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F
ield effect transistors (FETs), employ-
ing high carrier mobility one-dimen-
sional (1D) semiconducting nanowires

(NWs) or nanofibers, are of great interest for
integrationwithin future nanoelectronic de-
vices, given their unique crystalline struc-
tures, large surface to volume ratios and
distinctive transport characteristics.1�4 In
particular, high density, transparent and
flexible FET devices, utilizing nanowires/fi-
bers, especially optimized for memory and
logic devices,5�7 chemical sensors,8�10 bio-
probes,11�13 or active matrix organic light
emitting diodes (AMOLED)14 have been

successfully demonstrated. However, the
yield of such devices remains low, with pro-
perties exhibiting large standard deviations,
resulting from the 'pick-and-place',2,3,15

nanoimprinting,16 and flow-directed align-
ment methods17 typically utilized in their
production. Multiple nanowire/fiber net-
works, instead of single nanowires/fibers,
promisemore reliable FETdevices andhigher
device yield.18

In most highly integrated, high-density
device applications, elemental materials
such as Si,19 Ge,20 and graphene,21 or binary
compounds such as CdS,2 ZnO,22�24
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ABSTRACT Field effect transistors (FETs), incorporating metal-oxide nanofibers as the

active conductive channel, have the potential for driving the widespread application of

nanowire or nanofiber FETs-based electronics. Here we report on low voltage FETs with

integrated electrospun In2O3�ZnO�ZnGa2O4 composite fiber channel layers and high-K

dielectric (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 gate insulator and compare their performance

against FETs utilizing conductive single phase, polycrystalline ZnO or In2O3 channel layers.

The polycrystalline In2O3�ZnO�ZnGa2O4 composite fibers provide superior performance

with high field effect mobility (∼7.04 cm2V�1s�1), low subthreshold swing (390 mV/dec),

and low threshold voltage (1.0 V) combined with excellent saturation, likely resulting from

the effective blocking of high current-flow through the In2O3 and ZnO nanocrystallites by

the insulating spinel ZnGa2O4 phase. The microstructural evolution of the individual In2O3,

ZnO, and ZnGa2O4 phases in composite fibers is clearly observed by high resolution TEM. A systematic examination of channel area coverage, ranging from

single fiber to over 90% coverage, demonstrates that low coverage results in relatively low current outputs and reduced reproducibility which we attribute

to the difficulty in positioning fibers and fiber length control. On the other hand, those with∼80% coverage exhibited high field effect mobility, high on/off

current ratios (>105), and negligible hysteresis following 15 sweep voltage cycles. A special feature of this work is the application of the FETs to modulate

the properties of complex polycrystalline nanocomposite channels.

KEYWORDS: electrospinning . nanofibers . In�Ga�Zn�O composite-oxide . semiconducting channel . field effect transistors .
high-K gate insulator . low voltage operation
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In2O3,
25,26 and CuO27 have been investigated as the

FET channel material. Here we report a new type of
FET device, prepared by an electrospinning process,
and characterized by (1) a composite (In2O3)�(ZnO)�
(ZnGa2O4) fiber network as the conducting channel, (2)
improved adhesion and alignment of the fibers to the
gate oxide, and the (3) integration of a high-K gate
dielectric. This, as demonstrated below, leads to de-
vices with high field effect mobility, low threshold
voltage and subthreshold swing, and negligible hyster-
esis. Furthermore, it offers a unique opportunity to
examine how the field effect can be used to modulate
the properties of more complex polycrystalline com-
posites.
Electrospinning has been widely used to produce

long continuous organic or inorganic semiconducting
fibers.18,28 Electrospun semiconductor nanofibers offer
flexibility in design of the channel material, efficient
modulation of carriers within the channel, and ease of
scale-up for large area devices. Recent efforts have
demonstrated a practical means for fabricating nano-
fibers as uniaxially aligned arrays, enabling the realiza-
tion of device architectures minimizing carrier scat-
tering.29 Low voltage operating FETs have been
reported utilizing electrospun conjugated polymer
fibers and ion gel gate dielectrics.18 Electrospun metal
oxide nanofibers offer a combination of interesting
characteristics, not shared by organic and/or covalent
semiconducting materials, including high carrier mo-
bility, exceptional chemical and thermal stability and
gas sensitivity. Recently Wu et al. fabricated FETs by
direct assembly of metal oxide nanofibers composed
of ZnO30 or CuO.31 Since the polycrystalline oxide
nanofibers are synthesized via a high temperature
calcination process to remove the polymer matrix,

uneven surface morphology and low density are often
observed, detrimental to FETs properties. Poor inter-
facial adhesion between the metal oxide nanofibers
and gate oxide and difficulty in making reliable elec-
trical contacts to the oxide fibers further increase
the difficulties in achieving adequate and reproducible
field effect performance. In this study, In2O3�
ZnO�ZnGa2O4 composite fibers, containing insulating
ZnGa2O4 nanocrystallites,

32 are introduced, leading to
superior field effect performance. The key issues re-
garding reproducible device performance and inter-
facial contact between the active channel and the gate
oxide layers are addressed by introduction of a hot-
pressing step into the device fabrication process.33,34

The FETs, utilizing In2O3�ZnO�ZnGa2O4 fiber-channel
layers, combined with high-K dielectric (MgO)0.3-
(Bi1.5Zn1.0Nb1.5O7)0.7 composite gate insulators, are
demonstrated to exhibit high field effect mobility,
low subthreshold swing, low threshold voltage, and
negligible hysteresis characteristics.

RESULTS AND DISCUSSION

A schematic illustration of the process used in
fabricating polycrystalline In2O3�ZnO�ZnGa2O4 fiber-
network FETs is shown in Figure 1a. Figure 1b�d
shows FE-SEM and confocal microscopy images of the
In2O3�ZnO�ZnGa2O4 channel layers during each pro-
cess step. In the first step, (In�Ga�Zn precursor)/PVAc
(polyvinyl acetate) composite fibers are electrospun
onto SiO2 (100 nm)/Si substrates. Usually, randomly
oriented fiber networks are obtained in conventional
electrospinning as a result of the bending instability of
the polymer/metal-salt composite fiber ejected from
the single nozzle (Figure 1b). The metal halide in the
polyvinyl acetate matrix fiber is highly hydrophilic and

Figure 1. (a) Schematic illustration of the processing steps used in fabricating polycrystalline In2O3�ZnO�ZnGa2O4 fiber-
network FETs; (b) FE-SEM image of as-spun (In�Ga�Zn precursor)/PVAc composite fibers on SiO2/Si substrate; (c) confocal
microscopic image of (In�Ga�Zn precursor)/PVAc composite fibers after thermo-compression at 120 �C for 100 s; (d) FE-SEM
image of In2O3�ZnO�ZnGa2O4 fiber-network calcined at 560 �C for 1 h under O2 ambient (inset shows cross-sectional image
of calcined single fiber).
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immediately absorbs water from the atmosphere. This
results in the deposited composite fibers exhibiting a
quasi-elliptical structure, with fiber diameters ranging
from 1 to 2 μm, formed by the partial “welding” be-
tween fibers and substrate. As described previ-
ously,33,34 when the as-spun metal precursor/polymer
composite fiber is calcined at elevated temperatures
(above 350 �C), the fiber mats that are formed, exhibit
poor adhesion and thus tend to peel from the sub-
strate. To overcome this detrimental effect which could
lead to fatal flaws in device fabrication, a thermo-
compression step is introduced to induce partial and/
or full melting of the (In�Ga�Zn precursor)/PVAc
composite fibers prior to calcination. Following the
thermal compression step, an interconnected mor-
phology of the (In�Ga�Zn precursor)/PVAc composite
belt-type sheets is obtained (Figure 1c). Subsequent
calcination at 560 �C for 1 h results in a stable adherent
fiber network structure composed of the crystalline
metal oxides with a thickness of 60 nm (Figure 1d).
Because charge carrier density is strongly affected by
channel thickness, it is important tomaintain it close to
the optimum thickness, usually in the range between
30 and 100 nm.35 In this regard, the quasi-elliptical
shape, induced by the hot-pressing step, is highly
desirable for good FET performance, given improved
field distribution.
To examine the crystalline structure of the electro-

spun composite fibers as a function of different calci-
nations temperatures, an XRD analysis of the fiber
mats, calcined from 560 to 1100 �C, was carried out
in the 2θ range between 20� and 80�. Separate single
phase In2O3, ZnO, and ZnGa2O4 fiber mats were also
prepared as reference specimens and calcined under
the same conditions as those of the In2O3�ZnO�
ZnGa2O4 composite fibers for comparison of phase
evolution (Figure 2a�c). When the calcination tem-
perature reached 560 �C, the composite fibers exhib-
ited characteristic diffraction peaks of In2O3, ZnO, and
ZnGa2O4. These included the cubic bixbyte In2O3

phase characterized by primary (211), (222) and (433)
peaks (corresponding to PDF 65-3170), wurtzite
ZnO characterized by primary (100), (002), and (101)
peaks (corresponding to PDF 65-3411) and crystalline
ZnGa2O4, characterized by diffraction peaks at 2θ =
30.4�, 35.7�, 37.3�, and 43.4� assigned to the (220),
(311), (222), and (400) planes (corresponding to PDF
38-1240) (Figure 2d). Zinc gallate (ZnGa2O4) exhibits
the normal spinel crystal structure in which the Ga3þ

ion occupies the octahedral site and the Zn2þ ion
occupies the tetrahedral site. These results indicate
that nanocrystallites of the In2O3, ZnO and ZnGa2O4

phases coexist in the composite fiber mats. Individual
phases are well matched to the reference specimens
of electrospun In2O3, ZnO, and ZnGa2O4 fibers
(Figure 2a�c). ZnGa2O4 is electrically insulating, as
demonstrated below, consistent with its large optical

band gap of ∼5 eV.32 One thus expects that current
flow would be suppressed along the crystallite do-
mains of ZnGa2O4 within the In2O3�ZnO�ZnGa2O4

multiphase channel fibers. When the calcination
temperature exceeds 900 �C, the above phases
react to form the InGaZnO4 phase, exhibiting the
diffraction peaks of the (006), (104), (1010), and
(1014) planes found at 2θ = 20.3�, 34.2�, 47.1�, and
59.0�. The evolution of the various phases upon
heating to 560 �C and above can be followed in
Figure 2d�f.
Figure 3 shows representative TEMmicrographs of a

number of In2O3�ZnO�ZnGa2O4 composite fibers
following calcination at 560 �C under O2 ambient
for 1 h. In2O3�ZnO�ZnGa2O4 fibers showed a reg-
ular nonwoven structure. The low magnification TEM
images in Figure 3a,b show that the composite fibers
are composed of nanocrystallites with size distribu-
tions of approximately 15�35 nm within fibers with
diameters ranging from ca. 85 to 170 nm. The poly-
crystalline nature of the In2O3�ZnO�ZnGa2O4 com-
posite fibers is clearly observed at higher magni-
fications (Figure 3c). The individual lattice images of
interconnected nanocrystals obtained at even higher
magnifications show lattice fringes that can be identi-
fied with crystallographic planes of the cubic bixbyte
In2O3, wurtzite ZnO and spinel ZnGa2O4 phases, re-
spectively. Figure 3d�f shows a magnified high-
resolution TEM image of the colored areas in the
In2O3�ZnO�ZnGa2O4 fiber region (Figure 3c). The
green- and red-colored areas highlighted in Figure 3c
show the lattice fringes having interplanar spacing of
5.00 and 4.93 Å with an angle of 90.3� between them,
corresponding to cubic In2O3 (020) and (200) planes.
The ZnGa2O4 region, displaying lattice fringes of 3.01,
2.56, and 4.86 Å, is oriented at angles of 32.5� and
59.4�, representing the (220), (131), and (111) planes,

Figure 2. X-ray diffraction patterns of electrospun (a) ZnO,
(b) In2O3, (c) ZnGa2O4 fiber mats calcined at 560 �C for 1 h
and electrospun In2O3�ZnO�ZnGa2O4 composite fiber
mats calcined at (d) 560 �C for 1 h, (e) 900 �C for 1 h, and
(f) 1100 �C for 1 h.
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respectively. The blue-colored area, assigned to ZnO,
represents interplanar distances of 2.53 and 2.82 Åwith
an angle of 64� between the respective planes corre-
sponding to (011) and (100) planes. These measured
values are in good agreement with the theoretical
values for In2O3, ZnO and ZnGa2O4. A representative
image of the random network of spatially intercon-
nected In2O3, ZnO or ZnGa2O4 nanocrystals, formed
after calcination at 560 �C for 1 h, is shown in Figure 3g
(orange box highlighted in Figure 3c). A compositional
line profile, obtained by Energy Dispersive Spectros-
copy (EDS) analysis, reveals that the In/Ga/Zn chemical
composition ratio of In2O3�ZnO�ZnGa2O4 fiber is
approximately 1:1:1 (Figure 3h). The stoichiometric
ratios of cations, originally in the precursor solution,
were thus maintained in the composite oxide fibers
following high temperature calcination.
To investigate the role of individual constituents

in terms of charge transport, i.e., In2O3, ZnO, and
ZnGa2O4, comprising the In2O3�ZnO�ZnGa2O4

composite fibers, two-probe I�V measurements were
conducted on 4 different fiber mats (In2O3, ZnO,
ZnGa2O4, and In2O3�ZnO�ZnGa2O4 composite),
which are all calcined at 560 �C under O2 ambient for
1 h (Supporting Information Figure S1). In previous
studies, In2O3, ZnO or their composite thin films fabri-
cated from sol�gelmethod have exhibited high carrier
concentration (∼3 � 1020 cm�3) and high electrical
conductivity (∼6.7 � 102 S cm�1).36,37 However, the
electrical conductivity of the electrospun In2O3 and
ZnO fiber mats exhibited lower values of 7.9 � 10�2

and 8.8 � 10�4 S cm�1, respectively, approximately 4
or 5 orders of magnitude lower than those of sol�gel
processed In2O3 and ZnO thin films. The lower elec-
trical conductivities of the nanostructured polycrystal-
line metal oxide fibers might be attributed to high
interface contact resistance between individual poly-
crystalline metal oxide fibers associated with low
film density.37 As noted above, the ZnGa2O4 fiber
mats exhibit very low room temperature conductivity

Figure 3. (a) TEMmicrograph of a groupof In2O3�ZnO�ZnGa2O4 compositefibers; (b) TEM imageof a single compositefiber;
(c) HR-TEM image of the dotted area selected in (b); enlarged high-magnification image of (d) green-; (e) red-; (f) blue-; (g)
orange-colored areas highlighted in (c); (h) scanning TEM and EDS elemental mapping of In, Ga, and Zn elements.
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measured in this study to be 9.0 � 10�8 S cm�1. The
measured conductivity (7.5 � 10�4 S cm�1) of the
In2O3�ZnO�ZnGa2O4 composite fibers therefore falls
intermediate between the most highly conducting
In2O3 and the highly insulating ZnGa2O4 phases. It is
well-known that the mobility of electrons, as well as
current flow, may be considerably suppressed by the
scattering and blocking of electrons at grain and phase
boundaries within a composite system, particularly
one including insulating phases. The electron transfer
from either ZnO or In2O3 to ZnGa2O4 phase is con-
siderably interrupted given the very low charge carrier
density in ZnGa2O4.
To further investigate the electrical transport char-

acteristics of In2O3�ZnO�ZnGa2O4 composite fibers,
FETs, with thermo-compressed and calcined fiber-
based channel layers, were fabricated. Electronic trans-
port properties were examined using ZnO, In2O3 and
In2O3�ZnO�ZnGa2O4 fiber-based FETs, offering the
ability to isolate the contributions of the individual

phases. The I�V characteristics of the FETs with
In2O3�ZnO�ZnGa2O4 fibersweremeasuredwith a vary-
ing number of nanofiber channels (1, 2, and 4 fibers)
situated between the Al source and drain electrodes.
Figure 4a shows a confocal microscopy image of the
channel containing a single In2O3�ZnO�ZnGa2O4

fiber. The drain-to-source current (IDS) characteristics
are shown in Figure 4b as a function of drain-to-source
voltage (VDS) at various gate-to-source voltages (VGS).
Figure 4c shows the transfer characteristics of the
single In2O3�ZnO�ZnGa2O4 fiber-FET. The device ex-
hibits reasonable gate modulation, clear pinch off and
excellent saturation of the drain current with enhance-
ment mode operation. We speculate that these results
from suppressed electron transfer through the In2O3

and ZnO grains by the insulating ZnGa2O4 nanocrys-
tallites, even under high electric field. On the contrary,
the output characteristics of single ZnO fiber-FETs
did not exhibit current saturation even at higher VDS
and VGS (>20 V) (Supporting Information Figure S4).

Figure 4. (a) Confocalmicroscopy imageof the channel comprising a single In2O3�ZnO�ZnGa2O4 fiber-FET (inset shows SEM
image of composite fiber); (b) output and (c) transfer characteristics of a single composite fiber-FET; (d) confocal microscopy
image of FETs with two composite fibers; (e) output and (f) transfer characteristics of a two composite fiber-FET; (g) confocal
microscopy image of the channel containing a four composite fiber-FET; (h) output and (i) transfer characteristics of a four
composite fiber-FET (see Supporting Information, Table S2).
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The poor saturation characteristics of the single ZnO
fiber-FET imply that free electrons are not entirely
depleted at the interface between the ZnO channel
layer and the SiO2 gate insulator, hinting that higher
electric fields between drain and source are needed for
current saturation.
The maximum on-current is observed to depend

strongly on the number of fibers making up the FET
channel, as illustrated in Figure 4b,e,h. for devices with
one, two, and four fibers. The transfer curves,measured
by sweeping VGS from �5 to þ30 V at VDS = 20 V are
shown in Figures 4c,f,i, with all of the FETs containing
one, two, and four In2O3�ZnO�ZnGa2O4 fibers exhi-
biting good operating performance with on�off ratio
(Ion/off) of 3.6 � 104, 5.3 � 104, and 1.9 � 104, respec-
tively. The field effect mobilities (μeff) in the saturation
region were extracted from the relationship (IDS)

1/2 =
(W/2LCIμ)

1/2(VGS � Vth), where Ci is the gate dielectric
capacitance per unit area and W and L represent the
width and length of the In2O3�ZnO�ZnGa2O4 fiber
channels, respectively. The threshold voltage (Vth) can
be estimated by extrapolation of the linear portion of
(IDS)

1/2 vs VGS. The width of the devices was extracted
from the sum of the lengths of all fibers bridging the
source and drain electrodes. The extracted μeff values
for the FETs with one, two, and four fiber layers
were 0.22, 0.39, and 0.27 cm2V�1s�1, respectively.

The threshold voltage decreases slightly from 16.5
to 13 V as the fiber number is increased due to the
increase in the number of free electrons associated
with the increasingly wide electron pathway. This
indicates that the electrical properties can be con-
trolled by adjusting the number of fibers. However, in
terms of operational reliability, the electrical properties
of the FETs are strongly dependent on the channel area
(W� L). These few numbers of active fibers per device
provide relatively low current outputs, poor uniformity
and low reproducibility due to the difficulty in position-
ing the fibers and controlling their lengths.
This suggests that FETs with few numbers of electro-

spun fibers may not be suitable for practical device
fabrication and large-scale integration. To address this
issue, a two-dimensional (2D) channel network design,
with good contact properties between channels and
dielectric layers, was introduced. Fiber network films
with various channel coverage and density were pre-
pared by varying the fiber deposition time during the
electrospinning process. Channel coveragewas further
carefully controlled by adjusting the electrospinning
conditions, i.e., the flow rate of precursor solution,
collection time, distance between nozzle and collector
and thermal compression conditions such as compres-
sion pressure, hot plate temperature and compression
time. Figure 5a shows a confocal microscopy image of

Figure 5. (a) Photographic image of In2O3�ZnO�ZnGa2O4 fiber based FET arrays with channel length of 190 μm;
corresponding confocalmicroscopy images capturedwith different coverageof 23, 44, 67, and 82%; (b) output characteristics
(IDS�VDS) with four different channel coverages of 23, 44, 67, and 82%; (c) transfer characteristics of compositefiber network-
FET having 82% channel coverage with gate voltage swept from �25 to 40 V at a fixed VDS of 20 V.
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an array of In2O3�ZnO�ZnGa2O4 fiber network-FETs
with channel length of 190 μm with varying area
density coverage of 23, 44, 67 and 82%. Figure 5b
shows the output characteristics (IDS� VDS) for the FETs
with the four different channel coverages of 23, 44, 67
and 82%.
The In2O3�ZnO�ZnGa2O4 channels with very thin

belt (60 nm thickness) structures, formed by hot-
pressing and followed by high temperature calcina-
tion, exhibit a random network on the substrate. Fiber
coverage is defined as the ratio of the area covered by
the electrospun In2O3�ZnO�ZnGa2O4 fiber network
to that of the physical channel area (W � L). The 4
different FETs exhibit good operating performance
with excellent current saturation behavior even at high
gate voltage (>30 V) and on/off ratios (Ion/off) of over
105. Although the current saturation properties slightly
deteriorate with increasing fiber coverage, the drain
current increases significantly from 30 to 700 μA with
increasing channel coverage from 23% to 82%. The
maximum on-current and Ion/off values extracted from
the transfer curves of FETs as a function of channel
coverage are presented in Supporting Information
Figure S5. One observes the maximum on-current
and Ion/off improve as the fiber network channel cover-
age is increased from 23 to 82%. The off-current is not
substantially changed with variation of channel cover-
age. The Ion/off values were 1.05� 105, 1.1� 105, 1.9�
106, and 6.82 � 106 at VDS = 20 V, for FETs with 23, 44,
67, and 82% coverage, respectively. For FET devices
with polycrystalline channels, an increase in the num-
ber of channel stripes results in an enhancement of
the on-state current given that better gate control
capability induces lower grain boundary potential
barriers.38 However, when channel coverage exceeded
approximately 90%, the device characteristics were
observed to sharply deteriorate. While the network
channel layer showed a very high maximum on-
current of 1.68 mA, it exhibited poor saturation beha-
vior and low Ion/off of 3.9 � 103 at a VDS = 20 V. The
deteriorated electrical properties, such as higher off-
current, may have resulted from an increase in fiber
network channel layer thickness. In addition, a contin-
uous fiber stack may result in a morphological change
from a two-dimensional (2D) belt network film to a
three-dimensional (3D) network architecture due to
the overlapping of many individual fibers, resulting in
an uneven channel thickness. These morphologies
may significantly impact the character of the interface
between semiconductor and gate insulator, and
thereby device modulation efficacy. On the basis of
the above observations, the optimum In2O3�ZnO�
ZnGa2O4 fiber network channel coverage was found to
be 80 ( 5% in terms of the trade-off between highest
on/off ratio and maximum on-state current.
The transfer characteristics were investigated using

In2O3�ZnO�ZnGa2O4 fiber network-FETs having 82%

channel coverage. In these measurements, the gate
voltage was swept from �25 to 40 V at a fixed VDS of
20 V which is in the saturation region (Figure 5c). The
measured field effect mobility (μeff) and threshold
voltage (Vth) were 4.04 cm2/(V s) and 5 V, respectively.
Moreover, little hysteresis behavior was observed in air
when sweeping VGS in the forward and reverse direc-
tions, indicating that these devices remain stable in an
atmosphere ambient. This suggests that only few
active charge trap sites exist between the semicon-
ducting In2O3�ZnO�ZnGa2O4 fiber network and the
SiO2 gate insulator. According to a previous study,
applying electrostatic simulations to the electric-field
distribution in the cross section of a nanowire FET with
various nanowire coverages, the gate capacitances of
nanowire FETs (130 nm thick SiO2 dielectric layer), with
above 60% nanowire coverage in the channel area,
exhibit similar values to a continuous planar thin-film
of the same material and thickness.15 Therefore, the
effects of increasing transconductance (gm) and de-
creasing effective gate capacitance per wire (Cw) nearly
completely counterbalance each other above a certain
nanowire coverage. Thus the performance of devices
no longer improveswith increased nanowire coverage.
On the basis of these observations, we can speculate
that In2O3�ZnO�ZnGa2O4 fiber network-FETs with
82% channel coverage at the SiO2 dielectric layer
(100 nm) should behave similarly to a continuous
planar thin film of the same material and thickness.
Assuming 100% fiber coverage on the channel area,
one calculates the field effect mobility (μeff) from the
parallel-plate model. Following this approach, an aver-
age μeff equal to 2.04 cm

2/(V s) was calculated from the
slope of the (IDS)

1/2 vs VGS curves obtained from more
than 25 FET devices with 82% channel coverage. On
the other hand, similar channel coverage FET devices
composed of In2O3 (75%) or ZnO (78%) fiber networks
prepared by the same electrospinning conditions and
FET fabricationprocess (Supporting InformationFigureS6)
have a largely negative Vth and poor saturation
behavior at high VDS, suggesting that the channel-
layers were too conductive as formed, presumably
owing to the tendency of In2O3 and ZnO to form
oxygen vacancies.35 The In2O3�ZnO�ZnGa2O4 fiber
network-FETs using a SiO2 gate insulator, on the other
hand, exhibited satisfactory performance, i.e., high field
effect mobility (4.04 cm2/(V s)), high on/off ratio (>105),
negligible hysteresis behavior even after 15 sweep
cycles, and reasonable threshold voltage (5 V).
To further improve the performances of FET devices

utilizing the In2O3�ZnO�ZnGa2O4 fiber network chan-
nel, high-K (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 gate insula-
tor thin films, prepared by rf-sputtering, were intro-
duced enabling low voltage operation. In previous
work, the leakage current characteristics of high-K
Bi1.5Zn1.0Nb1.5O7 (BZN) gate insulators were demon-
strated to bemarkedly improved by the addition to the
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BZN of 30 atomic % MgO, a large band gap (7.8 eV)
insulator with high breakdown strength.39

Figure 6a illustrates a schematic of the fabricated
In2O3�ZnO�ZnGa2O4 fiber (approximately 81% chan-
nel coverage) network-FET with high-K (MgO)0.3-
(Bi1.5Zn1.0Nb1.5O7)0.7 gate dielectric layer calcined at
560 �C for 1 h. The dielectric constant-electric field
characteristics of the as-deposited and calcined
(MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 thin films, with thickness
of 250 nm, were investigated (Figure 6b). A dielectric
constant of 51 was calculated for the (MgO)0.3-
(Bi1.5Zn1.0Nb1.5O7)0.7 thin film, using the definition of
capacitance given by C=ε0εr /d (where C is the capaci-
tance per area, ε0 is the permittivity of vacuum, and d is
the thin-film thickness). This value was approximately
1.7 times higher than that (εr = 30) of the as-deposited
(MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 thin film without calcina-
tion treatment. The higher relative dielectric constant
(51) of the calcined (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 thin
film was attributed to crystallization of the Bi1.5Zn1.0N-
b1.5O7 phase, as confirmed by XRD analysis39

(Supporting Information Figure S7). The leakage current
densities of the calcined (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7
thin films remain within a narrow band of∼10�7 A/cm2

even at 0.6 MV cm�1, leading to high gate insulator
breakdownstrength (Supporting InformationFigure S8).

Figure 6c shows the relationship between the
drain-to-source current (IDS) and voltage (VDS) in
In2O3�ZnO�ZnGa2O4 fiber network-FETs using the
(MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 gate insulator. A supe-
rior gate-modulated device characteristic with good
IDS saturation was observed even at 5 V opera-
tion. Figure 6d shows the transfer characteristic of
In2O3�ZnO�ZnGa2O4 fiber network-FETs with drain-
to-source voltages (VDS) of 3.5 V. The gate voltage was
swept from �2 to 5 V for the FETs incorporating the
(MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 gate insulator. The on-
current and off-current of the FETs were 1.72 � 10�4

and 5.48� 10�10 A, respectively, resulting in the on/off
current ratio of 3.13 � 105. The Vth and μeff values
calculated in the saturation region were 1.0 V and
7.04 cm2V�1s�1 and the subthreshold swing was
390 mV/dec for the FETs. The successful low-voltage
operation of the In2O3�ZnO�ZnGa2O4 fiber network-
FETs provides a milestone for realizing metal oxide
nanofiber-based FETs.

CONCLUSION

In conclusion, FETs incorporating novel composite
In2O3�ZnO�ZnGa2O4 fiber network channels fabri-
cated via an electrospun metal-oxide synthesis
route and combined with a high-K (MgO)0.3-
(Bi1.5Zn1.0Nb1.5O7)0.7 gate insulatorwere demonstrated

Figure 6. (a) Schematic illustration of the composite fiber network-FET with high-k (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 gate
dielectric layer; (b) the dielectric constant vs electric field characteristics of as-deposited and calcined (MgO)0.3-
(Bi1.5Zn1.0Nb1.5O7)0.7 thin films with thickness of 250 nm; (c) output and (d) transfer characteristics of composite fiber
network-FETs with (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 gate insulator.
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to operate at low voltage (<5 V). The In2O3�
ZnO�ZnGa2O4 fiber network exhibited stable semi-
conducting properties and superior field effect mobi-
lity (7.04 cm2/(V s)), comparable to that (8.04 cm2/(V s))
of amorphous InGaZnO4 thin film based FETs.40 High
current flow through In2O3 and ZnO phases is effec-
tively suppressed by the highly insulating ZnGa2O4

species within the composite In2O3�ZnO�ZnGa2O4

fiber, showing good current saturation behavior,
while pure In2O3 and ZnO fiber network-FETs
showed poor current saturation characteristics.
Highly reproducible, low voltage operating compo-
site fiber FETs show promise as being the basis of
novel device platforms, with potential for applica-
tion as chemical and biosensors, as demonstrated in
upcoming work.

METHODS

Sample Preparation. Poly(vinyl acetate) (PVAc,Mw = 1 300 000
mol/g) was synthesized using bulk radical polymerization.
Anhydrous indium(III) chloride (InCl3, 99.999%), anhydrous
gallium(III) chloride (GaCl3, 99.999%) and zinc acetate dyhydrate
(Zn(CH3COO)2 3 2H2O, 99%þ) were purchased from Aldrich.
Anhydrous N,N-dimethylformamide (DMF) was obtained from
J.T Baker. The chemical reagents were used without further
purification.

For the preparation of In2O3�ZnO�ZnGa2O4 composite
fibers, the precursor solution for electrospinning was prepared
by dissolving 1.11 g of InCl3, 0.88 g of GaCl3, 1.1 g of
Zn(CH3COO)2 3 2H2O) and 1.5 g of PVAc in 16.5 mL of DMF.
The total PVAc content in the solution was 10 wt % and the In:
Zn:Ga stoichiometry was 1:1:1. To minimize formation of un-
desirable crystalline phases, a precursor solution with a stoi-
chiometric ratio was carefully mixed and processed.

During the electrospinning process, the solution was in-
jected through a stainless steel needle (25 gauge, orifice
diameter = 250 μm) connected to a high-voltage DC power
supply (Bertan, High-voltage power supply series 230). The
solution was continuously fed through the nozzle using a
syringe pump (KD scientific, 781200) at a rate of 10 μL/min.
The distance between tip orifice and ground was maintained at
15 cm. High voltage (14.5 kV) was applied between the needle
and the grounded collector, resulting in the emission of a
continuous (In�Zn�Ga precursor)/PVAc composite fiber
stream. These fibers were directly spun onto SiO2 (100 nm, gate
oxide) grown on heavily doped n-type Si wafer (back gate)
substrate and thermo-compressed using preheated plates at
120 �C for 100 s using a lamination machine to provide high
adhesion strength on the interface between the active channel
and the gate oxide following high temperature calcination.
Then the samples were calcined at 560 �C under O2 ambient
(500 sccm) for 1 h to remove the PVAc matrix by thermal
decomposition and to crystallize the In2O3�ZnO�ZnGa2O4

fibers.
Device Fabrication. Following thermal compression and calci-

nation, Al electrodes (200 nm) were patterned on top of the
In2O3�ZnO�ZnGa2O4 fiber mats with the aid of a shadow
mask.

The electrical conductivities (σ) of In2O3, ZnO, ZnGa2O4, and
the In2O3�ZnO�ZnGa2O4 composite fiber mats prepared by
electrospinning were characterized by two-probe I�Vmeasure-
ments (Supporting Information Figure S1). The electrical con-
ductivity values of the 4 different fiber mats were estimated
from the equation, σ = l/RA, where R is the resistance, A is the
cross-sectional area, and l the distance between the electrodes.
The linewidth of eachAl electrodewas 2000μm, spaced 190 μm
apart (see the schematic cross-sectional view in the inset of
Figure S1).

Low voltage operating In2O3�ZnO�ZnGa2O4 fiber net-
work-FETs, with (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 as gate insulator,
were fabricated with the configuration: heavily doped n-type
Si/(MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 dielectric/In2O3�ZnO�ZnGa2O4

fiber network/Al (S/D) structure, as shown in Figure 6a. To
deposit high-K (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 thin films, pow-
ders of said composition were prepared by a conventional
mixed oxide method using reagent-grade MgO, Bi2O3, ZnO,
and Nb2O5 powder. These were used to prepare 3-in. in

diameter disk-type MgO-Bi1.5Zn1.0Nb1.5O7 targets from which
250 nm thick (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 films were depos-
ited onto heavily doped n-type Si wafer by rf-magnetron
sputtering with a power of 85 W, working pressure of 1.33 Pa,
and an Ar/O2 (ratio = 3:2) mixed gas of 20 sccm.

Characterization. Elemental analysis (EA) was conducted on
In2O3�ZnO�ZnGa2O4 fibers calcined at 560 �C for 1 h. Only a
negligibly small (0.30 wt %) amount of carbonaceous residue
was detected, suggesting that the organic components fully
volatilized during calcination. Attenuated total reflection (ATR,
PIKE, mlRacle)-Fourier transform infrared spectroscopy (FTIR,
Perkin-Elmer, Spectrum GX) was used to investigate the chemi-
cal state of In2O3�ZnO�ZnGa2O4 composite fibers during the
calcination process (25�600 �C). Thermogravimetric analysis
(TGA) was performed on a TG-2050 thermal analyzer system
(Ta instrument, Inc.) at a heating rate of 10 �C/min under O2

condition (flow rate: 0.5 sccm). X-ray diffraction (X-ray diffracto-
metry, Rigaku D/MAX-RC; with Cu KR radiation) was used to
identify the crystal structure of the composite fibers. The
microstructural evolution during each process step was carried
out by scanning electron microscopy (SEM, JSM-6330F, JEOL)
and confocal microscopy (OLYMPUS, OLS3000). A focused ion
beam (FIB, Nova 600, FEI Inc.) was used to examine the cross-
sectional image of the individual fibers. Transmission electron
microscopy (TEM) was used to examine the microstructure of
In2O3�ZnO�ZnGa2O4 fibers, while individual grain structures
were examined by high resolution TEM (Tecnai G2, FEI Hong
Kong Co., Ltd.). Ultrasonication was used to disperse the
In2O3�ZnO�ZnGa2O4 fibers in ethanol, followed by mounting
on a carbon-coated Cu grid. The electrical properties of the
In2O3�ZnO�ZnGa2O4 fibers and leakage current characteris-
tics of the (MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 thin films were char-
acterized by a semiconductor device analyzer (B1500A, Agilent
Technologies).

A metal�insulator�metal (MIM) capacitor structure was
fabricated on 100 nm thick Pt-coated Si substrate to determine
the leakage current and dielectric characteristics of the
(MgO)0.3-(Bi1.5Zn1.0Nb1.5O7)0.7 thin film. For the top electrode,
100 nmPtwas deposited by RFmagnetron sputtering through a
shadow mask on top of the 250 nm thick (MgO)0.3-
(Bi1.5Zn1.0Nb1.5O7)0.7 thin film. Dielectric properties were mea-
sured over the frequency range of 1 kHz to 1 MHz with an
applied voltage ranging from 0 to 15 V using a HP4192A
impedance analyzer.
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