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From conductor to semiconductor: Diameter tuning of electrospun ITO

nanowire for low-cost electronics
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ABSTRACT Constructing a semiconducting channel and
electrodes using an identical material is a reliable method to
fabricate low-cost, high-performance transistors. Wide-band-
gap metal oxide semiconductors (MOSs) have been widely
applied in various circuits. However, it is still a challenge to
make low-cost transistors with a channel and electrodes based
on identical MOSs. Here, we applied an electrospinning
technique coupled with a nanowire transfer technique to
fabricate high-performance, electrical-biased transistors with
a one-dimensional indium tin oxide (ITO) nanowire, used as
the semiconducting channel and the conducting source/drain
(S/D) electrodes. The transition from a regular-conducting
ITO to the newly-designed semiconducting ITO was achieved
by tuning the needle diameter of the electrospinning nozzle.
This method can be extended to the construction of future
flexible and transparent transistors with both a channel and S/
D electrodes.

Keywords: field-effect transistor, nanowire, electrospinning,
low-dimension, lost-cost

INTRODUCTION
Transistors hold the key to constructing a constellation of cir-
cuits in the modern semiconductor industry [1,2], and this
dominance is especially pronounced in the currently accelerat-
ing use of artificial intelligence [3,4], for which the flexibility and
transparency of active materials are among the vital pre-
requisites for wearable electronics and embodied intelligence
[5,6]. In this regard, wide-bandgap metal oxide semiconductors
(MOSs) have been widely applied in a variety of flexible circuits
for computing, transparent large-area electronics for interactive
displays, transparent solar cells for power, and so on [7,8].
Among the plethora of MOSs, indium tin oxide (ITO) is
unique in its aspects of large conductivity and high transparency
[9-11], as well as its capability to transform from a conductor to
a semiconductor [12-14]. This conductor-semiconductor tran-
sition is particularly valuable in devising a transistor config-
uration with active semiconducting materials and electrodes
through a solely identical fabrication process with low-cost
potential. Li et al. [15] reported on short-channel, active tran-
sistors using ultra-thin 4-nm ITO thin films as active semi-
conducting materials, from which they constructed high-

performance logic inverters. However, the heavily involved ITO
sputtering technique limited the potential of low-cost fabrication
of the ITO-based transistors [15]. Afterwards, Si el al. [16]
combined the ITO sputtering process with a wet-etching tech-
nique to obtain recessed, 1-nm ITOs as semiconductors com-
bined with the originally sputtered ITO as source/drain (S/D)
electrodes. Although this fine tuning of the ITO thickness
demonstrated the potential for an ultra-small transistor config-
uration with a thin semiconductor channel and dielectric for
high-speed calculation, the disadvantages of this complicated
sputtering-etching fabrication process outweigh the benefits of
the superior calculating capability [16], especially for certain
low-power display applications in which a low cost is desirable
[17-19]. Atomic layer deposition (ALD) is another complicated
method to construct ITO-based transistors, yet the fine tuning of
the indium/tin ratio can be obtained by more ideal, low-cost
fabrication techniques [20].

Apart from the aforementioned conductor-to-semiconductor
transition achieved via two-dimensional (2D) ITO or ITO thin
films, no literature have been devoted to exploring 1D ITOs for
conductor-to-semiconductor transitions via low-cost 1D mate-
rial fabrication processes, despite various advantages of 1D nano
configurations, e.g., the ultra-high surface-to-volume ratio and
superior charge carrier transport characteristics [21-25]. Our
group has previously developed a 1D nanowire MOS fabrication
process combining low-cost electrospinning and a facile nano-
wire transfer technique by which we have fabricated high-per-
formance ultraviolet phototransistors [26,27] and electrical- and
optical-driven artificial synaptic transistors [28-31]. However,
the MOSs implemented in those studies were utilized as semi-
conducting materials without a consideration of constructing a
combination of transistor channel and S/D electrodes using one
simple identical fabrication process.

In this work, we applied the electrospinning technique cou-
pled with the nanowire transfer technique to fabricate high-
performance, electrical-biased transistors with 1D ITO nano-
wire, producing both a semiconducting channel and the con-
ducting S/D electrodes. The transition from a regular
conducting ITO to the newly-designed semiconducting ITO has
been achieved by meticulously adjusting the needle diameter of
the electrospinning nozzle. When the needle diameter is
0.11 mm, the ITO-0.11 field-effect transistors (FETs) have
superior electrical characteristics with an optimal on/off current
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ratio (Ion/Iorr) of 2 x 10° and a small threshold voltage (Vy,) of
0.6 V. The resistor-loaded inverters based on the ITO-0.11 FETs
have exhibited full swing output properties, and a suitable vol-
tage gain of 3.5 at a supply voltage of 4 V. Additionally, an n-
type MOS (NMOS) circuit was fabricated based on a depletion-
mode (D-mode) ITO-0.21 and enhancement-mode (E-mode)
ITO-0.11 FETs as load and drive devices to improve the gain of
the inverter, with a relatively high gain (8.6) obtained. This work
provides an efficient method to construct future flexible and
transparent transistors with both a channel and S/D electrodes
using the same simple fabrication process.

EXPERIMENTAL SECTION

Preparation of precursor solution

Indium nitrate (In(NO3);-xH,0, 0.135 g, 99.9%, Aladdin), stan-
nous chloride (SnClL-2H,0, 0.011 g, 98%, Aladdin) and poly-
vinyl pyrrolidone (PVP, 0.8 g, 1,300,000 g mol™', Aladdin) were
dissolved into 5mL of N,N-dimethylformamide (C;H,;NO,
Aladdin). The initial solution was stirred at room temperature
for 12 h to form a viscous ITO precursor solution.

Device fabrication

Firstly, the heavily doped p-type Si substrates were thoroughly
cleaned in deionized water, acetone and ethanol in turn. Next,
the ITO nanowires were fabricated via an electrospinning
method by needles with inner diameters of 0.34, 0.21, 0.11 and
0.08 mm, respectively. The direct-current voltage was 15 kV and
the flow rate was kept at 0.006 mL min~'. Parallel nanowires
were obtained on the metal collector. This was followed by a
transfer method in which the prepared ITO nanowires were
uniformly distributed onto a Si/SiO, substrate. Afterwards, the
ITO nanowires as S/D electrodes were prepared through the
electrospinning method using a shadow mask (width/length =
3000/100 um). Finally, the nanowires were heated at 150°C for
10 min and treated with ultraviolet (UV) irradiation for 40 min
to enhance the nanowire adhesion with the substrate. To com-
pletely remove the organic residues, the ITO nanowires were
annealed at 500°C for 2 h.

Material and electrical characterization

The surface morphology and crystal structure of the nanowires
were characterized using a combination of X-ray diffraction
(XRD, Rigaku D/max-rB), scanning electron microscopy (SEM,
Nova Nano SEM450, 15 kV), transmission electron microscopy
(TEM, JEOL JEM 2100F, operated at 200 kV) and high-resolu-
tion TEM (HRTEM, JEOL JEM 2100F, operated at 200 kV). The
composition and elemental distributions of the nanowires were
analyzed using selected-area electron diffraction (SAED, JEOL
JEM 2100F, operated at 200 kV). The optical characterizations
were tested with a Shimadzu UV-visible spectrophotometer
(UV-3600). The electrical properties of the fabricated FET's were
measured under environmental conditions via a parametric
analyzer (Keithley B2912A).

RESULTS AND DISCUSSION
Operation mechanism
Fig. la demonstrates the preparation process of the all-nano-

wire-based ITO FETs made by the electrospinning method.
Importantly, both the channel and electrode regions of the FET's
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are comprised of ITO nanowires. The best electrical properties
of the produced ITO FETs were obtained through adjusting the
needle diameter of the electrospinning equipment, and varying
the orientation of the obtained nanowires. The preparation
process was mainly divided into two steps. First, we designed
metal sheets as parallel nanowire collectors, and ITO nanowires
with needle diameters of 0.11 mm (ITO-0.11) produced in a
quasi-parallel direction above the collector under the biasing of
an electric field. The prepared ITO-0.11 nanowires were then
homogeneously distributed on the Si/SiO, substrate via a simple
transfer method. Second, ITO nanowires were fabricated as the
source and drain electrodes of FETs, in which the ITO-0.34
nanowires were uniformly distributed in the semiconductor
region by a shadow mask. The configuration of the all-nanowire-
based ITO FETs is pictured in the optical photograph shown in
the inset of Fig. 1a.

The ITO exhibits n-type semiconducting characteristics in
which the tin atoms act as cationic dopants to replace the
indium positions in the In,Os; lattice, thereby further increasing
the number of charge carriers with subsequent high conductivity
[32]. As a result, the ITO is generally not suitable for the channel
layer of FETs. In this context, we have successfully transformed
the ITO from conductor to semiconductor via regulation of the
needle diameter of the electrospinning device. As illustrated in
Fig. 1b, the diameter and grain size of ITO nanowires decline
with the decrease of needle diameters, which can lead to two
important implications. First, a quantum size effect appears in
the ITO-0.11 nanowires due to a grain size less than 10 nm,
which further increases the band gap [33]. The additional energy
required for the electrons to be driven from the valence band to
the conduction band distinctly lowers the charge carrier con-
centration. Second, the smaller grain size results in a larger
density of grain boundaries (the inset of Fig. 1b), and the atomic
structure at the grain boundary produces more grain boundary
defects [34]. Therefore, the free electrons will be trapped and
create an electrical potential at the grain boundary, which
impedes the transport of charge carriers in the ITO nanowires
resulting in the reduction of carrier mobility. Regarding the
variation in grain size, at certain annealing temperatures, the
grain size of the ITO nanowires constantly increases due to
numerous small grains aggregating into larger grains [35]. With
increased nanowire diameter, the spaces where small grains form
can be further increased [36]. Consequently, the large-scale
aggregation of small grains can lead to larger grains, which
facilitates the crystallization of the ITO nanowires.

Nanowire morphology

Fig. 2a illustrates the optical image of parallel ITO nanowires in
the channel region. Macroscopically continuous and relatively
consistent orientations are observed within the ITO nanowire
arrays. We also adopted the electrospinning method to construct
the ITO electrodes. As depicted in Fig. 2b, the nanowires in the
electrode region of the ITO FETs are relatively uniform and very
dense. In order to fully evaluate the diameters and grain sizes of
the nanowires at different needle diameters, TEM was con-
ducted. As demonstrated in Fig. 2¢, the diameter and grain size
of the ITO-0.11 nanowire are 66 and 8 nm, respectively. Fig. S1
shows that the diameters of the ITO-0.08, ITO-0.21, and ITO-
0.34 nanowires are 57, 78 and 102 nm, and the corresponding
grain size are 5, 12 and 17 nm, respectively. Based on the sta-
tistics of 60 nanowires from each sample, Fig. S2 illustrates that
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(a) Schematic illustration of the electrospinning method to fabricate transistors with both semiconductors and electrodes consisting of ITO

nanowires. The inset presents an exemplified all-nanowire-based ITO FET. (b) Variation of band gap corresponding to different needle diameters. The inset in
the up-right corner demonstrates the decrease of grain size as the nanowire diameter decreases.

the average diameters are 57 + 3, 66 + 4, 78 + 3 and 102 + 3 nm
for the ITO-0.08, ITO-0.11, ITO-0.21 and ITO-0.34 nanowires,
respectively. As shown in Fig. S3, the average grain sizes of the
nanowires are 5 + 2, 8 + 2, 12 + 3 and 17 + 4 nm corresponding
to the ITO-0.08, ITO-0.11, ITO-0.21 and ITO-0.34 nanowires,
respectively. The grain size of the ITO nanowires diminished
with further decreasing needle diameters, which introduced
more grain boundaries, thus blocking the transmission of charge
carriers [37].

XRD was conducted to evaluate the crystallinity of the ITO
nanowires with different needle diameters. Fig. S4 shows the
XRD patterns of the ITO nanowires with needle diameters of
0.34, 0.21, 0.11 and 0.08 mm, respectively. Obvious diffraction
peaks appeared in the XRD diffraction patterns of all ITO
nanowires, and the main diffraction peaks of (222), (400), (440)
and (622) planes are consistent with the cubic phase of In,O;
(PDF#06-0416). All the samples exhibit a strong characteristic
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peak of (222), which belongs to the cubic In,O; phase. Fur-
thermore, due to the low proportion of tin in the ITO nano-
wires, the diffraction peaks for SnO, are not observed in the
XRD pattern. All these results demonstrate that the ITO nano-
wires possess superior crystallinity under different needle dia-
meters.

The detailed structure of the ITO-0.11 nanowire is shown in
Fig. 2d, which is continuous with a straight and relatively coarse
surface. In the electron diffraction pattern (Fig. 2e), the non-
consecutive diffraction rings indicate the polycrystalline prop-
erties of the ITO nanowires. As presented in Fig. 2f, the HRTEM
image further determines the crystallinity of prepared ITO
nanowires in which the interplanar spacing of 0.27 and 0.25 nm
correspond to the (321) and (400) planes. These match the
properties of a cubic In,O; lattice. In addition, the elemental
distribution and composition of the ITO nanowires were con-
firmed using energy dispersive X-ray spectroscopy (EDS) map-

4447



ARTICLES

SCIENCE CHINA Materials

Figure 2 Optical images of (a) ITO nanowire arrays and (b) ITO electrode. (¢, d) TEM images of single ITO-0.11 nanowire. (e¢) SAED of the ITO-0.11
nanowire. (f) HRTEM images of the ITO-0.11 nanowire. (g) Corresponding EDS elemental mapping.

ping. Fig. 2g demonstrates that all the In, Sn, and O atoms are
homogeneously distributed in the nanowires, and proves that
high-quality nanowires can be achieved by using the appropriate
needle diameter.

Electrical performance

We carried out UV-visible spectrophotometry to analyze the
bandgap changes of the ITO nanowires fabricated via varing the
needle diameters of 0.34, 0.21, 0.11 and 0.08 mm, respectively.
The optical absorption spectra of all the fabricated ITO nano-
wires are displayed in Fig. 3a. Fig. 3b illustrates the corre-
sponding (Ahv)"2-(hv) curves, where A is the absorption, h is
the Planck constant, and v is the incident photon frequency. And
the bandgaps of 3.63, 3.75, 3.81 and 3.87 eV correspond to ITO-
0.34, ITO-0.21, ITO-0.11 and ITO-0.08 nanowires, respectively.
The bandgap of the ITO nanowires increases with decreased
needle diameters because of the quantum size effect in the ITO
nanowires. With the augmentation of the bandgap, more exci-
tation energy is needed for the electrons to jump from the
valence band to the conduction band, leading to a reduction in
the on-current and off-current of the ITO FETs.

In order to investigate the influence of ITO FETs with dif-
ferent needle diameters on the electrical performance, we ana-
lyzed the transfer curves. As demonstrated in Fig. 4a, all devices
exhibit n-type conductive behavior. The transfer curve of the
ITO-0.34 FETs shows a large on-current (Iox) of 1 x 10™* A and
off-current (Ior) of 8 x 107 A, which leads to a lower Ion/Iore
ratio and negative threshold voltage (Vry). Owing to the larger
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grain size of ITO-0.34 nanowires, the smaller band gap facilitates
the electrons jumping from valence band maximum to con-
duction band minimum, resulting in an increase in carrier
concentration. However, the Iox and Iopr gradually decreases
with decreasing needle diameters, and the best performance of
the ITO FETs was achieved when the needle diameter was
0.11 mm with a corresponding Iox and Iopr of 4 x 107> and
2 x 107! A, respectively. The grain size of the ITO-0.11 nano-
wires is around 8 nm, which results in further widening of the
band gap due to the quantum size effect. Therefore, the number
of electrons in the conduction band gradually declines. When
the needle diameter is reduced to 0.08 mm, the average grain
size of ITO-0.08 nanowires is 5nm, and the influence of
quantum size effect is more pronounced, leading to a further
decreased Ioy and Iopr. All these results indicate that the simple
electrospinning method can not only transform the ITO from a
conductor to a semiconductor, but also obtain the best electrical
properties by adjusting the needle diameters.

As illustrated in Fig. 4b, the corresponding Vry of the ITO
FETs gradually shifts from —7 to 9V as the needle diameter
decreases. The operating mode of the device successfully changes
from D-mode to E-mode. Moreover, the optimal Vry (0.6 V)
can be obtained when the needle diameter is 0.11 mm. These
results show that the carrier concentration of the ITO FETs can
be controlled by changing the needle diameters. The output
curve of the ITO-0.11 FETs is provided in Fig. 4c, revealing clear
linear-saturation regions and n-type conduction behavior. In
addition, the output curves of the ITO-0.08, ITO-0.21 and ITO-
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Figure 3 (a) Absorption spectra of ITO nanowires corresponding to different needle diameters. (b) Corresponding (Ahv)'*~(hv) curves.
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Figure 4 (a) Transfer curves of ITO FETs with needle diameters of 0.34, 0.21, 0.11 and 0.08 mm, respectively. (b) Corresponding Vry obtained from the
transfer characteristics. (c) Output curves of ITO-0.11 FET. Averaged Ion/Iorr ratio (d), and Vg (e) of ITO FETs corresponding to different needle diameters.
(f) Transfer curves of ITO-0.11 FETs at different cycle measurements.
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0.34 FETs are presented in Fig. S5a-c, demonstrating that the
nanowires between the electrode and the channel district exhibit
good contact.

To investigate the accuracy of the electrical performance, the
Ion/Iorr and Vry of the ITO FETs based on different samples
have been considered to make error bars. As shown in Fig. 4d, e,
the optimal Ion/Iopr and Viy of the ITO-0.11 FETs were
obtained, and the corresponding value are 2.4 x 10% and 0.8V,
respectively. Furthermore, relatively small error ranges are pre-
sent in the ITO-0.11 FETs. We studied the transfer character-
istics of the ITO devices under different cycles (Fig. 4f), and
found that the Ion, Iorr and Vg yield a negligible change, even
after 60 cycles.

The charge carrier mobility (¢) can be calculated according to
the following equation [38]:

w
Ips= (XC#)(VGsf VTH)2’

where W is the effective channel width, L is the channel length,
and Vgs and Ipg represent the gate voltage and drain current,
respectively. C; is the capacitance of the dielectric layer. As
illustrated in Fig. S5d, the carrier mobility has been calculated to
be 0.35, 1.89, 3.58 and 6.67 cm? V™! 57! corresponding to needle
diameters of 0.08, 0.11, 0.21 and 0.34 mm, respectively. The
smaller needle diameters reduce the grain size of the nanowires,
leading to a higher density of grain boundaries, which hinders
the transport of charge carriers.

The leakage current of the ITO transistors is shown in
Fig. S6a. The magnitude of the leakage current is maintained at
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1072 A, which is much lower than Ips under the same Vs
sweeping range. This suggests that the influence of the leakage
current on electrical performance of the transistor is negligible.
Fig. S6b provides the current-voltage (I-V) curve of the ITO
electrode. The current linearly increases in the positive direction
with increased voltage, corresponding to the ohmic law of
conductors.

To further investigate the underlying application of the ITO
FETs in integrated circuit, NOT-gate logic circuit was designed.
As presented in Fig. 5a, they were mainly composed of ITO-0.11
FET and an exterior resistor of 470 k(Q, and the corresponding
structure pattern is shown in Fig. S7. Fig. 5b illustrates the
voltage transfer properties of the logic circuit, in which the full
swing characteristics were fully exhibited under different supply
voltages. The optimal voltage gain (—dVour/dVin) obtained at a
supplied drain voltage (Vpp) of 4 V (Fig. 5¢), corresponds to a
value of 3.5. Furthermore, we tested the dynamic output
response of the inverter by implementing a square-wave input
voltage (5V) with a frequency of 1 Hz. Fig. 5d shows that the
output voltage possesses good inversion characteristics with
short signal delays after changing the input voltage. In order to
further improve the gain of the inverter, we designed an NMOS
circuit to realize the logic function of the inverter, mainly
composed of a D-mode ITO-0.21 load FET and E-mode ITO-
0.11 drive FET. The specific circuit design is shown in Fig. S8a.
Fig. S8b demonstrates the transfer curves of the load and drive
ITO FET, and the inset shows the schematic circuit diagram of
the NMOS inverter. In addition, the voltage transfer curve in
Fig. S8c obviously exhibits the inverse characteristic of the

01 2 3 456 7 8 910
Time (s)

Figure 5 (a) Circuit diagram of the inverter based on ITO-0.11 FET and a resistor of 470 kQ. (b) Voltage transfer properties and (c) the corresponding gains
of the inverter with different supply voltages. (d) Dynamic output response under the square-wave voltage input of 5 V at the frequency of 1 Hz.
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output voltage. Changing the input voltage, a higher gain (8.6)
can be obtained under the interaction of the D-mode and E-
mode ITO FET (Fig. S8d). All of these demonstrate that the
inverter can effectively achieve a transformation of logic signals
(1 and 0) in a digital circuit.

CONCLUSIONS

In conclusion, high-performance, low-cost ITO FETs can be
achieved via a facile one-step electrospinning method. Impor-
tantly, we have successfully transformed the ITO nanowires
from a conducting metal to a semiconductor by adjusting the
needle diameter. When the needle diameter is 0.11 mm, the
ITO-0.11 FETs reveal optimum electrical characteristics,
including an optimal Ion/Iore of 2 x 105, a small Vry of 0.6 V,
and a suitable p of 1.89 cm* V™! s™!. Moreover, resistor-loaded
inverters based on the ITO-0.11 FETs exhibit full swing output
properties, and a voltage gain of 3.5 with a supply voltage of 4 V.
Using a D-mode ITO-0.21 FET to replace the resistor as a load
device, the inverter achieved a higher gain of 8.6 at the same
measurement conditions. This work introduces the promising
potential of ITO FETs for large-scale, low-power electronic
devices.
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