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A B S T R A C T

One-dimensional metal oxide (MO) micro-wires and nano-wires (MOWs) can be excellent functional units for
integrated and transparent electronics. However, MOWs produced using conventional synthesis methods are
short, uncontrollable, and randomly-distributed, so they cannot be easily used to fabricate high-density tran-
sistor arrays with precisely-controlled MOW-channels. Here, we describe a large-scale direct-printed universal
nanoscale MOW electronics which includes highly-aligned, digitally-controlled and arbitrarily-long MOW arrays
and various nanoscale applications of MOW field-effect transistors (FETs), neuromorphic synaptic transistors,
and gas sensors. Broad classes of pristine, doped and alloyed MOWs are fabricated, so we demonstrated all-
MOWFETs composed of conducting indium oxide (In2O3) wires and semiconducting indium zinc oxide (IZO)
wires; the devices show a high carrier mobility μ ~17.67 cm2 V−1 s−1, comparable to μ of MO thin-film FETs.
MOW synaptic transistors show presynaptic signals dependent postsynaptic behaviors similar to biological sy-
naptic responses; which can be promising nano-electronic units of high-density neuromorphic devices. We also
demonstrated MOW gas sensors which show high response to NO2 gas. Our direct-printed, large-scale, and
individually-controlled MOW electronics would be a promising approach in development of industrially-viable
MOW electronics and open new horizons for precisely-controlled inorganic MOW electronics and nanoscale
printed electronics.

1. Introduction

Metal oxide (MO) semiconductors have unique material-design-
concepts, efficient charge transport and optoelectronic properties, sur-
face functionality, and high optical transparency [1–3]. Therefore, they
are regarded as important alternatives to conventional silicon materials
in electronics. MO micro- and nano-wires (MOWs) are emerging elec-
tronic components for transistors [4,5], memory [6,7] and sensors
[8,9]. Effective methods to produce MOWs have been developed, but
their chemically synthesized or grown short MOWs cannot be aligned
individually and precisely between electrode pairs on large-area sub-
strate, so they are not easily applicable to high-throughput practical
MOW device arrays, e.g., transistor arrays with the identical dimension
of MOW-channels (the channel width and length are defined by the
number and alignment angle of MOWs between source/drain

electrodes, respectively). To overcome the limitation, it is necessary to
achieve individual production of arbitrarily-long MOWs with precise
position and alignment in large area. Development of a sophisticated
platform that produces one-dimensional (1D) MO microstructures and
nanostructures would enable efficient and inexpensive construction of
integrated MO device arrays, especially when the process combines
state-of-art printing technologies with use of solution processibility
[10–18].

Electrohydrodynamic nanowire (e-NW) printing is a direct-printing
method for fabricating continuous nanowire array on demand; it is
possible to uniformly print highly-aligned nanowires of various mate-
rials on a large area and easily control the line width, number, direc-
tion, and interval of the nanowires, thereby making it possible to
manufacture various electronic devices that can be industrially ap-
plicable [19–23].
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In this regards, we demonstrated a large-scale, highly-aligned,
precisely digitally-controlled and arbitrarily-long MOW arrays and their
universal applications to direct-printed nanoscale MOWs electronics
such as field-effect transistors (FETs), neuromorphic artificial synapses,
and gas sensors (Fig. 1). Several series of MOWFETs based on pristine,
nanoparticle (NP)-doped, or alloy MOWs were fabricated; doping and
alloying yielded significant improvement in electrical characteristics.
All-wire transistors based on semiconducting indium zinc oxide (IZO)
nanowires (NWs) and conducting indium oxide (In2O3) NWs were
fabricated, and attained high field-effect mobility μ ~17.67 cm2 V−1

s−1, comparable with those of thin-film FETs. MOW-based fully-trans-
parent FETs and neuromorphic artificial synaptic transistors were also
demonstrated. As a benefit of the nanoscale structure, MOW gas sensors
showed high response to NO2 gas. These results demonstrate the po-
tential of our unique direct-printed nanoscale MOW electronics for fu-
ture industrially-viable MOW electronics.

2. Experimental section

2.1. MOW production

Poly(vinylpyrrolidone) (PVP, Mw= 1300,000 gmol−1) was used as
a sacrificial polymer; zinc acetate dihydrate (Zn(CH3COO)2·2H2O,
ZnACD), indium nitrate hydrate (In(NO3)3·xH2O, InNH), tin chloride
dihydrate (SnCl2·2H2O) and tungsten hexachloride (WCl6) (all pur-
chased from Sigma-Aldrich) were used as metallic precursors. The sa-
crificial polymer (15 wt%) and the metallic precursors (1:2 w-w) were
dissolved in a solvent mixture (2:1 w-w) of N,N-Dimethylformamide
(common solvent) and Tetrahydrofuran (for In2O3) or Ethanol (for tin
oxide SnO2 and tungsten oxide WO3) or Trichloroethylene (for zinc
oxide ZnO). Controllably-aligned blended NWs made of a sacrificial
polymer and precursors were printed using our homebuilt e-NW printer
according to the following steps. A solution of polymers and precursors
in a gas-tight syringe was injected downward through a nozzle tip

(metallic, inner diameter ~100 µm). A high voltage ~0.5 kV was ap-
plied to the nozzle tip, while keeping a nozzle tip-to-target substrate
distance of 5.5 mm. The collector that is in contact with the target
substrate was grounded. The injection rate of the solution was adjusted
to 170 nl min−1. The fast movement of the substrate was adapted to the
printing speed of the blended wires and the digitally-designed move-
ment of the collector allows production of MOWs with neat alignment
and controllable pitches. The e-NW printer digitally controls i) the so-
lution feeding rate, ii) the magnitude of applied voltage, iii) the xyz
coordinates of a printing nozzle, and iv) the movement of a high-speed
robotic stage on x-y plane (moving distance, moving direction, moving
speed, and moving pattern); all these parameters are critical for fabri-
cation of NWs. The blended NWs were then converted to highly-aligned
MOWs by sintering at sufficiently high temperatures in ambient air for
1 h.

2.2. Device fabrication

On a pre-cleaned 300-nm SiO2-coated highly-doped silicon wafer
(capacitance: 11.5 nF/cm2), the blended NWs were printed and ther-
mally baked at sufficiently high temperature in ambient air to convert
them to MOWs. Ag or Au top electrodes (100 nm thick) were deposited
through a shadow mask onto MOWs by thermal evaporation. For
electrolyte-gated transistors, a well-mixed ion-gel solution composed
of 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[EMIM][TFSI] and poly(styrene-b-methylmethacrylate-b-styrene) (PS-
PMMA-PS) triblock copolymer dissolved in ethyl acetate (9.3:0.7:90,
w-w: w) was dropcast on the channel region and vacuum-dried
overnight to evaporate solvent.

2.3. Characterization

A Keithley 4200 semiconductor analyzer was used to obtain all
electrical transport properties of field-effect transistors at room

Fig. 1. Schematic of the direct-printed nanoscale MOW electronics. (a) Digitally-controlled printing of highly-aligned and arbitrarily-long wires composed of MO
precursor and polymer; the precursor/polymer wires are converted to MOWs after high temperature calcination. Fabrication of (b) MOW field-effect transistors, (c)
transparent MOW field-effect transistors, (d) all-MOW field-effect transistors, (e) MOW synaptic transistors, and (f) MOW gas sensors.
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temperature in a N2-filled glove box. A Keysight B1500 semiconductor
analyzer was used to measure electrical properties of synaptic transis-
tors at room temperature in ambient air. The micro- and nanostructures
of MOWs were investigated using X-ray diffraction (XRD, Rigaku D/
MAX-2500/PC), scanning electron microscope (SEM, JEOL JSM-
7401F), and transmission electron microscope (TEM, 2200FS with
image Cs-corrector). X-ray photoelectron spectroscopy (XPS, AXIS Ultra
DLD-Kratos. Inc) was performed using a monochromatic Al Kα radia-
tion source.

2.4. XRD measurement

The crystalline and structural properties of the MOWs were char-
acterized by thin-film mode X-ray diffraction (Rigaku D/MAX-2500/
PC) with a Cu source (Fig. S1). All the peaks can be indexed to hex-
agonal wurtzite ZnO (Fig. S1a). This result agrees well with JCPDS card
No. 80–0075 for pure ZnO, and again confirms the formation of a pure
ZnO phase after calcination above certain temperature. In XRD patterns
of SnO2, all the peaks can be indexed to tetragonal rutile structure
SnO2, thereby confirming the formation of a pure SnO2 phase after
calcination above sufficiently high temperature (Fig. S1b). In XRD
patterns of the In2O3 nanowires, all the peaks can be indexed to the
body-centered cubic structure In2O3 (Fig. S1c). This result agrees well
with JCPDS card No. 06–0416 for pure In2O3, and again confirms the
formation of a pure In2O3 phase after calcination above sufficiently
high temperature. In XRD patterns of the WO3 nanowires, all peaks can
be indexed to monoclinic crystal structure WO3; this result agrees well
with JCPDS card No. 83–0951 for pure WO3, and again confirms the
formation of a pure WO3 phase after calcination above sufficiently high
temperature (Fig. S1d). The MOWs calcined at 200 °C show very weak
peaks, because the organic constituents of PVP were not removed
completely, and the precursors were not converted to crystal metal
oxides. Definitions of the diffraction peaks improved when the samples
were calcined at 500 °C. Calcination at 600 or 700 °C yielded clear and
strong diffraction patterns.

2.5. Sensor measurements

As the flow gas with a constant flow rate of 1000 sccm was changed
from dry air to a calibrated test gas (balanced with dry air), the var-
iation in sensor resistance was monitored using a source measurement
unit (Keithley 2365B). The sensor resistance was measured under a DC
bias voltage of 1 V. The response of the sensors (Rg/Ra) was accurately
determined by measuring the baseline resistances of the sensors in dry
air and the fully saturated resistances after exposure to the test gas. The
gas flow was controlled using mass flow controllers, and all measure-
ments were recorded to a computer with a GPIB interface.

3. Results and discussion

3.1. MOWs array printing

Our home-built e-NW printer prints a blended solution of a sacrifi-
cial polymers and metallic precursors into arbitrarily-long and con-
tinuous solid-state wires with computer-digital control over position
and alignment [19]. Solidified wires are formed at optimal nozzle-to-
collector distance, voltage supply, and solution injection rate, and
aligned on a collector that moves laterally according to digitally-set
directions and speeds. Polymer components are then removed by high
temperature calcination to leave the desired MOWs [20].

Broad classes of MO materials were used to produce various MOWs
(ZnO, SnO2, In2O3, WO3) (Fig. 2a-d). Poly(vinylpyrrolidone) (PVP)
were used as binding polymers. Diverse patterns were produced by
digital control over the lateral moving directions and speed of the
collector (Fig. 2e-h). The width of the MOWs can be controlled by ad-
justing printing parameters, e.g., solution concentrations (Fig. S2 and

S3), and MOWs with diameters< 100 nm can be achieved (Fig. S4).
The spacing between MOWs can be controlled with resolution< 30 µm
by the robotic linear-motor stage in our printing system, but it can be
further reduced by using a higher-resolution robotic motor. In detail,
our e-NW printer equips a robotic stage with step movement resolution
of 3 µm, but achievement of such a high resolution is hindered by i)
vibration of the robotic stage, ii) electrostatic repulsive force of charged
NWs, and iii) instability of liquid jet because of dynamic air flow.
Further improvement of e-NW printer and printing environment would
overcome these limitations above. Average resistance and standard
deviation of ZnO, In2O3, SnO2 and WO3 wires were evaluated (Fig. S5).
Uniform and continuous precursor/polymer NWs were formed, and had
smooth-surfaced quasi- or semi-circular cross-sections (Fig. 2a-d). The
NWs arrive continuously on the substrate as solidified-state by rapid
evaporation of solvent during transit after being ejected, and wires can
be printed at high speed (~1m s−1). This technique is different from
drop-on-demand (DOD) e-jet printing, which prints discrete liquid
droplets to convert into continuous microscale-wide MO lines [24–26].
During DOD e-jet printing, the liquid drops collapse upon arrival at a
substrate, so this method has lower resolution than our platform, and
limited morphology control of the patterned line. In DOD e-jet printing,
the patterned line shape is more similar to a two-dimensional flat film
than to a 1D circular wires.

3.2. Morphology analysis

Calcination to remove polymeric components converted the
polymer/precursor wires to MOWs: the blended wires were annealed at
various calcination temperatures TC to observe the relationship be-
tween TC and material properties, and were converted to MOWs that
consisted of nanoscale grains (Fig. S1 and S6). MOWmats of ZnO, SnO2,
In2O3, and WO3 calcined for 1 h in ambient air at constant temperatures
200≤ TC≤ 700 °C; X-ray diffraction (XRD) patterns revealed the for-
mation of hexagonal wurtzite-structured ZnO [27], tetragonal rutile-
structured SnO2 [28], body-centered cubic-structured In2O3 [29], and
monoclinic-crystal-structured WO3 [27] after full conversion at suffi-
ciently high TC (Fig. S1). Grain structures were further studied in
transmission electron microscopy (TEM) images of ZnO and In2O3 NWs
(Fig. S6). ZnO NWs consisted of nanogranular grains of 5–15 nm (Fig.
S6a,b); the lattice distance of 2.6 Å corresponds to the (002) plane of a
wurtzite structure. Selected area electron diffraction (SAED) patterns
obtained by fast Fourier transform (FFT) of the lattice image confirmed
the formation of wurtzite structure (Fig. S6c). TEM images of an In2O3

NW show 10–15 nm nanocrystallites (Fig. S6d,e); their SAED patterns
are indexed to the body-centered cubic structure (Fig. S6f).

IZO wires were also fabricated to obtain enhanced electrical char-
acteristics in the electronic devices. Crystallinity of IZO wire can be also
confirmed by high-resolution TEM (HR-TEM) (Fig. 2i-k), which shows
the ZnO and In2O3 nanometer crystalline phases. The polycrystalline
phase of the IZO wire is observed in the HR-TEM images and diffraction
patterns (Fig. 2j,k) [30,31]. Energy dispersive spectroscopy (EDS)
mapping of the IZO wire demonstrated that In, Zn and O, were dis-
tributed evenly in it (Fig. 2i).

In an MOW, closely-packed longitudinal nanodomains along the
wire (Fig. S7) form during the multi-directional shrinkage during cal-
cination, and are expected to increase charge carrier transport along the
MOW. The multi-direction shrinkage is probably a result of differences
among thermal conductivities of substrate (SiO2, 1.38Wm−1 K−1), air
(0.0263Wm−1 K−1) and blend of precursor (ZnO, 21Wm−1 K−1) and
polymer (high-density polymer 0.33Wm−1 K−1) [32]. The MOWs
collapsed vertically and therefore became hillock-shaped after calci-
nation, with a width similar to that of the precursor/polymer blended
wires. The precursor domains as separated by the polymer binders
convert to longitudinal domains of MO during calcination.
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3.3. MOW field-effect transistors

To investigate the applicability of our MOWs in electronic devices,
MOWFETs were fabricated. In this series of experiments, all calcination
was conducted at 450 °C under O2 ambient for 1 h. The MOWFETs of
various MOWs share the same top-contact bottom-gated geometry with
the channel length defined as 50 µm by a shadow mask between Au
source and drain electrodes (Fig. 3a). We also quantified how the
electrical characteristics and operation stability of MOWs were im-
proved by adding MO NPs or metallic dopants such as In and Ga to the
MOWs. For example, the electrical characteristics of MOW transistors
using pure ZnO, ZnO with additive NPs, IZO, or indium gallium zinc
oxide (IGZO) wires as active channels were compared (Fig. 3b and Fig.
S8). In the following section, we discuss these strategies, which defi-
nitely increase μ and electrical stability of MOWFETs. We will also
comment on the relationship between structure and electrical char-
acteristics, which can be exploited to design and control MOWFETs.

Pure ZnO-based MOWFETs had a relatively low μ=0.005 cm2 V−1

s−1 (Fig. S8a,b) due to the large number of grain boundaries between
the nanogranular crystallites, but it was increased by two orders of

magnitude (0.457 cm2 V−1 s−1) by addition of ZnO NPs (Fig. S8c,d).
This increase occurs because addition of ZnO NPs improves the crys-
tallinity and electrical conductivity of ZnO NWs (Fig. S8a-d and S9)
[33]. For comparative analysis, pure ZnO and NPs-added ZnO thin films
were produced from the same printing solutions of each MOW. XRD
patterns showed that the pure ZnO film became crystalline with a clear
(002) peak when calcined at TC> 450 °C (Fig. S9a), whereas TC
=400 °C is high enough to induce clear peak in the NP-incorporated
film (Fig. S9b). At TC =500 °C, the NPs-doped film had sharper peaks
than the pure ZnO film. This result demonstrates that the addition of
NPs can improve the crystallinity of the film if other conditions that
may affect the crystallinity phase (e.g., annealing condition) are fixed.
X-ray photoelectron spectroscopy (XPS) was used to analyze the ele-
mental stoichiometry and oxygen vacancies of ZnO thin films [34–36].
Various TC were applied to relevant samples to determine the effect of
additive NPs on composition changes. ZnO films and NP-added ZnO
films were annealed at different TC then their O1s core levels were
compared in XPS spectra (Fig. S10a,b). Individual O1s peak were de-
convoluted using a combination of Lorentzian-Gaussian functions to
generate three distinct peaks. A binding-energy peak centered at

Fig. 2. SEM, OM, and HR-TEM images of various MO NWs. (a) ZnO NW, (b) SnO2 NW, (c) In2O3 NW, and (d) WO3 NW (Left: as-printed precursor/polymer wire;
Right: calcined wire). (e) OM image of aligned ZnO NWs. SEM images of (f) two parallel ZnO NWs, (g) perpendicularly aligned ZnO NWs, and (h) a wavy shaped ZnO
NW. (i) HR-TEM (left) and EDS mapping of IZO wire (right, up). Selected areas in (i) indicate the In2O3 (green) and ZnO (red) nanometer crystallines, respectively
(right, down). EDS mapping of the selected regions in (i), for (j) In2O3 and (k) ZnO nanocrystallites at higher magnification (Insets: FFT images that provide
diffraction pattern information of relevant crystal structures.).
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530.2 eV is assigned to O atoms surrounded by Zn atoms in a hexagonal
wurzite structure (OM) [34–36]. A peak centered at ~531.4 eV is as-
signed to O atoms in the oxygen-deficient regions (OVAC) [34–36]. The
peak centered at ~532.3 eV corresponds to interstitial O atoms (OOH) or
surface oxygen in form of -OH groups [34–36]. As TC increases, the
number of OOH decreased slightly and the ratio OM/OVAC increased
(Fig. S10c,d); this trend indicates a suppression of the oxygen vacancies
and an increase in crystallinity (Fig. S10e,f). At all fixed calcination TC,
OM/OVAC was higher in all calcined NPs-added ZnO films than in ZnO
films, e.g., at 450 °C, OM/OVAC ratio was 1.15 in NPs-added ZnO and
1.07 in ZnO films [35,36]. Crystallinity of the MO film increased as OM/
OVAC increased, so addition of ZnO NPs improved crystallinity and
consequently increased μ. This observation is consistent with the

crystallinity and electrical properties of the ZnO and NPs-added ZnO
wires.

Another way to increase μ and electrical stability of MOWFETs is to
add other metallic elements to form alloy MO. Alloy ZnO wires, such as
IZO and IGZO wires, which have good μ and electrical stability, were
evaluated in a transistor structure. Addition of In increased the field-
effect μ (Fig. 3b) by> 20 times from 0.457 cm2 V−1 s−1 (ZnO NPs-
added ZnO wire) to 12.47 cm2 V−1 s−1 (IZO wire), and by> 2000
times in comparison with the pure ZnO wire FET (Fig. S8a-d). Further
addition of In2O3 NPs into IZO wires induces high crystallinity at re-
latively low TC (Fig. S11).

The MOWFET transfer characteristics were analyzed by varying
solution compositions of precursors (In, Zn and Ga), solution

Fig. 3. (a) Schematic, images and electrical characteristics of various MOWFETs. (a) Schematic illustration of a MOWFET on 300 nm-SiO2-covered highly doped
silicon wafer as a gate insulator. (b) Transfer characteristics of an IZO NW transistor. (c) Transfer characteristics of an all-MOWFET using IZO NW (added In2O3 NPs)
as the semiconducting channel and In2O3 NWs as source and drain electrodes (Inset: a SEM image of an all-MOWFET). (d) A photograph of 144 MOWFETs on a 4-in.
wafer. (e) Transfer characteristics of a fully transparent MOW transistor (Inset: Schematic illustration of a transparent MOWFET on glass substrate). (f) UV–Vis
spectra as a measure of transmittance of glass, glass/ITO, glass/ITO/Alumina/IZO NW, glass/ITO/Alumina/PEDOT electrodes and the finally made transparent
device (Inset: a photograph of fully transparent MOW transistor arrays on glass substrate).
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Fig. 4. Schematic and electrical responses of ZnO wire-based artificial synaptic transistor. (a) Schematic illustration and (b) transfer characteristics of highly-aligned
ZnO NW synaptic transistor. (c) Excitatory postsynaptic current (EPSC) characteristics of ZnO NW synaptic transistor with single and double positive gate voltage
spikes (VG = 2V, VD = 0.5 V). (d) Paired-pulse facilitation (A2/A1) of ZnO NW synaptic transistor with different spike-to-spike intervals (Δt). Maximum EPSC of ZnO
NW synaptic transistor according to (e) spike frequency and (f) spike durations. (g) EPSC of ZnO NW synaptic transistor with consecutive 50 spikes.
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concentrations of a sacrificial polymer (PVAc or PVP), and TC. The ef-
fect of In/Zn molar ratio affected the electrical properties of the IZO
wire transistors (Fig. S12). As In inclusion ratio increased, the ‘on’
current increased and the threshold voltages Vth shifted negatively (Fig.
S12a). These changes can be attributed to increased charge-carrier
concentrations as the In faction increases. The average field-effect μ was
increased by> 2000 times as the fraction of In in IZO-microwire-based
transistors increased (Fig. S12b); a similar trend was also observed in
the IZO-NW-based transistor (Fig. S12c). Because the conduction band
in the amorphous oxide semiconductor is composed of the unoccupied
s-orbitals of a metal cation, In with large s-orbital overlap would allow
for high electron μ [37]. As a result, the numbers of oxygen vacancies
and interstitials are greatly increased and act as donors. Therefore, both
‘on’ current and field-effect μ strongly increased as In molar ratio in-
creased (Fig. S12b,c). Additionally, excess In atoms aggregate more
readily than they link to other atoms in the IZO structure, and thereby
increase the number of conducting pathways for electrons and ulti-
mately increase μ [38].

In contrast, addition of Ga suppressed both the ‘on’ current and the
‘off’ current, because Ga bonds more strongly with O than with Zn and
In ions. Therefore, the presence of Ga ions decreased the generation of
carriers by reducing the formation of oxygen vacancies [38–40].
Oxygen vacancies act not only as charge-carrier suppliers that con-
tributed to current flow, but also as electron trap sites to induce in-
stability of electrical characteristics. Therefore, addition of Ga ions
strongly increased the electrical stability of the IZO. Electrical stability
of IGZO wire transistors with various Ga fractions were evaluated by
applying a continuous gate bias stress of Vg = 40 V for 10000 s (Fig.
S13). The Vth shift and on-current variation stabilized after 6000 s in the
IGZO (Ga fraction 20%) NW transistor, and became negligible after that
time. The significantly improved stability of the IGZO wire transistor
under bias stress may be due to reduction in the number of trap sites.
Although addition of Ga reduces the ‘on’ current and μ of IZO, addition
of Ga is an effective way to stabilize IZO's electrical properties; this
stability is critical in practical applications. XRD patterns of the solution
processed IGZO wire revealed an amorphous phase at various TC (Fig.
S13f), as reported previously [38].

To realize future electronic textile and transparent nanoelectronics,
development of all-MOWFETs may be an essential step. All-MOWFETs
were fabricated using IZO NW with added In2O3 NPs as the semi-
conducting channel, and In2O3 NWs as source/drain electrodes
(Fig. 3c). IZO NWs (with added In2O3 NPs) and In2O3 NWs had widths
of 180 nm and 185 nm (Fig. 3c, inset), respectively. Channel length
(82 µm) is defined by the distance between In2O3 NWs. A high field-
effect μ=17.67 cm2 V−1 s−1 was obtained in this device; the im-
provement may be due to the compositional homogeneity between the
semiconductor (IZO) and electrodes (In2O3). The use of MO electrodes
reduces contact resistance, because they have a lower energy barrier
than do metal electrodes, and therefore increase charge carrier flow at
the interfaces between the active channel and the electrodes [41]. To
demonstrate the feasibility of scalable production of MOWs, arrays of
144 MOWFETs were fabricated on a 4-in. wafer (Fig. 3d).

Good transmittance of visible light is one of the most important
properties of MOWs; consequently they are suitable for use in trans-
parent electronics. For demonstration, we fabricated MOW-based
transparent transistor arrays using ITO-coated glass as a substrate, 30-
nm-thick alumina (Al2O3) as gate insulator, IZO NWs as a semi-
conducting channel, and a conducting polymer (perfluorinated io-
nomer-doped poly(etheylenedioxythiophene):poly(styrene sulfonate))
(PEDOT:PSS:PFI) as transparent source and drain electrodes (Fig. 3e).
Conductive lines of transparent PEDOT:PSS:PFI were also drawn using
our e-NW printer; this tactic avoids the use of non-transparent metal
(e.g., Ag, Au) electrodes. These transistors had reasonable electrical
characteristics (Fig. 3e). Laying additional layers on glass caused no
obvious decrease in its transparency (Fig. 3f and Fig. S14).

3.4. ZnO NW-based artificial synapses

Neuromorphic electronics has been emerging as a promising alter-
native to the conventional von Neumann computing system by mi-
micking massively-parallel connections and synaptic memory functions
of biological neurons and synapses of a brain [42–45]. MO based-arti-
ficial synapses are highlighted as viable units rendering neuromorphic
devices based on simple structures and low power consumptions [44].
Three-terminal geometric electrolyte-gated MO transistors have emu-
lated diverse synaptic responses including short-term and long-term
plasticity, thereby showed promising features for brain-inspired elec-
tronics [45,46]. In addition, solution-processed nanoscale synaptic
transistor array would facilitate low-cost fabrication and high-density
device integration [42]. Artificial synaptic transistors that generated
biomimetic synaptic memory responses were fabricated using a ZnO
NW array as an active material (Fig. 4). Ion-gel dielectric ([EMIM]
[TFSI] and PS-PMMA-PS) was used to emulate a biological synaptic
cleft that transmits neurotransmitters between neurons according to
presynaptic action potentials (Fig. 4a). The anions in the ion gel are
driven to the surface of the semiconductor by a presynaptic positive
voltage spike applied to the gate electrode, and form a temporary
electric double layer (EDL) at the interface between the ion gel and the
semiconductors (Fig. 4a). Consecutively applied presynaptic voltage
spikes separated by short time intervals (Δt) gradually increase the
number of anions accumulated at the EDL; as a result the density of
carriers in the semiconductor gradually increase, and generate po-
tentiated (i.e., amplified) postsynaptic current responses. After gate
voltage spikes are discontinued, the accumulated anions diffuse back
into the ion-gel medium and form an equilibrium state, so the post-
synaptic current rapidly decay to the original baseline [45,47]. In
contrast, an ion gel doped with a small amount of moisture can not only
form additional an EDL with protons (H+) and hydroxyl (OH-) groups
but also chemisorb the protons to the MO surface [46,48]. This hy-
drogenation reaction can induce nonvolatile memory properties of MO
channels [46,48]. Because our ZnO NW is polycrystalline, it has both
Zn- and O-terminated faces. A positive gate voltage causes the protons
moving to the ZnO semiconductor surface, and protons can be adsorbed
on the O-terminated surface (Fig. 4a) [48]. We exposed the device to air
to dope the ion gel with a small amount of moisture. In transfer char-
acteristics, the device showed a large counterclockwise hysteresis
(Fig. 4b), similar to the previously-reported ZnO device that had a
moisture-doped ion gel [48].

An excitatory postsynaptic current (EPSC) characteristic of a ZnO
NW-based artificial synapse device was measured with a gate voltage
spike =2 V and drain voltage = 0.5 V (Fig. 4c). After two consecutive
spikes separated by short Δt, second EPSC was stronger than the first
EPSC (Fig. 4c), because the second spike drove additional ions to the
ZnO NW before the ions accumulated during the first spike began to
diffuse back into the gel. As Δt was decreased from 640 to 80ms, the
back diffusion of the ions accumulated by the first spike became in-
creasingly incomplete, so it yielded an increase in the EPSC induced by
the second spike (Fig. 4d). This paired-pulse facilitation (PPF) response
is related to short-term synaptic plasticity (i.e., memory), and its pre-
sence indicates that our ZnO NW-based artificial synaptic transistors
can be used as synaptic memory for simple learning and information
processing. Similarly, the maximum EPSC increased as the frequency of
the spike increased (Fig. 4e). As the duration of a single spike was in-
creased, the maximum EPSC increased because the accumulation of
anions on the semiconductor surface increased (Fig. 4f). EPSC was
discretely increased by a large number of repeated spikes (50 times)
(Fig. 4g). After spikes, EPSC rapidly decreased, but remained higher
than the original EPSC for a few tens of seconds (Fig. 4g). This effect
may occur because the cations that formed the EDL rapidly diffuse back
into the gel after the spikes cease, whereas the chemically-adsorbed
protons on the MO surface escape slowly. These results are similar to
the doping effect of organic semiconductors with an ion-gel dielectric,
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which resulted in long-term plasticity in the device's response [42,43],
although ZnO is ion-impermeable semiconductor [49]. Also, the sy-
naptic responses e.g., short-term and long-term plasticity would be
improved by using a proton-based electrolyte based on easy migration
and chemical adsorption of protons on ZnO NW surface.

3.5. ZnO NW-based gas sensors

Chemoresistive gas sensors based on semiconducting MO nanos-
tructures have the advantages of high sensitivity, low cost, and small
size [50,51]. Among various nanostructures, 1D NWs have been re-
garded as promising candidates due to their large surface-to-volume
ratio, which enhances the utility factor of the sensor [52–55]. The
utility factor, one of the three basic factors (utility factor, transducer
function, and receptor function) affecting sensing properties, is related
to the ability of diffusing gas molecules to active areas of the sensors
[54,55]. The wired structure maximizes the utility factor resulting in
high sensing characteristics. In addition, surface space charge layers
formed on the surface of individual nanograins in 1D ZnO NWs induce
gas-dependent barriers for conduction electrons to across the grain
boundaries, leading to effective transduction of the surface adsorption
of gas molecules into an electrical resistance change of the sensor
(transducer function) [54]. To see the effects of nanowire structure on
sensing properties, we prepared ZnO wire and thin film gas sensors with
the same thickness (~400 nm) by using the same precursor solution
(Fig. 5), and measured gas responses to nitrogen dioxide (NO2) and
ethanol (C2H5OH) in ambient atmosphere. For n-type semiconducting
MOs, negative-charged oxygen species are adsorbed on the surface of
MOs under ambient air. The pre-adsorbed oxygen species on the surface

possess and trap electrons at the surface. After exposure to a reducing
gas such as CO, the reducing gas is oxidized by the ionosorbed oxygen,
O-. In the case of CO, it becomes CO2. According to the reactions, re-
ducing gases decrease the surface oxygen concentration and donate
electrons back into the MO; as a result its resistance decreases. Opposite
reactions are observed with oxidizing gases such as NO2 [56,57]. Dy-
namic sensing transients of ZnO wires and thin film sensors to NO2 and
C2H5OH were measured (Fig. 5b). The responses were defined here as
Rg/Ra for the oxidizing gas (NO2) and Ra/Rg for the reducing gas
(C2H5OH) where Ra is the resistance of the sensor in dry air, and Rg is
the resistance of the sensor after exposure to the test gas. The ZnO wire
sensor exhibited a high response of 79.5 ± 39.4 (maximum response
= 143.9) to NO2, whereas the response of a ZnO thin film was as low as
2. The ZnO wires responded much faster (67 s) than did ZnO thin films
(287 s). Also, the ZnO wire sensor recovered rapidly (~90 s) (Table S1).
These sensitive gas-sensing properties of the ZnO wire sensor are at-
tributed to the longitudinal nanostructured domain structure of MOWs,
which probably ensures very large surface-to-volume ratio, which in
turn facilitates fast mass transfer of gas molecules to and from the in-
teraction regions, and significantly increases surface interactions be-
tween adsorbed molecules and MOs. To evaluate the detection limit of
the ZnO wire sensor to NO2, we measured the responses of the sensor to
1–5 ppm NO2 (Fig. 5c). The responses of the ZnO sensor were 44, 63,
78, 96, and 117–1, 2, 3, 4, and 5 ppm NO2, respectively. Although the
experimentally examined lowest NO2 concentration was 1 ppm in the
present study, the theoretical detection limit was calculated to be ap-
proximately 53.5 ppt (Fig. 5d) [58]. These results suggest that our ZnO
wires with high surface-to-volume ratio and porous nanostructures
provide a good opportunity to increase the response of gas sensors.

Fig. 5. Schematic and electrical responses of a ZnO wire-based gas sensor. (a) Schematic illustration of highly-aligned ZnO wires gas sensor. (b) Resistance change of
the ZnO wire sensor and sputtered-ZnO thin film sensor in response to NO2 and C2H5OH. (c) Response of the ZnO wire sensor to NO2 at different concentrations
ranging from 1 ppm to 5 ppm. (d) Linear fit of the responses as a function of NO2 concentration.
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4. Conclusion

We have reported a large-scale direct-printed nanoscale metal-
oxide-wire (MOW) electronics with highly-aligned and arbitrarily-long
MOW arrays with individually controlled positioning and alignment on
the large area. The presented nanoscale MOW printing strategy shows
that highly-controlled MOWs hold a significant promise in universal
state-of-the art electronics. The printing process is simple, rapid, in-
expensive, digitally-controlled and scalable, and is applicable to fabri-
cation of a broad classes of pristine or doped MOWs and MOW alloys.
To prove the feasibility of our approach, we demonstrated various na-
noscale MOW applications. The fully-transparent all-MOW field-effect
transistors (FETs) showed a high carrier mobility μ=17.67 cm2 V−1

s−1 with high transmittance, and are therefore promising for use in
transparent devices. MOW synaptic transistors showed potential ap-
plicability as nanoscale neuromorphic memory that mimics biological
synaptic responses. MOW gas sensors had high response to NO2 gas, so
feasible for use in sensitive chemical and biological sensors. Our results
demonstrate the technical validity and potential of our direct-printed
MOW arrays in fabricating future large-scale highly-integrated na-
noscale MOW electronics and provide critical insight and avenue for the
viable development of large-scale MOW electronics for future needs in
consumer electronics industries.
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