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ABSTRACT: Sophisticated preparation of arbitrarily long conducting nano-
wire electrodes on a large area is a significant requirement for development of
transparent nanoelectronics. We report a position-customizable and room-
temperature-processable metallic nanowire (NW) electrode array using
aligned NW templates and a demonstration of transparent all-NW-based
electronic applications by simple direct-printing. Well-controlled electroless-
plating chemistry on a polymer NW template provided a highly conducting Au
NW array with a very low resistivity of 7.5 uQ cm (only 3.4 times higher than
that of bulk Au), high optical transmittance (>90%), and mechanical bending
stability. This method enables fabrication of all-lNW-based electronic devices
on various nonplanar surfaces and flexible plastic substrates. Our approach
facilitates realization of advanced future electronics.

Gold plated NW array

=300 nm

KEYWORDS: position-customizable nanowire printing, electroless plating, transparent nanoelectrodes, metallic nanowires,
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transparent electrode is essential for realization of However, the previous printed metallic NW-based electrode

Atransparent nanoelectronic and optoelectronic devices. requires high-temperature calcination to transform polymer/

It must be highly conductive, transparent, and metal precursor composite NWs to metallic NWs."”~" This
mechanically flexible for such applications. Several types of requirement hinders direct fabrication of large-scale conducting
transparent electrodes have been proposed as alternatives to NW-based transparent electronics on flexible or stretchable
conventional indium tin oxide (ITO) electrodes, such as substrates. To use printing technology for realization of soft
graphene, carbon nanotubes, metallic mesh, and solution-grown electronic applications, a process for preparing highly
metallic nanowires (NWs).'™'> Among these candidates, conductive nanomaterials without high-temperature heating is
metallic NWs (e.g, Ag NWs) are suitable as a transparent required.
electrode owing to their simple and high-yielding preparation Here we (i) report an easy method to fabricate a position-
process and low resistivity (1.67 uQ cm). However, practical controllable and arbitrarily long metallic NW array with high
applications of metallic NWs are still limited because of (i) the conductivity on a flexible plastic substrate without any high-
short NW length range from a few to tens of micrometers and temperature heating or vacuum processes and (ii) demonstrate
(ii) randomly dispersed or entangled NW networks, which all- NW-based transparent electronic applications including
result in irregular optical and electrical characteristics and transparent transistors and heaters (Figure 1a). First, we used
severely rough surfaces.”*'*7'® Therefore, development of well-aligned organic nanowire (ONW) arrays as metallization
uniform transparent electrodes on large areas requires a method templates. These arrays were prepared using a home-built
to control the position and orientation of metallic NWs.
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Figure 1. Preparation of a highly aligned template P4VP NW array. (a) Schematic illustration of the process to prepare a well-aligned
conducting NW array. (b) Parallel and (c) wavy pattern of a printed pristine P4AVP NW array with a 100 gm pitch (inset: SEM image of a
P4VP NW; scale bar, 500 nm). (d) FT-IR absorbance of a P4AVP NW mat before and after UV/O; treatment for 5 min (inset: scheme of
molecular change in P4VP NW by UV/O; treatment). (e) SEM images of pristine P4AVP NW (top) and P4VP NW after water immersion for
30 min without (center) and with UV/O; treatment (30 min) (bottom). Scale bar: 500 nm.

position-customizable nanowire printing (PCNP) system that
can print ONWs rapidly in desired positions and orienta-
tions.””*' Then, by electroless plating a metal layer on the
surface of printed ONWS, a core—sheath structured conducting
NW array with a high optical transmittance of >90% and
flexibility was attained; it also showed good electrical
conductivity (average resistivity of 7.5 uQ cm) without any
heating or vacuum process; this resistivity is of the same order
of magnitude as that of bulk Au (221 pQ cm). We also
demonstrated highly transparent and flexible all-wire elec-
tronics. Using the individually position-customizable metallic
NWs and semiconducting ONWs, we prepared a direct-printed
transparent all-nanowire-based transistor array with low

operation voltage (<4 V) and a transparent heater with good
exothermic properties.

RESULTS AND DISCUSSION

A highly aligned poly(4-vinylpyridine) (P4VP) NW array was
prepared using the PCNP system and used as the template for
metallization, because P4VP can effectively adsorb metal
nanoparticles and metal ions due to their strong affinity of
pyridyl groups.””** P4VP (30 wt %) in dimethlyformamide/
ethanol (60:40, w/w) solution is loaded into a nozzle tip (inner
diameter 100 ym), and a strong electric field is applied between
the tip and a grounded collector. A thin liquid jet is ejected
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Figure 2. Electroless Au plating on a NW. (a) Schematic diagram of the electroless Au plating procedure on P4VP NW. (b) Parallel pattern of
a Au NW array with a 100 gm pitch. (c) Scanning electron microscope (SEM) image (left) and schematic illustration (right) showing a cross-
section of an electrolessly plated Au NW (inset: cross-section of a pristine P4VP NW; scale bar, 200 nm). (d, e) Grid pattern of NWs on a 4
in. wafer before (d) and after electroless plating (e).

from the nozzle tip and stretched into a cylindrical NW by fully evaporates, so a solid polymer NW is deposited on the
electrostatic force. During the flight of the polymer jet, solvent collector. The tip-to-collector distance is <1 cm, so a stable
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straight jet is maintained until the NW arrives at the collector;
this condition is unlike that in conventional electrospinning, in
which the jet whips chaotically.”” The collector is mounted on a
motorized x—y stage; maneuvering the stage appropriately
during wire formation allows printing of the NW in desired
positions and orientations.

Using PCNP, a parallel pattern of P4VP NWs was
successfully prepared on a 4 in. Si/SiO, (100 nm) wafer and
a glass substrate with regular wire spacing of 100 ym and
average diameter of 374.8 + 58.4 nm (Figure 1b, Figure S1).
The diameter of printed NWs can be controlled by adjusting
the concentration of the solution.”” PCNP can form a template
NW array in various patterns including parallel, wavy, and grid
orientations on a large area and is therefore suitable for use as a
nanotemplate with a variety of patterns (Figure lc, Figure S2).

Printed P4VP NWs were oxidized under UV/Oj (~18.8 mW
cm™2, AHTECH LTS Co., LTD) to prevent the dissolution of
pristine NWs in solutions that were used in subsequent
electroless Au plating processes. Under UV/O; treatment, C=
C bonds of pyridyl groups in the P4VP are converted by
oxygen radicals into carbonyl groups (C=0).** Fourier
transform infrared (FT-IR) spectroscopy in attenuated total
reflection mode verified this conversion (Figure 1d). To obtain
a sufficiently intense signal, we prepared the NW mat by
collecting P4VP for 10 min on a stationary Al foil substrate.
After UV/Q; treatment for S min, the absorbance due to C=C
stretching at 1598 cm™" was decreased, and C=0 stretching at
1656 cm™' was significantly increased. The pristine NW is
soluble in water, whereas the oxidized NW is insoluble and
keeps its morphology after water immersion (Figure le).

The Au layer was deposited electrolessly on the oxidized
P4VP NW array by (i) complexation, (ii) reduction, and (iii)
coarsening (Figure 2a). During complexation, Au precursor
ions (AuCl,”) were adsorbed selectively on the pyridyl group
of the P4VP NW surface due to the electrostatic interaction
between metal-based anions and the protonated pyridyl
surface,”** then were reduced to Au nanoclusters or
nanoparticles by the vapor of a reducing agent, hydrazine
monohydrate (N,H,-H,0) (Figure S3). The Au nanoparticles
provide nucleation sites and act as catalysts for metal plating
during subsequent particle enlargement (coarsening), so Au
was selectively deposited on the surface of P4VP NWs.
Consequently, a Au-plated NW array that had sufficient density
to allow electrical percolation was attained (Figure 2b), which
was confirmed by the cross-section structure of the NWs: a thin
sheath of Au (~100 nm thick) covered a cylindrical P4VP core
(Figure 2c). This structure of the polymer core and thin metal
sheath has the advantage of high electrical conductivity with
high optical transmittance and mechanical bending stability,
which will be discussed later. The position and orientation of
P4VP template NWs can be precisely controlled by the PCNP;
this result suggests that conducting NWs can be obtained in
desired patterns and on desired substrates under appropriate
conditions for NW printing (Figure 2d,e).

The current—voltage (I—V) characteristics of Au NWs
aligned between Au pads with a gap of 4 mm demonstrate
ohmic contact (Figure 3a, Figure S4a). To calculate the
resistivity p of the Au NW, we used Ohm’s law (V = IR), and
we assumed that the cross-section of the wire is a perfect circle
and only considered the cross-sectional area of the conducting
Au shell, which has a cylinder shape excluding the insulating
P4VP core. The calculated p was 7.5 + 3.7 uQ cm, which is
only 3.4 times that of bulk Au (2.21 € cm) and 2—3 orders of
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Figure 3. Electrical and optical properties of electrolessly plated Au
NWs. (a) Current—voltage (I—V) curve and (b) total resistance and
resistivity of electrolessly plated Au NWs with different numbers of
wires. (c) Optical transmittance of Au NW arrays with different
wire spacing (inset: transparent Au NW array with 400 gm pitch).

magnitude lower than previously reported results of electro-
lessly plated Au NWs.””** The high electrical conductivity of
Au NWs can be attributed to the good alignment of the
template polymer NWs. Because each P4VP template wire was
separated individually without any overlap and hindrance, Au
can be deposited on the entire surface of core P4VP NWs. In
contrast, previous research works have used a randomly coiled
electrospun wire mat as a template.”>>* So permeation of the
metal precursor solution into the wire mat and deposition of
the metal layer on the inner surface of the wire mat were
hindered by their random geometry, resulting in poor
formation of a percolation pathway for electrical transport
and poor electrical conductivity. As the number of Au NWs
aligned in parallel was increased, the total resistance followed
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the behavior of parallel resistors, and the calculated p of wires
was neatly unchanged (Figure 3b). Also, the p of the wires with
different thicknesses of the Au layer showed uniform values of a
similar order of magnitude independent of the thickness
(Figure S4b). These results mean that all of the Au NWs had
uniform electrical characteristics. Previous electrolessly plated
conducting NWs have been prepared by electrospinning, so the
conducting NWs in the mat were usually randomly coiled and
had limited reproducibility of electrical conductivity.”*** In
contrast, our method can directly produce highly conductive
NW arrays with controlled position and orientation without
additional thermal treatment or transfer processes; therefore,
this method is suitable for various electronic applications based
on conducting NWs.

To verify the feasibility of the Au NW array as a transparent
electrode, we observed the optical transmittance of parallel-
patterned Au NW arrays with different wire spacing. Regardless
of the wire spacing, the Au NW array showed a high
transmittance of >90% in the entire visible range; the
transmittance increased as the wire spacing increased (Figure
3c). This result is attributed to (i) submicrometer wire width,
(ii) the highly transparent P4VP core NW (Figure SS), and (iii)
the thin Au layer (~100 nm) deposited on the P4VP core
(Figure 2c). With high transmittance across the visible range,
Au NWs are applicable in transparent electrodes for
optoelectronics such as light-emitting diodes, solar cells, and
photodiodes.

Our metallic NWs can be directly prepared on a flexible
plastic substrate by a room-temperature metallization process,
so they can be used as flexible nanoelectrodes. We fabricated a
Au NW array on PET substrates (6 and 75 uym thick) and
measured resistance changes (AR/R;) after bending with
various bending radii (Figure 4a,b). In contrast to the severe
resistance change of the ITO film after bending to a radius of
<5 mm, the Au NWs did not degrade after bending to a radius
of 0.71 mm or after >1000 cycles of repetitive bending to a
radius of 3.87 mm (Figure 4b,c). High flexibility and bending
stability of the metallic NWs are attributed to the soft polymer
NW template and the low dimensionality of Au NWs: the
elastic modulus of materials varies with their geometry.”>*°

A conducting NW array obtained by a low-temperature
process is an essential functional unit for transparent and
flexible nanoelectronics. Using an individually position-custom-
izable Au NW array, we demonstrated “all-wire transistors”,
which consist of a poly(3-hexylthiophene) (P3HT) NW
channel and Au NW source/drain (S/D) electrodes. To
fabricate all-wire transistors, Au NW arrays were prepared with
desired wire spacing, which determines channel length. A Au
pad (50 nm) was deposited for electrical contact; then PCNP
was used to print a semiconducting P3HT NW across the Au
NW array (Figure Sa). The resulting device was thermally
annealed at 150 °C for 30 min to strengthen the contact
between the P3HT NWs and Au NWs. Then a high-
capacitance ion-gel film was formed on the P3HT NW and
Au NWs as a gate insulator. All-wire transistors on the glass
substrate are nearly invisible to the naked eye because of the
narrowness of the NW components (Figure Sb). In transfer
characteristic (Ip—Vy), all-wire transistors showed high on-
current (>10 uA) with low Vj, (=1 V) and V; (—4 V) (Figure
Sc). This result is comparable to a device with thermally
deposited Au film S/D electrodes.

To calculate hole mobility (u,) of the ion-gel gated
transistor, we used equations based on the gate-displacement
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Figure 4. Mechanical bending stability of a flexible Au NW. (a)
Photograph of a Au NW array on a 6 gm thick PET substrate. Scale
bar: 1 cm. (b, c) Relative resistance changes of a Au NW, Au film,
and ITO film on a PET substrate as a function of bending radius
(b) and bending cycles with a bending radius of 3.87 mm (c).

current (Iny, = I — Ipackgroundy Where I is the gate current and
Ipackground 18 the %ate current before turn-on) and induced charge

density (P,):*"”
B = [ [Ty dVe/[(dV/de) V]

Then

(1)

_L b
Wd VyeP,

u
" @
where L is the channel length, W is channel width, d is channel
thickness, e = 1.602 X 107" C is the elementary charge, and V/
is channel volume. The all-wire transistor had calculated yu;, =
3.5+ 1.0 cm®* V! 7! (maximum gy, = 4.7 cm® V™' s7!), which
is higher than that of the device based on Au film electrodes
(average gy, = 2.0 + 0.4 cm® V™! s7"). The excellent electrical
characteristics of all-wire transistors are attributed to (i) a larger
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Figure S. All-nanowire electronics based on a well-aligned Au NW array. (a) Schematic illustrations of the fabrication process for all-wire
transistors based on Au NW electrodes and a P3BHT NW channel. (b) Transparent all-wire transistor array on a glass substrate (inset: optical
microscope (top) and SEM (bottom) images of an all-wire transistor). (c) Transfer characteristics (I,—V() of ion-gel gated P3HT NW
transistor based on a Au film (black square) and Au NW (red circle) S/D electrodes. (d) Photographs of the all-wire transistor array
transferred on various planar and nonplanar surfaces (a vase, a syringe, a glass vial, and a display of a mobile phone). Scale bar: 2 cm. (e)
Schematic illustration (left) and optical image (right) of a transparent Au NW heater. (f) Plot of temperature versus time for the NW heater.

induced hole density (~10*° cm™) from high-capacitive ion-gel
compared to that from conventional SiO,-gated devices””*’
(these holes fill the traps in the channel and smooth the
electrical potential variation that is caused by trapped
charges)*® and (ii) extremely low contact resistance (<24.8 Q
cm) in the device (Figure S6). The reduced overlap area
between gate insulator and NW S/D electrodes also contributes
to the high on/off current ratio in all-wire transistors (Figure
S7).

Furthermore, use of position-customizable and room-
temperature-processed metallic NWs is not limited by
substrates and surfaces, so it can be used to fabricate large-
scale transparent and flexible electronic device arrays on various
nonplanar surfaces such as vases, glass vials, and syringes
(Figure Sd). Therefore, this method provides a promising
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strategy to develop wire-based advanced electronics for the
Internet-of Things and smart healthcare systems.
Furthermore, a transparent Joule heater with a parallel-
oriented long Au NW array does not need percolation of NWs;
this trait is different from conventional Joule heaters based on
short NWs,>' ™3 5o high-temperature annealing and waste of
materials for connection among dispersed NWs are unneces-
sary (Figure Se). Ag paste pads were used for electrical contact,
and the exothermic properties from the heater were observed
using an infrared thermometer. Because the size of Au NWs is
too small to adjust a focus of the thermometer on the wires, we
measured the temperature of the glass substrate heated by the
Au NWs using an emissivity value of the glass (¢ = 0.95). The
maximum temperature increased with the applied voltage and
reached >145 °C at only 12 V (Figure S5f). Effective Joule
heating at low input voltage was attributed to the low resistivity
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of Au NWs. Moreover, the heater responded quickly: a
constant temperature was reached in <50 s regardless of the
applied voltage.

To verify the further potential of the NW heater, a water
evaporation test was conducted in air under a controlled
relative humidity of 44% and temperature of 25 °C. A 25 uL
water droplet on the NW heater evaporated completely within
~151 s at an input voltage of 12 V (Figure S8, Movie SI).
Therefore, our NW heater using a highly aligned Au NW array
will be wuseful for applications such automobile window
defoggers, which require transparency, high efliciency, and
fast response.

CONCLUSION

We developed an easy method that uses ONW templates to
prepare position-customizable conducting Au NW arrays
without any vacuum or high-temperature processes. Highly
aligned Au NWs showed an extremely low resistivity of ~7.5 +
3.7 42 cm (only ~3.4 times higher than that of bulk Au), high
optical transmittance (>90%), and stability under mechanical
bending; therefore, they enable various electronic applications
of Au NWs as nanoelectrodes. Using an Au NW array, we
demonstrated transparent all-NW-based electronic applications
including transistors and heaters. Because electroless plating
techniques have been widely studied to fabricate various kinds
of metal layers,>>*® our method for preparing well-aligned
metallic NWs has tremendous scalability. Moreover, our
approach to achieve large-area all-wire electronics provides a
promising strategy to realize transparent and flexible nano-
electronics and is a breakthrough for practical application of
NWs in nanodevices. Further work will involve the develop-
ment of all-nanowire-based signal input or output devices,
which can expand the potential of NW-based future electronics
such as transparent and flexible nanoelectronics, textile
electronics, and wearable electronics (Figure S9).

EXPERIMENTAL METHODS

Equipment Setup. The position-customizable nanowire printer
consists of a syringe pump (NanoNC) mounted vertically over the
collector, a gastight syringe (Hamilton), a 32-gauge stainless steel
nozzle, a micrometer to control the tip-to-collector distance, a high-
voltage generator (NanoNC), and a grounded flat-type collector (20
cm X 20 cm) moved by a linear motor stage (Yaskawa). Another
similar PCNP system (Enjet Inc.) was also used.

Fabrication of Aligned P4VP Template Nanowire. To print
P4VP NWs with the PCNP system, 30 wt % of P4VP (M,, =~ 160 000,
Aldrich) in dimethylformamide (anhydrous, Aldrich)/ethanol (Al-
drich) solution (60:40, w/w) was injected through the metal nozzle at
100 nL min~’; the tip-to-collector distance was set at 7 mm and 1.3—
1.4 kV was applied to the metal nozzle. While the NW was collected
on the substrate, the collector moved in a zigzag at 66.7 cm s

Electroless Au Plating on a Nanowire. Printed P4VP NWs were
exposed to UV/O, for S min. Au precursor (HAuCl,:3H,0, Aldrich)
was dissolved in deionized water (0.5 wt %), and the supernatant of
the solution was obtained after centrifugation at 18000g for 120 min to
remove any possible aggregates. Oxidized P4AVP NWs were dipped
into the Au precursor solution for 30 min, dipped in water to remove
excess precursor ions, then blown dry using N,. Then five drops of
diluted hydrazine monohydrate (N,H,-H,O, Aldrich) in water (10%,
v/v) were dropped into a Petri dish, and Au precursor adsorbed P4VP
NWs were attached to the inside of the Petri-dish cover for 15 min.
The specimen was dipped in the water to remove residual N,H, vapor,
then blown dry using N,. Au nanoparticle—P4VP composite NWs
were dipped in a solution of HAuCl, H,0, (30 wt % in H,O,
Aldrich), and deionized water for 5 min. The total volume of the
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solution was set as 10 mL; 0.2 mL of HAuCl, (0.5 wt %) and 0.1 mL
of H,0, (30 wt %) were used. Water for all experiments was prepared
in a Millipore Milli-Q Academic water purification system and had a
resistivity of >18.2 MQ cm.

Device Applications of a Au NW Array. For transistor
fabrication, a highly doped silicon wafer and thermally grown SiO,
(100 nm) or glass were used as substrate. PAVP NWs were printed
with various wire spacing and were annealed in ethanol vapor at 55 °C
for 10 min to strengthen their adhesion to the substrate. Au NW
patterns were prepared using electroless plating. An additional Au layer
(50 nm) was thermally deposited as an electrical contact. PCNP was
used to print five strands of P3HT NW on the Au NW S/D electrodes,
following a previously reported procedure.””*” Then the NWs were
thermally annealed at 150 °C for 30 min under vacuum to improve the
contact between Au NW electrodes and P3HT NWs. For ion-gel gate
insulator formation, poly(styrene-block-methyl methacrylate-block-
styrene) (PS-PMMA-PS, synthesized®®) triblock copolymer, with
block molecular masses M, = 6.2 kg mol™" for PS and M, = 105 kg
mol™' for PMMA, and 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([EMIM][TFSI], Solvent Innovation)
ionic liquid were dissolved in ethyl acetate in a 0.7:9.3:90 ratio (w/w)
and then drop-cast onto a P3HT NW pattern that had a Au NW S/D
contact. The solvent was removed; then an ion-gel film was formed by
physical association of the PS blocks in the ionic liquid.

For heater fabrication, a Au NW array with 400 gm wire spacing
was prepared on a glass substrate. Ag paste was used to form the
electrical contact at both ends of the NWs. The temperature was
observed using a thermometer (FLIR T360) with an emissivity of &£ =
0.95. For the evaporation test, a 25 uL water droplet was dropped on
the Au NW heater, then observed while an input voltage of 12 V was
applied.

Characterizations. NW morphology was observed using a
scanning electron microscope (Jeol JSM-7401F, National Institute
for Nanomaterials Technology, Korea) at an acceleration voltage of S—
15 kV. Optical microscope images were recorded using an optical
microscope (Olympus, BXS1M). Fourier transform infrared spectros-
copy was performed in ATR mode (PerkinElmer, Spectrum Two).
The optical transmittance spectra were recorded using a UV—vis
spectrophotometer (S-3100, Scinco). All electrical measurements were
conducted using a parameter analyzer (Keithley 4200, Keithley
Instruments Inc.) in a N, atmosphere at room temperature.
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