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ABSTRACT: The template-free unidirectional alignment of
lamellar block copolymers (l-BCPs) for sub-10 nm high-resolution
patterning and hybrid multicomponent nanostructures is important
for technological applications. We demonstrate a modified soft-
shear-directed self-assembly (SDSA) approach for aligning pristine
l-BCPs and l-BCPs with incorporated polymer-grafted nano-
particles (PGNPs), as well as the l-BCP conversion to aligned
gold nanowires, and hybrid of metallic gold nanowire and dielectric
silica nanoparticle in the form of line-dot nanostructures. The
smallest patterns have a half-pitch as small as 9.8 nm. In all cases,
soft-shear is achieved using a high-molecular-mass polymer topcoat
layer, with support on a neutral bottom layer. We also show that
the hybrid line-dot nanostructures have a red-shifted plasmonic
response in comparison to neat gold nanowires. These template-free aligned BCPs and nanowires have potential use in
nanopatterning applications, and the line-dot nanostructures should be useful in the sensing of biomolecules and other molecular
species based on the plasmonic response of the nanowires.

KEYWORDS: block copolymers, template-free alignment, sub-10 nm patterning, self-assembly, aligned nanowires,
polymer-grafted nanoparticles, hybrid nanowire−nanoparticle structures, plasmonic resonance

■ INTRODUCTION

Block copolymer (BCP) self-assembly in thin films holds
immense potential for generating sub-10 nm nanostructures1 to
fulfill the growing demand for miniaturization of electronic
devices2 and smart nanomaterials3,4 and for creating hybrid
nanostructures having diverse multifunctional properties
desired in next-generation optical and electronic circuitry.5

Directed self-assembly (DSA) of BCPs has emerged as a
powerful tool for density multiplication of photolithographically
defined features using lamellar,1,6,7 cylindrical,8,9 and spher-
ical10,11 BCPs. Vertically oriented12,13 and aligned lamellar
BCPs are most promising for creating line patterns for
lithography due to their ability to generate symmetric sub-10
nm features and smooth wall profiles.1 Current state-of-the-art
methods combine photolithographic patterns for lamellar BCP
alignment; however, aligning the lamellar BCPs without the
photolithographic templates opens avenues for the use of BCPs
in applications including nanopatterning on flexible substrates14

for flexible electronics,15 optical materials,16,17 memory
devices,18 and energy storage materials.19 Hybrid nanostruc-
tures, wherein different nanopatterns such as line-dot, line-line,
or dot-dot of metal or dielectric materials can be combined to
create unique functionalities for advanced applications;

however, these are difficult to fabricate while controlling the
precise nanostructure placement.5

Much of the progress in BCP lithography has beenmade using
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA)
owing to the small difference in the surface tension of PS and
PMMA1,20 for vertical order and lithographic etch properties of
PMMA. Unfortunately, due to the lower Flory−Huggins
interaction parameter (χ) between PS and PMMA, the
resolution limit for PS-b-PMMA is limited to 12 nm.21

Furthermore, the BCP systems having higher χ have significantly
different surface tension between the polymer blocks, which
demands the need for neutral substrate surface and topcoats1,22

for controlling the BCP orientation. Using neutral topcoats, high
χ BCPs have been aligned using DSA on chemically patterned
substrates to form sub-10 nm channels.1,23
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On the other hand, hybrid nanostructures or multiple
nanocomponents have been achieved using colloidal assembly,
which is usually complex in nature.24−26 The complex colloidal
assembly is usually accomplished using electrostatic26,27 or
biomolecular interactions.25 However, scaling up such nano-
structures or making precise line-dot structures using these
methods is very challenging. BCP self-assembly has also been
employed to make hybrid nanostructures by two-layer BCP
patterning5,28 .Here, the first BCP layer was used to develop
metallic line or dot pattern using metal ion infiltration and the
second BCP layer was deposited and metal ion infiltrated on top
to make hybrid metal nanostructures or nano transfer printing
followed by BCP assembly,29 wherein the first layer is developed
using nano transfer printing and the second layer is made using
ion infiltration into self-assembled BCP layers. This bilayered
BCP assembly suffers from the challenges of uncontrolled
second layer placement for applications, wherein precise control
over nanostructures is desired and is limited to nanostructures
that can be derived by ion infiltration of BCP structures. The
aligned BCP/polymer-grafted nanoparticles (PGNP) blends
have the potential of generating hybrid nanostructures by
converting one of the blocks to metallic nanostructure by ion
infiltration and using the PGNP core to generate a dot pattern.
However, aligning BCP/PGNP nanostructures is difficult using
photolithographic templates, given that the PGNP addition
alters the commensurability condition for blend alignment,
thereby requiring the need for designing different photolitho-
graphic template pitches for different PGNP loadings.
Shear alignment of BCPs in thin films has proven to be an

efficient alternative approach to substrate pattern-directed DSA
for the alignment of BCPs. Although parallel-oriented cylindrical
BCPs have been aligned with good orientation control using
shear-based assembly,30−32 the shear-induced assembly of
lamellar BCPs, which hold much higher technological
significance due to their ability to generate symmetric line-
space patterns and vertically etchable channels desired in the
semiconductor industry,1,5,36,37 has not been successful for
generating template-free sub-10 nm half-pitch vertical nano-
structures.33,34 Recently, there have been efforts to achieve shear
assembly of lamellar BCPs by transmitting shear through
polymeric nanomosaic coatings34 and filtered plasma coatings;35

however, these processes require complex fabrication of neutral

layers and have been demonstrated for half pitches of ≈25 nm
and ≈10.75 nm on template-free surfaces, respectively. To push
the limits of shear-aligned BCP half-pitch patterns below 10 nm,
and to achieve the template-free, unidirectional alignment of
lamellar BCP nanodomains needed for nanolithography,
effective shear transmitting neutral homopolymers, which can
be readily and easily used as topcoats, are needed. Additionally,
shear-aligned BCP/PGNP blends can generate hybrid nano-
structures on a variety of substrates without the need for
commensurability conditions and are not limited to nanostruc-
tures developed by ion-infiltration processes, i.e., the nanostruc-
tures can be extended to multiple nanoparticles or even 1D
nanorods,36,37 which can be used as core materials for PGNPs
due to the advances in polymer chemistry. Select partitioning of
the PGNPs to the BCP domain can be exploited for creating
different nanopatterning modalities.
In this work, we show the shear-directed self-assembly

(SDSA) of high χ lamellar BCP polystyrene-block-poly(2-vinyl
pyridine) (PS-b-P2VP) using a poly(methyl methacrylate)
(PMMA) homopolymer as a neutral topcoat38 and bottom
layer as well. A novel feature is that high shear stress generated
by our cold zone annealing-soft shear (CZA-SS)15 method is
transmitted to the BCP layer for template-free shear alignment
of vertical BCP lamellae. Furthermore, this roll-to-roll (R2R)
compatible SDSA technique generates vertically aligned lamellar
BCPs over large areas having high orientation control between
±2.5° from the R2R motion direction. We extend the use of this
SDSA method to order and align poly(2-vinyl pyridine)-block-
polystyrene-block-poly(2-vinyl pyridine) (P2VP-b-PS-b-P2VP)
triblock copolymer to generate sub-10 nm BCP channels (half-
pitch = 9.8 nm).We incorporate gold into aligned l-BCPs using a
modified solution-phase infiltration method39 to form gold
nanochannels, having channel widths of 21 and 12 nm, and
channel spacings of 10 and 7 nm for diblock and triblock
copolymers, respectively. These SDSA assembled and fully
aligned BCPs with tunable pitch size, and metallic nanowires
having dimensions smaller than or comparable to those
fabricated by the state-of-the-art photolithography or EUV
lithography,40,41 can have direct applications in nanolithography
and associated electronic devices.42,43 Furthermore, we extend
the use of shear-aligned BCPs to BCP/PGNP blends using high-
molecular mass PS-b-P2VP BCP and PS-g-SiO2 PGNP blends

Figure 1. Schematic showing the process used for the template-free alignment of lamellar polystyrene-block-poly(2-vinyl pyridine) (diblock l-PS-b-
P2VP and triblock l-P2VP-b-PS-b-P2VP) and subsequent gold nanowires.
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confined between the neutral PMMA topcoat and bottom layer.
We use these aligned BCP/PGNP blends to generate hybrid
metallic gold nanowire−dielectric SiO2 nanoparticle structures
by solution-phase ion infiltration and organic content etching.
We show that hybrid nanostructures have a red-shifted
plasmonic response, as compared to neat gold nanowires,
which is attributed to the increase of the medium dielectric
constant due to the presence of dielectric nanoparticles. These
hybrid nanostructures with tunable plasmonic responses might
serve as a platform for next-generation bio/chemical sensing
applications.

■ RESULTS AND DISCUSSION
Shear-Directed Self-Assembly. We utilize shear-directed

self-assembly to align PS-b-P2VP and P2VP-b-PS-b-P2VP BCPs
confined between a relatively neutral high-molecular-mass
PMMA polymer.38 Figure 1 shows the schematics of the steps
used for template-free alignment of BCPs and subsequent metal
infiltration to generate aligned nanowires. Quartz substrates are
used in this study owing to their lower thermal conductivity than
silicon, which aids in generating a sharp temperature gradient
over the CZA setup, resulting in high-magnitude shear stress
generated by an overlayer elastomer expansion and contraction
on top of the topcoat.15 Thus, the single oscillatory BCP aligning
shear stress by CZA-SS is transmitted to the BCP cast-film
through the topcoat layer. It has been recently demonstrated
that a sharp gradient can be generated over silicon substrates as
well during laser zone annealing,44 paving the way for the
extension of our approach on silicon substrates. The high-
molecular mass (600 kg/mol) PMMA having a thickness ≈18
nm is flow coated (or spun cast) on the substrate and is annealed
at 220 °C for 30 min under vacuum to ensure the strong
adsorption of polymer chains to the substrate by mainly polar
interactions, tested by rinsing the PMMA film in moderately
good solvent toluene. No observable film thickness reduction
occurred in the annealed PMMA films (tested by an
interferometer and film color), which indicates that the
PMMA was strongly adsorbed onto the quartz substrate. The
adsorbed PMMA bottom layer stability on solvent rinsing is
shown in the Supporting Information, Figure S8. This strategy
for surface neutralization for vertical orientation of PS-b-P2VP
(25-b-25 kg/mol) and P2VP-b-PS-b-P2VP (9.5-b-17.5-b-9.5 kg/
mol) is much easier and robust than the usually employed
surface neutralization technique for controlling the BCP
orientation, wherein small-molecular mass polymers having H-
bonding end groups are physico-chemically tethered to the
substrate surface.45 Our BCP film is coated over the PMMA
neutral layer on the quartz substrate, and a 24 nm thick topcoat
of the same 600 kg/mol PMMA is floated on top of the BCP film
to generate neutral interfaces on both sides of the BCP film. The
use of PMMA as a photoresist in lithography makes it
convenient to use PMMA as a surface neutralizing polymer
layer for BCP lithography if the need arises for etching it. A
conformal elastomeric poly(dimethylsiloxane) (PDMS) pad is
placed over the trilayered polymer film for enabling an
oscillatory soft shear, driven by the thermal expansion coefficient
mismatch of PDMS (5× higher) relative to the underlying BCP
film, as the assembly passes over the cold−hot−cold zones with
temperature gradients of ∼50 °C/mm created by the CZA
setup15 (Supporting Information, Figure S2). In this setup, the
shear stress is efficiently transmitted through the high-molecular
mass (600 kg/mol) topcoat via viscoelastic coupling to the BCP
layer, resulting in fully aligned BCP nanodomains.

Notably, low-molecular mass PMMA topcoat (4 kg/mol)
intermixes with the BCP, and we do not observe any
perpendicular orientation and alignment (Supporting Informa-
tion, Figure S3). After the CZA-SS process is complete, the
PDMS pad is removed, and the topcoat PMMA layer is etched
using a controlled UV-Ozone etching system (generating 254
and 185 nm wavelengths) with etching rates of ≈2 nm/s for
surface characterization. After etching the top PMMA layer, gold
metal is infused into the P2VP chains by submerging the aligned
BCPs into the aq. chloroauric acid (HAuCl4) solution by
modifying a process developed by Buriak and co-workers.39

Subsequently, the polymer was etched off to reveal the aligned
gold nanochannels.
Figure 2 shows the time-of-flight secondary ion mass

spectrometry (ToF-SIMS) depth profiling of l-BCP films

sandwiched between the neutral top layer and bottom layer.
ToF-SIMS is a highly sensitive technique for elemental and
molecular characterization over 3D compositions and has been
recently employed for morphology characterization of polymer-
grafted nanoparticle films37 and block copolymer morpholo-
gies.46,47 The polystyrene (PS) polymer is characterized by the
detection of C2H

− ions, poly(methyl methacrylate) (PMMA)
polymer is characterized by the detection of C4H5O2

−, and
poly(2-vinyl pyridine) (P2VP) polymer is characterized by the
detections of CN− ions. The ToF-SIMS depth profile shows the
presence of the l-BCP film sandwiched between the neutral top
layer and bottom layer. Furthermore, the ToF-SIMS demon-
strates that the bottom PMMA layer is tethered to the substrate
and does not intermix with the l-BCP film during film casting.
The observed slope of the ion intensity vs depth profile at the
polymer interfaces seems to be a result of induced roughening
during the etching process, given that the ToF-SIMS is an
invasive technique for characterization. It should be pointed out
here that the PS and P2VP polymers do not follow the exact
same trajectory, whichmight be due to the different etching rates

Figure 2.Time-of-flight secondary ionmass spectrometry (ToF-SIMS)
depth profile of the l-BCP (P2VP-b-PS-b-P2VP) sandwiched between
two neutral PMMA layers. ToF-SIMS depth profile shows the PMMA
layer at the top and bottom of the l-BCP. The following polymers, PS,
PMMA, and P2VP, have been characterized andmonitored through the
film, respectively, using C2H

−, C4H5O2
−, and CN− ions. An argon

cluster ion beam (Ar1500
+, 10 keV with a typical current of 0.05 nA) has

been used to etch the polymer structure.
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of PS and P2VP by Bi3+ ions. Furthermore, the surface
roughening during the etching might make these anisotropic
etching effects more predominant.
Figure 3 shows AFM images of the aligned PS-b-P2VP BCP

film surface after the SDSA process demonstrating clear
alignment along the soft-shear direction (Figure 3a). The
topcoat and the BCP morphology are visible in the same image
due to the anisotropic etching at the local scale. Furthermore,
the AFM of the topcoat also shows aligned templating along the
shear direction, indicative of the strong nature of CZA-SS shear

forces. The macroscopic alignment of the BCP in the film
interior was probed by grazing incidence-small angle X-ray
scattering (GISAXS) above the BCP critical angle of 0.12°, and
Figure 3c shows a schematic of probing the internal alignment in
the film. The vertical streaks in Figure 3d of X-ray scattering
patterns confirm the internal BCP film domain alignment in the
film with vertical orientation along the soft-shear direction,
obtained by probing along the shear direction at a random
sample location of 1 in. × 1 in. areal dimensions on the wafer.
Notably, perpendicular to the shear direction, no scattering is

Figure 3. Shear-directed self-assembly induced alignment of the diblock polystyrene-block-poly(2-vinyl pyridine) (PS-b-P2VP) (25-b-25 kg/mol). (a)
AFM height image of the shear-aligned BCPs underneath the homopolymer topcoat along with the unetched topcoat. (b) AFM phase image of the
BCP after complete removal of topcoat. The arrows indicate the shear direction in (a, b). (c) Schematic for determining the large area alignment of the
BCPs using GISAXS. (d) GISAXS image of the BCP film illuminated along the shear direction and (e) perpendicular to the shear direction. (f) 1D
linecuts of the images in (d, e). (g) Intensity vs GISAXS scan angle (to the shear direction), showing all aligned BCPs over large areas.
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observed, confirming a high degree of BCP alignment only along
the shear direction (Figure 3e) across the entire 1 in.2 on the
wafer. The high degree of BCP alignment is also confirmed with
1D linecuts along the Yoneda bands of the GISAXS images, as
shown in Figure 3f. The diffraction intensity rapidly decreases
even at angles as small as 5°, similar to the BCPs aligned using
DSA,48 with the alignment peak angular full width at half-
maximum of alignment, FWHM ≈5° (Lorentz fit), again
confirming that the BCP alignment is highly confined along the
shear direction only, as demonstrated in Figure 3g. It should be
noted that since the GISAXS measurements are performed on
BCP films confined between two neutral layers, the diffraction
peak intensity (along the shear) decreases as compared to the
GISAXS intensity measured on films without any topcoat, which
causes some broadening of the intensity vs angle curve. The
domain sizes are extracted from the first peak position of the
GISAXS linecuts across the scattered intensity. Mathematically,
the domain size (L0) = 2π/q0, where q0 is the first peak position
in the GISAXS intensity vs inverse length scale. The pitch
(domain size) calculated from GISAXS diffraction patterns is
31.4 nm, which translates to a half-pitch of 15.7 nm for diblock
PS-b-P2VP.
SDSA for Sub-10 nm Patterning. For sub-10 nm

patterning using BCPs, a low-molecular-mass P2VP-b-PS-b-
P2VP triblock copolymer with a composition dictating a
lamellar morphology is used in this study. Given the neutrality
of the PMMA top and bottom layers with the PS and P2VP
block, P2VP-b-PS-b-P2VP attains vertical orientation as well.

Figure 4a shows the AFM image of the aligned P2VP-b-PS-b-
P2VP BCPs after SDSA and topcoat removal, showing BCPs
aligned along the shear direction. The film internal alignment of
the BCP at a macroscopic level is confirmed by GISAXS in
Figure 4b, which shows the vertical intensity streaks in the Qy
direction, orthogonal to the X-ray beam along the shear
direction. As with the diblock BCP, when the X-ray beam is
perpendicular to the shear direction on an arbitrary location on
the substrate, no scattering is observed (Figure 4c), showing that
the alignment is limited to the shear direction only. 1D linecuts
of intensity in Qy across the GISAXS images shown in Figure 4d
show the high-intensity peak along the shear direction and no
peak is perpendicular to the shear direction. The peak position
shows the BCP pitch of around 19.6 nm, which translates to a
half-pitch (channel width) of ≈9.8 nm.

FabricatingGoldNanowires fromSDSA-Aligned BCPs.
We infiltrated gold into P2VP channels to make aligned gold
nanochannels using the BCP templates by modifying a strategy
pioneered by Buriak and co-workers.39 In their study,39 Chan et
al. infiltrated metals into topographically aligned cylindrical
BCPs using aqueous solutions. Furthermore, they used H+ ions
to swell the P2VP chains out of the PS matrix so that the metal
ions could be intercalated into the P2VP chains.
Since the P2VP chains are directly exposed to the metal salt in

the aqueous solution due to their lamellar morphology after
topcoat etching, we did not require the addition of H+ ions in the
aq. solutions. Figure 5a shows a schematic of the intercalation of
gold into P2VP chains when the aligned BCP film is submerged

Figure 4. Soft-shear alignment of the triblock l-P2VP-b-PS-b-P2VP BCP for sub-10 nm patterning. (a) AFM phase image of the aligned BCPs after
removal of the topcoat. The arrow indicates the shear direction. (b) GISAXS image of large area aligned BCPs along the shear direction and (c)
perpendicular to the shear direction. (d) 1D linecuts of theGISAXS images in (b, c) showing alignment along the shear direction only. The domain size
calculated from the peak position is 19.6 nm and the channel width is 9.8 nm.
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in the aqueous chloroauric acid (HAuCl4) solution. The metal
ions however do not interact with the PS chains as shown by
Chan et al. The infiltration of gold into P2VP channels in the
solution phase asymmetrically swells the P2VP diblock chains as
shown in the schematic in Figure 5a, making the P2VP domains
bigger than the PS domains. This swelling of P2VP is consistent
with the observations of Chai et al.39 and Lee et al.49 The organic
content inside the aligned BCPs is etched post gold infiltration,
using ozone etching, leaving behind macroscopically aligned
asymmetric gold nanochannels. Figure 5b shows an AFM image
of ≈30 nm thick film of the diblock PS-b-P2VP BCP, with
aligned gold nanochannels, post gold infiltration for 24 h
followed by ozone etching of organics. The height of gold
nanochannels is ≈6 nm, width is ≈21 nm, and the gap between
the nanochannels is ≈10 nm, as shown in the height profile in
Figure 5c. Likewise, an aligned≈30 nm thick film of P2VP-b-PS-
b-P2VP triblock copolymer film, submerged in the gold salt
solution for 15min, shows asymmetric gold channels with height
≈1.5 nm, width ≈12 nm, and gap ≈7 nm (refer to the SI, Figure
S4). The successful fabrication of gold nanochannels has been
confirmed by energy-dispersive X-ray analysis as well as shown
in the Supporting Information, Figure S6. We note that gold
nanochannels merge for immersion times greater than 15 min
for triblock BCPs, due to the high degree of swelling of P2VP
chains.
Alignment of Polymer-Grafted Nanoparticle-Block

Copolymer Blends Using SDSA. The control of the
alignment of inorganic nanoparticles at the nanoscale is of
high technical importance, given that precisely aligned nano-

particles50 can be used in applications ranging from data storage,
electronics, chemical, and biological sensing and energy
harvesting, etc. Aligned block copolymer/polymer-grafted
nanoparticle (PGNP) blends provide a unique platform for
precisely aligning inorganic particles in the desired fashion. The
need for using PGNPs for precise particle alignment stems from
the aggregation of bare nanoparticles in polymeric matrices. The
BCP-PGNP blend alignment using traditional chemoepitaxial or
graphoepitaxial methods is challenging given that the addition of
nanoparticles changes the domain spacing of BCP-PGNP
blends, thus altering the commensurability condition for the
blend alignment. Furthermore, the epitaxial alignment is limited
to substrates that can be patterned using photolithography. As
such, the shear alignment of BCP/PGNP blend films possesses
the potential of blend alignment on a variety of substrates. There
have been efforts on the shear alignment of cylindrical BCPs and
PGNP blends to align PGNP-containing BCPs;5151 however,
the alignment of cylindrical BCP-PGNP blends was observed to
be distorted at PGNP loading higher than 1%, owing to the
ligand dissociation at high temperature and polymer viscosity.
We demonstrate the shear alignment of PGNPs in the l-BCP

matrix using shear-directed self-assembly of l-BCP-PGNP blend
films confined between neutral PMMA layers. We use high-
molecular-mass l-BCP (PS-b-P2VP with molecular mass
133,000-b-132,000 g/mol) for the localization and alignment
of PGNPs. The PGNPs used in this study are synthesized using
atom transfer radical polymerization (ATRP), and the synthesis
details are mentioned elsewhere.52 Briefly, PS-g-SiO2 PGNPs
have ≈16 nm (diameter) SiO2 cores, an average of 360

Figure 5. Fabrication of gold nanowires using aligned block copolymer templates. (a) Schematic illustrating the intercalation of gold into poly(2-vinyl
pyridine) (P2VP) channels resulting in asymmetrically swollen P2VP channels, which are converted to gold nanochannels upon etching by ozone. (b)
AFM height image of gold nanowires post etching of PS-b-P2VP (25-b-25) template. (c) Height profile of gold nanochannels from image (b) showing
≈6 nm high gold channels.
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monomers per chain, and a grafting density of 0.64 nm−2.

Interestingly, we observe complete alignment for l-BCP-PGNP

blends at PGNP concentrations as high as 10 mass % w.r.t the

BCP, as shown in Figure 6. Figure 6a shows the schematic for the

alignment of l-BCP/PGNP blends. Figure 6b,c shows the

aligned l-BCP/PGNP blend along the shear direction, with the

PGNPs localized in the PS domain of the BCP. Figure 6c is the

color-enhanced image of Figure 6b showing the PGNPs in the

Figure 6. Shear alignment of high-molecular mass l-BCP (PS-b-P2VP) and PGNP (PS-g-SiO2) blend systems for nanoparticle localization in aligned
domains. (a) Schematics of the film preparation and alignment. (b) AFM height image showing aligned BCP-PGNP blends along the shear direction.
(c) Color-coded AFM height image revealing the individual PGNPs (violet) confined to the PS channels (green) and no PGNPs present in the P2VP
channels (red).

Figure 7.Metallic nanowire−dielectric nanoparticle hybrid nanostructures by the metallization and etching of the aligned high-molecular-mass BCP-
PGNP blends. (a) Schematics of the metallization and etching of the aligned BCP-PGNP blends. (b) AFM image of aligned gold nanowires derived
from high-molecular-weight l-BCP without the nanoparticles. (c) Height profile of the nanowires shown in (b) showing ≈100 nm domain size. (d)
AFM image showing hybrid nanowire−nanoparticle structures derived from etching aligned high-molecular-mass BCP-PGNP blends. (e) Height
profile of the nanowires shown in (d) showing≈100 nm domain size. (f) Height profile of nanoparticles shown in (d) showing nanoparticles with≈16
nm diameter.
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BCP domains. Furthermore, Figure 6b,c shows the asymmetric
swelling of BCP domains due to the presence of PGNPs in the
PS domain of the BCP. The complete localization and alignment
of l-BCP-PGNP blends, in this case, might be facilitated by the
relatively small change in the BCP viscosity and mobility upon
PGNP addition since the BCPs used in this case have high
molecular mass. It should be pointed out that the phase
separation and alignment of neat high-molecular mass BCP is
challenging by other techniques53−55 due to their high viscosity.
However, in our case, we observe phase separation as well as
alignment of high-molecular mass BCP/PGNP blend despite
their high viscosity. The phase separation and alignment of high-
molecular mass BCP-PGNP blends might be facilitated by the
low thickness (≈30 nm) of the BCP film used in this study.
Furthermore, the complete segregation of the PGNP to the PS
domain in contrast with the previous studies51 might be a result
of the high ratio of the half domain width of the swollen blends
to the PGNP size, which in our case is ≈2. Additionally, the low
interfacial width due to high χN and the lamellar nature of these
filmsmight have a beneficial effect on the PGNP localization and
alignment. It should be highlighted here that NPs appear to be
more predominant on the surface (visible in AFM height
images). It is possible that NPs might move to the surface by
evaporation front effects due to PS brush solubility with the
solvent (toluene) or the NP might be squeezed to the surface to
avoid entropic squeeze by the P2VP blocks.
Hybrid Nanowire−Nanoparticle Structures from

Aligned l-BCP/PGNP Blends. The hybrid nanowire−nano-
particle structures are visioned to have unique photonic and
electronics properties needed for futuristic applications. The
localization of the PGNPs in one of the BCP domains gives a
unique opportunity for making nanowire−nanoparticle hybrid
nanostructures by converting one domain to metallic nanowire
and etching off the organic content. Previously,5,28,29 hybrid
nanostructures have been demonstrated using multilayering of
BCP and metal infiltration. However, the multilayered
structures suffer from the possibility of random placement of
the nanoparticles and are limited to only the nanoparticles,
which can be made by atom or ion intercalation with the
polymer. On the other hand, aligned l-BCP-PGNP blends can be
used for hybrid structures, wherein nanowires can be generated
by intercalation of ions or atoms and nanoparticles can be
generated using PGNPs. Given the recent developments in
polymer grafting, a plethora of nanoparticles can be used in
hybrid nanostructures including liquid metal nanoparticles,56

magnetic nanoparticles,57 plasmonic nanoparticles,58 etc., and
low aspect ratio nanowires58 as well.
Figure 7a(i,ii) shows the schematics for converting the BCP

and l-BCP/PGNP blends to nanowires and hybrid metallic
nanowire−dielectric nanoparticle nanostructures, respectively.
The nanowires for high-molecular-mass BCP (PS-b-P2VP with
Mw 133,000-b-132,000) are generated by the process described
in Figure 5 using liquid phase infiltration of gold into P2VP
channels and organic content etching. Similarly, hybrid
structures were generated by liquid phase gold infiltration and
organic content etching of l-BCP-PGNP-aligned blend films.
Figure 7b,c shows the aligned gold nanowires for high-molecular
mass block copolymer templates and their height profiles
(Figure S7a), respectively, after gold infiltration and organic
etching. The nanowires have an average width of ≈50 nm.
Figure 7d shows the hybrid gold nanowire−silica nanoparticle
nanostructures derived from aligned l-BCP/PGNP blends.
While not highly ordered, nanoparticles, on average, are present

on the edges of the nanowires along with the distribution in
between the nanowires. The swelling of P2VP domains during
the gold infiltration as described in Figure 5 might contribute to
the folding of P2VP chains on PGNPs, thus resulting in the
presence of the nanoparticles close to the nanowires. Figure 7e
shows the height profile of the nanowires (90° to the long axis of
the nanowires) shown in Figure 7d, showing≈50 nm nanowires
(Figure S7b). Figure 7f shows the height profile of SiO2
nanoparticles (between the nanowires) in the hybrid nano-
structures shown in Figure 7d, showing nanoparticles having
≈16 nm diameter (Figure S7c).
Gold nanowires are very promising for biosensing or chemical

sensing applications,59,60 wherein detection of molecules can be
performed by electrochemical property change or optical
property change during the biomolecule or chemical interaction
with the nanowires. In between electrochemical and optical bio/
chemical sensing, optical methods have the advantage of simpler
device fabrication and easier measurement. However, it is
difficult to tune the plasmonic response of the aligned gold
nanowires for desired applications. On the other hand, the
optical resonance of the nanoparticles has been tuned using
dielectric cores and metallic shells in pioneering work by the
Halas group.61

Here, we show that the optical absorption of gold nanowires
can be tuned by the presence of dielectric nanoparticles in
hybrid metallic gold nanowires/dielectric SiO2 nanoparticles
derived from aligned l-BCP/PGNP blends. Figure 8 shows the

optical absorption spectra from the neat gold nanowires and
hybrid nanowire−nanoparticle structures. The neat gold
nanowires show an absorption peak around 535 nm, as shown
in the black curve in Figure 8. The hybrid nanostructures show
an absorption peak around 550 nm, as shown in the red curve in
Figure 8, demonstrating a “red shift” in the plasmonic response
of hybrid nanostructures. The observed “red shift” in hybrid
nanostructures might be explained by analogy to dielectric core-
metal nanoshell structures.61,62 It is well established that the
presence of a dielectric media screens the coulomb forces
between the positive lattice and the oscillating electrons.62 In

Figure 8.UV−vis absorption spectra of gold nanowires without (shown
in black) and with (shown in red) the presence of dielectric SiO2
nanoparticles. The presence of SiO2 nanoparticles results in a marked
shift in the absorption spectrum of gold nanowires, with a 15 nm shift
for the peak absorption wavelength.
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this case, the addition of dielectric nanoparticles contributes to
an increase in the effective dielectric constant62 of the media,
thus causing the “red shift” of the plasmonic energy.
Furthermore, the presence of dielectric nanoparticles in hybrid
nanostructures increases the plasmonic absorption intensity as
well. This tuning of the plasmonic response of aligned gold
nanowires by the presence of dielectric nanoparticles has the
promise of designing robust bio/chemical sensing architectures
for simultaneous control over biomolecule or chemical adhesion
as well as their optical resonances. Furthermore, given that the
PGNP localization and alignment are affected by polymer
ligands and not the core, PGNP cores can be judiciously selected
to incorporate additional magnetic, electronic, and optical
property control.

■ CONCLUSIONS
In conclusion, we have demonstrated the ability of scalable and
roll-to-roll processible template-free macroscopic alignment of
lamellar BCPs for sub-10 nm patterning, paving the way for
much easier integration of l-BCPs, especially as compared to c-
BCPs, for the lithography industry’s need for high-resolution
line patterns and with high line-space utilization. This is enabled
by the soft-shear-directed self-assembly of lamellar diblock PS-b-
P2VP and triblock P2VP-b-PS-b-P2VP BCPs, with a straightfor-
ward dual-surface neutralization with high-molecular mass
PMMA polymer, that also transmits the shear generated by
cold zone annealing in soft shear mode. Subsequent
incorporation of gold from its solution phase into the BCPs
generates macroscopically aligned gold nanowires with spacings
as small as 7 nm, which can serve as critical-dimension templates
for next-generation lithography. Furthermore, we use the soft-
shear strategy to shear align l-BCP/PGNP blends by
incorporating PS-g-SiO2 PGNPs in a high-molecular mass
lamellar BCP matrix. We use these aligned l-BCP-PGNP blends
to generate hybrid metallic gold nanowire−dielectric SiO2
nanoparticle nanostructures by ion infiltration and dry etching.
The hybrid nanostructures show a red shift in plasmonic
response as compared to neat gold nanowires, which could be
useful for designing next-generation bio/chemical sensing
devices.

■ EXPERIMENTAL SECTION
Materials. Polystyrene-block-poly(2-vinyl pyridine) (PS-b-P2VP)

(mol. mass 25-b-25 kg/mol, 133,000-b-132,000 kg/mol) and poly(2-
vinyl pyridine)-block-polystyrene-block-poly(2-vinyl pyridine) (P2VP-
b-PS-b-P2VP) (mol. mass 9.5-b-17.5-b-9.5 kg/mol) were purchased
from Polymer Source Inc. and used as received. Poly(methyl
methacrylate) (PMMA) (mol. mass 600 kg/mol) was purchased
from Agilent and used without any further purification. Quartz
substrates (3 in. × 1 in., thickness ≈0.7 mm) were purchased from
GM associates. Toluene, poly(styrene sulfonate) (PSS) (molecular
mass 75 kg/mol) solution (18 mass % in water), used for sacrificial film
coating, and chloroauric acid (gold(III) chloride hydrate or HAuCl4)
were purchased from Sigma-Aldrich and used as received. Sylgard-184
elastomer (poly(dimethylsiloxane) along with the cross-linker) was
purchased from Dow Corning. The PGNPs used in this study are
synthesized using atom transfer radical polymerization (ATRP), and
the synthesis details are mentioned elsewhere.52 Briefly, PS-g-SiO2
PGNPs have ≈16 nm SiO2 cores, an average of 360 monomers per
chain, and a grafting density of 0.64 nm−2.
Methods. Quartz substrates were UV Ozone treated for 2 h before

using to clean and increase the surface energy to 75 mJ/m2. PMMAwas
mixed with toluene, and films with thicknesses≈18 nm were flow/spin-
coated over quartz substrates. The PMMA films were annealed in
vacuum at 220 °C for 30 min to ensure the adsorption of PMMA chains

to the substrate. The adsorption of the chains was confirmed by washing
the films with toluene, wherein no decrease of film thickness was
observed. The l-BCPs or l-BCP-PGNP (10 (mass/mass) % PS-g-SiO2
w.r.t PS-b-P2VP) blends were dissolved in toluene and flow/spin
coated (thickness ≈30−40 nm) over the PMMA films. Sacrificial PSS
(thickness ≈24 nm) was flow/spin coated over silicon substrates.
PMMA films of thickness ≈24 nm were flow/spin coated over the PSS
films. The PMMA films were floated in water and picked on the BCP or
blend films. The BCP or blend films were sandwiched between two
neutral surfaces with this strategy. The PDMS elastomer was mixed
with the cross-linker (mass ratio 10:1), stirred vigorously, and degassed
under vacuum to take out the air bubbles. Then, the PDMS solution was
poured over glass slides with a thickness of≈0.5 mm and cured at 60 °C
for 12 h. The cross-linked PDMS pads were peeled off and attached to
the polymer films. Six millimolar solution of chloroauric acid (HAuCl4)
in water was prepared. PS-b-P2VP or blend films were immersed inside
the aqueousHAuCl4 for 24 h to saturate P2VP domains with gold. After
taking out the PS-b-P2VP films from the gold bath, the films were gently
sonicated in deionized water for 20−30 s to remove the residual gold
layer at the surface prior to UVO etching. P2VP-b-PS-b-P2VP was
immersed in theHAuCl4 bath for 15min. On immersion of P2VP-b-PS-
b-P2VP for longer times, domains merged, probably due to smaller
domain size and predominant out-of-plane swelling. Furthermore, the
sonication of P2VP-b-PS-b-P2VP post dipping in the gold bath also
resulted in the merging of nanochannels. So, the P2VP-b-PS-b-P2VP
films were repeatedly rinsed in deionized water for 1 min to remove the
residual gold layer before UVO etching. The UVO etching was
performed using Novascan UVO system in the air for 30 min and
etching rates of 2 nm/s were observed on control samples.

Cold Zone Annealing. The hot zone was created by electrically
heated nickel chromium wire (resistivity0.025Ω cm) having a 3 mm
diameter. The wire was insulated by ceramic insulation, having an
outside diameter of 5 mm. The wire was heated by a Volteq DC power
source. The hot wire was sandwiched between two movable aluminum
blocks cooled by ethylene glycol and water mixture at a temperature of
10 °C. The coolant was circulated by a chiller. The aluminum blocks are
0.5 mm from the insulated hot wire. This setup generates a maximum
temperature of 210 °C and a temperature gradient of 50 °C/mm over
0.7 mm thick quartz substrate. The temperature profile is shown in the
Supporting Information, Figure S2. The BCP films were translated at a
speed of 0.05 mm/s over the CZA setup. The distance of the BCP film
in the melt state is 5 mm (Supporting Information, Figure S2). The
annealing times are (time = distance in the melt state/speed) 100 s in
this study.

Characterization.The film thicknesses were characterized using an
F3-UV filmetrics interferometer. The topography of the BCP or blend
films was characterized using a Dimension Icon atomic force
microscope (AFM) in the tapping mode. The PMMA topcoat was
etched using UVO etching before the AFM characterization. Typical
etching rates observed were 2 nm/s using UVO etching. The images are
digitized using NIH ImageJ. A negative high mass resolution depth
profile was performed using a TOF-SIMS NCS instrument, which
combines a TOF.SIMS.5 instrument (ION-TOF GmbH, Münster,
Germany) and an in situ scanning probe microscope (NanoScan,
Switzerland) at Shared Equipment Authority from Rice University. A
bunched 30 keV Bi3

+ ions (with a measured current of 0.15 pA) were
used as a primary probe for analysis (scanned area 100× 100 μm2), and
sputtering was performed using Ar1500

+ ions at 10 keV with a typical
current around 0.1 nA, rastered area 500 × 500 μm2. The beams were
operated in a noninterlaced mode, alternating one analysis cycle and
one sputtering cycle (corresponding to 1.63 s) followed by a pause of 3 s
for the charge compensation with an electron flood gun. An adjustment
of charge effects has been operated using a surface potential of 0 V and
an extraction bias of −20 V. During the depth profiling, the cycle time
was fixed to 200 μs (corresponding to m/z = 0−3644 a.m.u. mass
range). The grazing incidence small-angle X-ray scattering (GISAXS)
measurements were performed on BCP films confined between the top
and bottom PMMA layer after CZA-SS. The GISAXS data are shown at
an incidence angle of 0.12° for both PS-b-P2VP and P2VP-b-PS-b-
P2VP at a random location on 1 in. × 1 in. wafer. The GISAXS
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measurements for PS-b-P2VP BCP were performed at beamline 8-ID-
E63 of Advanced Photon Source of Argonne National Lab. The X-ray
energy was 10.9 keV, the Dectris Pilatus 1 M pixel array detector was
placed at 2185 mm from the sample, and the data was analyzed using
GIXSGUI64 software in MATLAB, developed at beamline 8-ID-E. The
GISAXS measurements for P2VP-b-PS-b-P2VP were performed at
beamline 7.3.365 of Advanced Light Source at Lawrence Berkeley
National Lab at an X-ray energy of 10 keV using a Pilatus 1 M detector.
The data were analyzed using the Igor Pro NIKA package.66 The
energy-dispersive X-ray analysis was performed using a JOEL JSM-7600
F scanning electron microscope. The UV−visible spectroscopy was
performed using Evolution 201 UV−visible spectrophotometer.
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