — T T T
0 50 100 150 200

SVA-SS annealing time (min)

1
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Figure 3. Orientation factor of SIS films using PDMS-10 as elastomer pad as a
function of SVA-SS annealing time

For other alignment techniques such as applied mechanical
shear’? or CZA,*> %' the rate at which the alignment force is
applied to the film is critical. Thus for SVA-SS, the rate of
drying induced by air flow impacts the rate at which the soft
shear is applied. To first illustrate how the flow rate of dry air
impacts the contraction of the PDMS, a PDMS-20 thin film is
monitored in-situ using ellispometry (Figure 4) after the film is
pre-swollen from 513 nm to 742 nm by toluene vapor.

This journal is © The Royal Society of Chemistry 2012
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Figure 4.Film thickness profile for PDMS-20 annealed with toluene vapour at a
constant swollen thickness at different solvent removal rates associated with the
flow rate of the dry air.

Figure 4 shows as the flow rate of dry air is decreased, the
PDMS-20 film more gradually returns to its original thickness.
When the drying air flow rate is 25 mL/min (typical procedure),
the thickness of PDMS film decreases at approximately 0.5
nm/s for first 6 min and subsequently the PDMS film thickness
decrease is even slower as the original thickness is approached.
When the air flow is increased to 100 mL/min, the PDMS
thickness decreases at 0.8 nm/s. By further increasing the flow
rate to 400 mL/min and 800 mL/min, the PDMS film shrinks at
approximately 1.3 nm/s and 1.8 nm/s, respectively. The fastest
flow rate (800 mL/min) shrinks the PDMS 4 times faster the
slowest conditions (25 mL/min), which shows the controllable
contraction rate by tuning the dry air rate.

Figure 5. AFM phase images of the SVA-SS annealed SIS films at different PDMS-
20 deswell rate. (A) 800mL/min; (B) 400mL/min; (C) 100mL/min and (D) 25
mL/min.

This journal is © The Royal Society of Chemistry 2012

Figure 5 illustrates how the drying conditions impact the
surface morphology of SIS films. Under the fastest drying rate
(800 mL/min; Figure 5A), the AFM phase images consists of
curved-cylinders aligned along the SVA-SS direction and some
random short rods. This poor alignment of cylinders is
attributed to the limited the time for aligning the cylinders
associated with the fast shear rates, which is similar to the
CZA-SS where the orientation decreases significantly when hot
zone moves too fast*’. By decreasing the drying air rate to 400
mL/min (Figure 5B) and 100 mL/min (Figure 5C), the
alignment of cylindrical structures are enhanced along the
SVA-SS direction; however, there still are some defects
presented in the ordered structures. Further decreases the drying
rate (25 mL/min, Figure 5D), the SIS film shows well-aligned
cylinders, which is consistent with the previous results®.

Figure 6 illustrates the orientation factor of the SIS films
after SVA-SS under different drying rate and ranges from
S=0.38 to S=0.91 over the range of drying rates. The increase
of the alignment by decreasing the drying rate proves the
alignment of structure is mostly induced by deswelling of the
PDMS pad.

1.0

os{ 1
"
0.4-. {

0 ' 3C')0 660
Drying air rate (mL/min)

Orientation factor

1
900

Figure 6. Orientation factor of the SVA-SS annealed SIS film using PDMS-20 pad
as a function of drying air rate.

In addition to the drying rate, the total shear strain produced
by the PDMS pad during drying also plays a critical role for
perfection in nanostructural alignment. Although the vapor
pressure of the toluene could tune the PDMS swelling, it will
also impact the plasticization of the SIS film, so the effects will
not be isolated. Thus, for investigating how the swelling ratio of
the PDMS pad affects the alignment of SIS thin films, four
different crosslink density PDMS pads were fabricated based
upon varying the mass ratio of PDMS base to curing agent. For
an elastomer network, the swelling and elastic modulus of the
network are closely related. Figure 7 illustrates the elastic
modulus and swelling ratio of PDMS with different crosslink
density. The modulus decreases by nearly an order of
magnitude as the PDMS base to curing agent ratio increases
from 5 to 20 (3.1 MPa and 0.65 MPa, respectively). This
change in the elastic modulus of PDMS is consistent with

J. Name., 2012, 00, 1-3 | 5
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previous report for development of PDMS with tunable
mechanical properties®’.
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Figure 7. Elastic modulus (*) and swelling ratio (M) of PDMS as a function of its
crosslinking ratio of base to curing agent.

For the PDMS-5, it swells around 22% in toluene solvent.
Once the mass ratio of base to curing agent increases to 10, the
PDMS swells around 30% in the toluene which is consistent
with reports by Whitesides and coworkers*’. For the PDMS-15
and PDMS-20, the swelling ratio is 50% and 52% respectively,
indicating the similar swelling behavior for these two crosslink
density PDMS. This 50% increase in the length is near to the
swelling ratio determined for PDMS-20 thin films for toluene
vapor as shown in ESI.

Figure 8 illustrates the evolution in surface morphology of
the SIS films with different crosslink densities of the PDMS
pad. Using the highly crosslinked PDMS (PDMS-5) (Figure
8A), there is some waviness in the cylinders and some
randomly oriented nanostructures remain. The FFT yields
crescents, consistent with preferred directional orientation
overall, but also illustrative of the large defect density. Using
PDMS-10 as the pad (Figure 8B), these cylindrical structures
are better aligned compared to that obtained with PDMS-5 as
the peak in FFT becomes much sharper. Further decreasing the
crosslink density of PDMS pad results in highly aligned and
correlated stripe pattern that persists across the film. From the
FFT of the micrographs as shown in the inset in Figure 8C and
Figure 8D, the alignment of the structure can be clearly seen by
two orders of diffraction spots.

Figure 9 shows S of these SIS films as a function of the
swelling ratio (PDMS crosslink density). For the SIS film
capped with PDMS-5 pad, the orientation factor is only 0.67,
which is attributed to the limited swelling ratio of PDMS-5 (22
%) by toluene vapor. As the swelling of the PDMS increases,
the film’s orientation factor increases. The orientation factor
increases to 0.94 and 0.95 for the films capped with PDMS-15
and PDMS-20 pads, respectively. Thus, there appears to be a
minimum threshold for swelling to obtain highly aligned (S >
0.90) that is greater than 35 %. The enhancement of orientation
factor with the increase of PDMS swelling ratio illustrates that

6 | J. Name., 2012, 00, 1-3
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the local contraction of PDMS during drying provides the force
for macroscale alignment of BCP nanostructures.

7/5 rn» o
)

Figure 8. AFM phase images of SIS film after SVA-SS by different crosslink ratio
PDMS (mass of base: cure agent) (A) 5:1; (B) 10:1; (C) 15:1; (D) 20:1.
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Figure 9. Orientation factor of SIS film after SVA-SS determined by AFM phase
images as a function of PDMS swelling ratio. The inset is the orientation factor of
SIS film after SVA-SS as a function of the elastic modulus of the PDMS pad.

To further assess the surface morphology of SVA-SS
annealed SIS films with the different crosslink density PDMS
pad, defects including dislocations and declinations are
statistically analysed in an area of 3 pm X 3 pum. Five areas of
each film are randomly selected for the defect analysis (See
ESI). Figure 10 shows the average defect density (p) as a
function of PDMS crosslink density. By increasing the
crosslinker ratio of PDMS from 5 to 10, the defect density in
the SIS films decreased significantly from 22 um™ to 13 um™
Further increasing the crosslinker:base ratio of PDMS to 15 and
20, the defect density remarkably decreased to 2 pm™2and 1 pm’

This journal is © The Royal Society of Chemistry 2012
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2 respectively. This dramatic reduction in defect density in the
SIS films with increasing swelling ratio of PDMS pad is
attributed primarily to the tendency of dislocation with opposite
signs to attract and annihilate by either motion along the
cylinders or across the cylinders. This behavior appears to be
very similar to the defect annihilation within cylinder-forming
BCP thin films on nanopatterned substrates.>*
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Figure 10. Defect analysis of SIS film after SVA-SS by different crosslink ratio
PDMS determined by AFM.

To understand the importance of solvent selection on the
alignment of BCP films by SVA-SS, hexane (selective for PS)
and acetone (selective for PI) have been used for SVA-SS with
the same SIS films (See ESI). Although PDMS-10 swells 38%
in hexane*’, which is greater than in toluene, neither of these
solvents leads to any marked improvements in the alignment of
the nanostructure in these films (See ESI). It appears that a
selective solvent in SVA-SS is not effective for aligning the
BCP nanostructures and the solvent must swell both the BCP
films for plasticization and the elastomer to provide shear strain
for the alignment.

Based on the heuristics developed for solvent selection, we
utilized the SVA-SS method for aligning a series of other block
copolymers. In these cases, PDMS-20 is utilized along with a 2
h SVA and subsequent drying at the slow rate (25 mL/min).
The common characteristic fingerprint morphology associated
with modest range order cylinders of these films is observed
after a standard SVA protocol without a PDMS pad in all cases
(see ESI), Figure 11A shows the highly aligned stripe pattern
surface morphology of the SBS film after SVA-SS using
toluene vapor, which is a good solvent for both segments.
Similarly, the PS-56-PSS-DMODA (Figure 11B) film after
SVA-SS using chloroform (good solvent for PS and PSS-
DMODA, PDMS 39%
unidirectional cylinders across the micrograph with sub-10 nm
spacing (S = 0.92). These results show the capability of SVA-
SS methods for aligning a wide range of domain sizes from

swells in chloroform®”) shows

sub-10 nm to at least 50 nm. For lithography applications, PS-
b-PDMS is of great interest and can be aligned using SVA-SS
method and THF vapor (good solvent for PS and PDMS,

This journal is © The Royal Society of Chemistry 2012

PDMS swells 34% in THF) as illustrated in Figure 11C.
Interestingly, the orientation factor of these aligned
nanostructures after SVA-SS is around 0.93, which is greater
than the best films processed with CZA-SS (S = 0.85) method
for the same PS-b-PDMS copolymer.” Figure 11D shows the
surface morphology of PS-5-P2VP film after SVA-SS using
THF (good solvent for PS and P2VP; PDMS swells 34% in
THE*") and a majority of the cylinders are aligned along their
primary axis in the SVA-SS direction. In this case, the
orientation factor of PS-b-P2VP is significantly less than other
films (0.79). We attribute this decrease in the alignment due to
the lower swelling of PS-6-P2VP films by THF vapor (24%)
than the other BCP films by their solvent pair vapors (34-39%).
This decrease in swelling limits the polymer mobility for
ordering even during standard SVA (See ESI). However, the
application of SVA-SS to PS-A-P2VP film still significantly
enhances the ordering and alignment when compared to the
standard SVA process (see ESI).

However, PS-b-PMMA (See ESI) after SVA-SS using
chloroform shows limited ordering. This is different from the
previous results with highly aligned cylinders and may be due
to the much lower yN between PS and PMMA block®®
compared to the high molecular weight SIS. In chloroform
vapor, the PS-b-PMMA film is swollen around 35% and thus
xN in the swollen state is approximately 7; this is based on the
estimate of yeq=(1-9¢)" %y, where y is calculated using prior
reports for PS-5-PMMA>® and ¢, is the volume fraction of
solvent in the swollen film. This calculation suggests PS-b-
PMMA is disordered®” when fully swollen. Thus during the
solvent removal, the PS-b-PMMA begins to microphase
separate while the PDMS deswells to produce the shear force
for alignment. These two simultaneous processes do not appear
to enable ordering of nanostructures after SVA-SS. It appears
that the BCP should remain ordered during SVA-SS for
aligning the nanostructures with SVA-SS.

Overall, there appear to be five important factors to consider
in order to obtain highly aligned nanostructures: 1) Sufficient
annealing time for the polymer and PDMS pad to reach
equilibrium; 2) Slow drying rate of PDMS pad to enable
polymer chains reorganization during shear for alignment; 3)
Sufficient shear strain from the PDMS to align the
nanostructure; 4) Solvent should be good for all components
including the elastomer pad and BCP segments; and 5) The
BCP films should remain ordered during SVA-SS.
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Figure 11. AFM phase images of (A) SBS film, (B) PS-b-PSS-DMODA, (C) PS-b-
PDMS and (D) PS-b-P2VP film after SVA-SS. The inset FFT illustrates the
orientation of the cylinders.

Conclusions

We investigate the degree of the SIS nanostructure alignment
using SVA-SS method as a function of annealing time; PDMS
deswelling rate and PDMS swelling ratio. The Herman’s
orientation factor increases with increasing SVA-SS annealing
time up to a threshold time (~1 h). Slower PDMS deswelling
rate can also improve the alignment of the thin films, which
suggests the alignment is induced by the contraction of PDMS
pad during solvent removal. Furthermore, the swelling behavior
of PDMS can affect the SIS nanostructures after SVA-SS
significantly. By increasing the swelling of PDMS from 22% to
50% by the solvent vapor, the orientation factor can be
improved from 0.67 to 0.98 and the defect density decreases
from ~60 pm™ to ~1 pm™. Moreover, this method has been
extended to align SBS, PS-b-PDMS, PS-6-P2VP block
copolymer and ionic block copolymer PS-56-PSS-DMODA in
thin films. This investigation for understanding the mechanism
of SVA-SS and its extensibility suggests that SVA-SS is a
generalizable method for the alignment of BCP thin films and
may be potentially applied to align other multiphase systems in
films such as polymer blends or nanocomposites.
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