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ABSTRACT We report the large-area alignment of multi-segmented nano-
wires in nanoscale trenches facilitated by capillary forces. Electrochemically
synthesized nanowires between 120 and 250 nm in length are aligned and then
etched selectively to remove one segment, resulting in arrays of nanowires with

precisely controlled gaps varying between 2 and 30 nm. Crucial to this alignment

Solution of CTAB-functionalized
multi-segmented nanowires

process is the dispersibility of the nanowires in solution which is achieved by
chemically modifying them with hexadecyltrimethylammonium bromide. We
found that, even without the formation of an ordered crystalline phase at the droplet edges, the nanowires can be aligned in high yield. To illustrate
the versatility of this approach as a nanofabrication technique, the aligned nanowires were used for the fabrication of arrays of gapped graphene
nanoribbons and SERS substrates.
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here has been an increasing interest

in the synthesis and application

of anisotropic nanostructures due to
their rich plasmonic, optoelectronic, and
catalytic properties.'* Among them, on-
wire lithography (OWL)-generated gapped
nanowires® ' have received widespread
interest and show promise in various fields,
including plasmonics, surface-enhanced
Raman spectroscopy (SERS), nanoencoding,
and molecular electronics.'>~ "> Because of
the fine control OWL provides over metal
segment length and gap size, the technique
has been used for the systematic investiga-
tion of the structure—function relation-
ships for segmented wires of a wide variety
of compositions and lengths, opening ave-
nues to new nanowire applications.'? For
example, the localized surface plasmon re-
sonance wavelength can be tailored delib-
erately by simply changing the gap size in
35 nm diameter dimer structures consisting
of two 70 nm long gold segments.” Such
OWL nanostructures have been used to
understand the origins of hotspots in SERS
and create novel taggants, known as SERS
nanosheets.'® In addition, we have recently
demonstrated that these OWL-generated
nanowires can be used as etch masks to make
gapped graphene nanoribbons (GNRs).'”
However, in order to realize the full potential
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of OWL-generated nanostructures, it is im-
perative that methods for assembling them
over large areas with control over position,
orientation, and density be developed. Arrays
of OWL nanostructures are of particular inter-
est for SERS applications since, in principle,
more uniform Raman signals can be obtained
from ordered arrays of gapped nanowires
as opposed to randomly oriented and spaced
structures. Furthermore, it may be possible
to use aligned OWL nanostructures as etch
masks, providing methods for translating
large patterns consisting of gapped nanowires
into underlying substrates. This capability
would be potentially useful for a broad range
of applications, spanning electronics,'®"®
plasmonics®® and metamaterials.?’

Thus far, a few methods have been devel-
oped for preparing large arrays of multi-
segmented nanowires. For example, Xu
et al. have utilized prepatterned arrays of
nanomagnets to align nanowires that con-
tain magnetic Ni segments.?? Although a
significant step forward, the disadvantages
of this method are the low yield and poor
control over wire number and orientation.
In addition, the requirement of prefabricating
arrays of nanomagnets makes this method
less straightforward. Our group has devel-
oped a brush method to mechanically align
multi-segmented nanowires.”> However, this
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Figure 1. Schematic illustration of the alignment of multi-
segmented nanowires into trenches by capillary forces.
(A) Functionalization of nanowires with CTAB in a 0.45 mM
CTAB aqueous solution. Coating of a bilayer CTAB on the
surface of the nanowires prevents their aggregation and
increases the stability of the suspension. (B) (i) Fabrication
of PDMS stamp with negative trenches by curing elastomers
on a silicon master with positive features. (ii) Alignment
of nanowires into the trenches when a drop of nanowire
solution moves across the trench area driven by a drying
process (via heating).

method is only effective for micrometer long nano-
wires due to the large size of the brush hair
(micrometer scale) and is not suitable for aligning
single wires. Fluid-based methods have been reported
for the alignment of nanoparticles. However, either
single-particle resolution is not achievable or the
method requires the preformation of a floating nano-
particle film?* or the presence of fluid in the trenches.?
Recently, methods that utilize capillary forces to as-
semble chemically synthesized spherical and rod-like
gold particles in predefined trenches®®~2® have shown
promise for assembling individual and collections of
particles on prepatterned substrates. However, with
these methods, challenges exist in achieving precise
control over interparticle distance for multiple particles
within one trench, which is a necessity for a variety of
applications such as local field enhancement in SERS-
active structures. Since OWL allows one to prepare
nanostructures separated by multiple well-defined
nanoscale gaps, a method to assemble such structures
with capillary forces could provide a straightforward
way of aligning dimers or multimers with precise
control over interparticle distance.

Herein, we report the large-area assembly of electro-
chemically synthesized multi-segmented nanowires
of different gap sizes, lengths, and aspect ratios with
control over wire position and orientation (Figure 1).
To show prototypical electronic and optical devices
based on these structures, we evaluated their use as
masks for the fabrication of arrays of gapped graphene
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nanoribbons and as SERS substrates for the detection
of small molecules.

RESULTS AND DISCUSSION

In a typical experiment, nanowires with alternating
segments of Au and Ni were synthesized electro-
chemically (see Methods section for details). This
was followed by functionalization with hexadecyltri-
methylammonium bromide (CTAB) and stabilization
in a 0.45 mM CTAB aqueous solution (Figure 1A). The
solution was then dropped onto a PDMS stamp with
trenches that were made by molding the elastomer
on a silicon master with raised features (Figure 1B
and Figure S1 in the Supporting Information). During
the drying process (the stamp was heated at 50 °C),
the droplet edge spontaneously shrank due to solvent
evaporation and moved over the trench area, and the
nanowires were aligned into the trenches by nanoscale
capillary forces over a 200 x 500 um? area.

Electrochemically synthesized nanowires differ from
many previously studied wires in that they are not
capped by a surfactant. Therefore, we hypothesized
that in order to reliably control the assembly of elec-
trochemically synthesized nanowires, their surface
functionality must be controlled. We selected CTAB
because it has been widely used in the synthesis
of gold nanoparticles as a shape-directing agent and
stabilizing surfactant.?*3° To functionalize nanowires
with CTAB, as-synthesized nanowires were rigorously
washed with a 0.45 mM CTAB aqueous solution and
then dispersed in the 0.45 mM CTAB solution (detailed
procedures can be found in the Methods section).
Following functionalization, the nanowires exhibited
a positive zeta-potential (48 mV) and were stable
in solution for up to 24 h (Figure S2, Supporting
Information), leading us to conclude that they were
functionalized with a bilayer of CTAB>" It is important
to note that if as-synthesized nanowires were used
without CTAB modification, a very low yield of align-
ment was obtained (percentage of trenches occupied
by nanowires, <5%). Even when the nanowires were
functionalized with 1,4-benzenedithiol (1,4-BDT), which
provides moderate stability when transferred to 0.45 mM
CTAB solution (precipitation occurred within 3 h),
a typical alignment yield was still less than 20%. Although
we are primarily focused on the assembly of muilti-
segmented nanowires, this approach should be applic-
able to other types of nanowires, for example, Si nano-
wires, as long as they can be properly functionalized
with surfactants to make them dispersible in solution
(e.g., no precipitation for up to 24 h).

Next, we evaluated the potential of using PDMS
with well-defined trenches to align multi-segmented
nanowires with different compositions and lengths
(Figure 2A,C—E). Through experimentation, we found
that the alignment yield is very sensitive to the dimen-
sions of the trenches. In order to optimize the alignment,
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Figure 2. Representative SEM images and angle statistics of the aligned multi-segmented nanowires. (A) Array of aligned
nanowires consisting of two Au segments separated by a short Ni segment. (B) Distribution of the orientation of aligned
nanowires with a length of 250 nm. The inset schematic shows how the alignment angle 6 is measured. The width of the
histogram bar is 1°. (C—E) Arrays of nanowires with a diameter of 35 nm and consisting of Au and Ni segment with different
lengths: (C) Total length = 252 4+ 24 nm, Ni segment =29 + 4 nm, aspect ratio = 7. (D) Total length = 177 £ 9 nm, Ni segment =
11 &+ 3 nm, aspect ratio = 5. (E) Total length = 125 &+ 8 nm, Ni segment = 2 + 0.4 nm, aspect ratio = 3.5. Scale bars: 1 um.

including yield, orientation, and transfer rate, trenches
of varying dimensions were systematically assessed.
For 250 nm long nanowires, trenches that vary from
350t0450 nmin length, from 70 to 120 nm in width, and
from 35 to 50 nm in depth were studied. High alignment
yield (>85%) was achieved when trenches of 400 nm x
80 nm x 39 nm dimensions were used (Figure 2A).
If the dimensions of the trench are similar to the size
of the nanowires, only very few can be trapped (yield
<5%). The trenches must be larger than the nanowires
(with a length of 250 nm and a diameter of 35 nm) for
two reasons. First, larger trenches can provide a stronger
capillary force and therefore increase the contact line
pinning effect®? which is important in the control
of droplet evaporation dynamics by obtaining a slow
shrinking speed (~2 um/s) so that nanowires have
enough time to be trapped. Second, because of the
disordered arrangement of the nanowires at the droplet
edge (Figure 3A), a larger trench is needed to provide
extra room for the nanowires to adjust orientation and
fit within it. Interestingly, 95% of the nanowires were
aligned by capillary immersion forces?® to the corners of
the trenches in the same direction as that of the moving
droplet edge. As a result, a narrow angle distribution
was obtained, with 92% of the nanowires aligned within
10° with respect to vertical (Figure 2B). In addition to the
effect of trench size on alignment, we also evaluated
the influence of nanowire concentration, humidity, and
temperature on the process. Specifically, similar align-
ment yields were obtained with nanowire concentrations
that varied by as much as a factor of 10 (0.1 to 1 nM),
leading us to the conclusion that nanowire concentra-
tion is not a sensitive parameter in the alignment process.
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This is because the nanowire concentration is always
high within the densely packed zone (Figure 3A), regard-
less of the solution concentration. At high humidity
(70% RH) or low temperatures (25 °C), it is difficult to
form a densely packed zone of nanowires at the droplet
edge due to slow solvent evaporation. This results in a
much lower alignment yield (<20%).

To test the generality of the technique, we prepared
a set of gapped nanowires with an average diameter of
35 nm and lengths varying between 120 and 250 nm
and studied their assembly behavior in the PDMS with
well-defined trenches (Figure 2C—E). The nanowires
have aspect ratios (defined as L/D, where L and D are
the length and diameter of the nanowire) varying
between 3.5 and 7. All of the wires could be aligned
on the PDMS substrates in high yield, provided the
appropriate trench architectures were used, as sum-
marized in Table S1 (Supporting Information). Specifi-
cally, the length and width of the trench should be ca.
150 and 40 nm larger than those of the nanowires,
respectively, in order to obtain high yield. The success-
ful alignment of nanowires with an aspect ratio of 7,
larger than previously reported value of 3,2 is particu-
larly encouraging since it opens possibilities for assem-
bling nanowires that are exceedingly long (e.g., silicon
nanowires®?) and important for applications such as
electronics. Different functionalization protocols may
be needed owing to different surface chemistries for
other types of nanowires, but conceptually the tech-
nique should be extendible to other compositions.

Remarkably, we obtained high-yield alignment of
the nanowires even though a disordered phase was
formed for multi-segmented nanowire aggregates at
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Figure 3. SEM image comparison of the accumulation zone of nanowires synthesized through the (A) OWL method and
(B) surfactant-mediated chemical reduction method. (A) Disordered domains are formed due to rough wire surfaces
(inset, TEM image) of the multi-segmented nanowires. (B) Ordered domains are formed due to accumulation of the nanorods
with atomically smooth surfaces (inset, TEM image). Inset scale bars: 80 nm.

the droplet edge (Figure 3A). In a study where chemi-
cally synthesized rod-like nanoparticles with an aspect
ratio of 3 were used, the formation of an ordered
crystalline phase was argued to be a prerequisite
for the high-yield alignment of wires.”” However, in
our study, the electrochemically synthesized multi-
segmented nanowires have rough surfaces due to
the rough pores in the AAO template®* (Figure 3A,
inset). As a result, it is difficult for the nanowires to pack
closely and form ordered phases (Figure 3A). This is in
contrast to that of many chemically synthesized nano-
rods that possess atomically flat surfaces, which facil-
itate the formation of crystalline phases (Figure 3B).
In our study, we found that nanowires started to be
trapped when the contact angle of the droplet is very
small (i.e., ~25°, Figure S3). The assembly of spherical
nanoparticles has indeed been reported at such low
contact angles.*®

Thus far, we have primarily discussed segmented
wires, but gapped nanowires can also be prepared
using a variant of the aforementioned method. For
example, segmented wires consisting of alternating Au
and Ni segments can be transferred to desired sub-
strates through microcontact printing® (Figure 4A).
In typical experiments, prior to the transfer, the sub-
strate (SiO; in this case) was spin-coated with a thin
film (ca. 20 nm) of PMMA (495 K, Microchem) which
serves as an adhesive layer to promote a high transfer
yield (>95%) and secures the positions of the nano-
wires to prevent them from migrating during subse-
quent processing steps. The role of the PMMA is
analogous to that of the silica backing layer in conven-
tional OWL.” The nanowires were then transferred to the
target substrate by heating it to 135 °C and applying
pressure to the PDMS stamp against the substrate for
1 min (Figure 4A,i), followed by air cooling to room
temperature and removal of pressure (Figure 4A,ii). After
the transfer, Ni was etched in a HCl aqueous solution
and gapped nanowire arrays were created (Figure 4B).
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(A)

Figure 4. Transfer of multi-segmented nanowire arrays to a
target substrate (e.g., graphene) by microcontact printing.
(A) (i) Positioning nanowire arrays on top of graphene with
a homemade micromanipulator. (ii) Nanowires are trans-
ferred by applying pressure on the stamp against the target
substrate at 135 °C. (B) SEM images of the transferred
nanowires on a single layer of graphene, before and after
Ni etching. Nanowires with 29 nm Ni segment (Figure 2C)
were used, and 29 nm gaps were thus created. The registry
of Au segments is maintained.

Finally, we explored two applications for the trans-
ferred nanowires. Following the strategy of our pre-
vious work,'” an array of gapped GNRs was fabricated
using the aligned gapped nanowires as etch masks. As
described above, the nanowire arrays were first trans-
ferred to a PMMA-coated graphene sample (Figure S4),
followed by Ni etching and gap formation. Thereafter,
the graphene sample was etched with reactive ion
etching and then sonicated in acetone to remove
the remaining PMMA and reveal the gapped GNRs
(Figure 5A). The gap size in these nanoribbons is
~25 nm, matching the length of the Ni segment in
the nanowires. The ribbon array was further character-
ized by Raman mapping (Figure S5). This aligned array of
GNRs affords interesting graphene structures that may
prove useful for electronics'®'® and plasmonics®®?'3¢
considering that the gap size, ribbon length, and ribbon-
to-ribbon distance are highly adjustable.

Another important application of these nanowires is
to utilize them as SERS substrates. As proof-of-concept,
nanowires consisting of two 60 nm gold segments and
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Figure 5. Fabrication of gapped graphene nanoribbons and
SERS substrate. (A) Aligned graphene nanoribbons gener-
ated by using the gapped nanowires from Figure 4B as etch
masks. Nanoribbons 200 nm long with a gap of ~25 nm
were fabricated. (B) SERS measurement of 1,4-BDT from
aligned gapped nanowires. A row of hot spots is shown in
the top-left inset; a.u., arbitrary units.

a 2 nm Ni segment were designed and synthesized.
Alignment of the nanowires on a PMMA-coated silicon
substrate and etching of the Ni segments yielded
arrays of Au dimer structures with a plasmon reso-
nance centered at 785 nm, matching that of the laser
wavelength used in the Raman measurement. The
gold nanostructures were then functionalized with
1,4-BDT by incubating the substrate in an ethanol
solution (~1 mM) for 12 h. These nanostructures have
been previously shown to be local amplifiers for sur-
face-enhanced Raman scattering with enhancement
factors of 7 x 10837 Raman mapping clearly reveals
strong SERS signals (e.g., C—C stretch mode at
~1561 cm™ ") from 1,4-BDT when the laser is scanned

METHODS

Synthesis of Multi-segmented Metal Nanowires and Functionalization
with Hexadecyltrimethylammonium Bromide. Multi-segmented nano-
wires consisting of Au—Ni—Au were electrochemically syn-
thesized in anodized aluminum oxide (AAO) membranes from
Synkera Technologies, Inc. having a manufacturer-specified pore
diameter of 35 nm. The general electrochemical deposition
process has been described in the literature.>” Specifically,
nanowires with different lengths (110 nm Au/29 nm Ni/110 nm
Au: nanowire 1; 80 nm Au/11 nm Ni/80 nm Au: nanowire 2; 60 nm
Au/2 nm Ni/60 nm Au: nanowire 3) were synthesized and used
for the alignment process. The synthesized nanowires were
functionalized with hexadecyltrimethylammonium bromide
in a 045 mm CTAB aqueous solution. Repeated centrifugation,
resuspension, and incubation of the nanowires to new CTAB
solutions (up to 8 iterations) will ensure successful functionaliza-
tion of CTAB which is evidenced by the fact that the nanowires
remain in a pseudoliquid state when centrifuged and can be
easily dispersed when adding new CTAB solution (without the
need for sonication).

Silicon Master and PDMS Stamp Fabrication. A silicon master
with positive linelet arrays was made by e-beam lithography
using negative-tone resist hydrogen silsesquioxane (HSQ).
A PDMS stamp (10:1 elastomer to curing agent using SYLGARD
184 SILICONE ELASTOMER KIT) with negative trenches was
made from the master by curing the elastomer precursor at
80 °C for 3 h. The specific dimensions of the trenches and
nanowires used are summarized in Table S1.

Alignment of Nanowires into Elastomer Trenches. A droplet (5 uL)
of nanowire solution (0.45 mM CTAB aqueous solution) was
dropped on the PDMS stamp trench region under an optical
microscope. The PDMS stamp was then heated on a hot plate at
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across the array (Figure 5B). It is worth mentioning that
the density of nanowires can be adjusted by simply
changing the trench design (Figure S6). Thus, the
aligned gapped nanowires provide a route to new
SERS substrates with uniform distributions of hot spots
that can be used for a variety of chemical and biological
sensor applications.®®

CONCLUSIONS

In summary, we have developed a large-area align-
ment strategy for electrochemically synthesized multi-
segmented nanowires with control over position, or-
ientation, and density by using a nanoscale capillary
force-mediated assembly method. Importantly, we
are able to align nanowires with different gap sizes,
lengths, and aspect ratios. The high-yield alignment of
nanowires with an aspect ratio as large as 7 is particu-
larly encouraging for many applications that require
high aspect ratio nanostructures. As one of the critical
conditions for the alignment, the excellent wire dis-
persibility by CTAB functionalization is promising for
many other types of nanostructures that are synthe-
sized without surfactant modification, for example,
Si nanowires®> and ZnO nanorods.®® The proof-of-
concept experiments demonstrating the fabrication
of arrays of graphene nanoribbons and SERS substrates
make the technique particularly attractive to researchers
who require these kind of structures for a variety of elec-
tronic, spectroscopic, and plasmonic applications.3%*°

50 °C, allowing the droplet to dry while the edge of the drop
moves simultaneously across the trench region. The nanowires
are aligned into the trenches due to capillary forces.

Transfer of Aligned Nanowires to Graphene and Silicon Substrates.
The aligned nanowires were transferred to either a PMMA-
coated graphene substrate for the fabrication of arrays
of graphene nanoribbons or a PMMA-coated silicon sub-
strate in the case of SERS-active substrate. PMMA adhesion
layer and heating at 135 °C facilitate the transfer of nano-
wires. Arrays of graphene nanoribbons were fabricated
according to a previous report.'”” Raman mapping for SERS
was carried out on a Witec instrument using 785 nm laser
with a power of ~1 mW.
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