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1. Introduction

Due to their distinctive electron transport 
characteristics and exceptional optical 
properties, conventional metal-oxide semi-
conductors (MOS) have been extensively 
investigated and explored as the funda-
mental building blocks for various tech-
nological applications in photodetectors, 
chemical, and biological sensors, active-
matrix liquid-crystal displays (AMLCDs), 
active-matrix organic light-emitting diode 
(AMOLED), and so on.[1–10] As representa-
tives of MOS, indium oxide (In2O3) and 
zinc oxide (ZnO) have been considered as 
the ideal channel materials for next-gen-
eration displays and electronics, arising 
from their chemical stability, optical trans-
parency, and high carrier mobility. How-
ever, the further development of these 
devices is still seriously hindered by the 
high or low electron concentration and 
instability.[11,12] The strategy to solve this 
issue is to make them exist in a multi-
component form by doping, leading to 
improved device performance.[11–14] Based 
on a previous investigation, it can be noted 
that the mixing of two or more cations 
with different ionic charges and sizes is 
effective to make the device performance 

Although In2O3 nanofibers (NFs) are regarded as one of the active channel 
materials for next-generation, low-cost thin-film transistors (TFTs), these 
NFs-based devices still suffer from the degraded carrier mobility and 
operational instability, limiting the ability of such devices to replace cur-
rent polycrystalline silicon technologies. Here, it is shown that nanofiber 
channel transistors with high electron mobility and operational stability can 
be achieved by selectively doping Zn element into electrospun In2O3 NFs. By 
precisely manipulating the doping level during NFs fabrication, their crystal-
linity, surface morphology, and corresponding device performance can be 
regulated reliably for enhanced transistor performances. It has been detected 
that InZnO/SiO2 TFTs with an optimized Zn doping concentration of 50% 
have demonstrated the high field-effect mobility (µFE) of 6.38 cm2 V−1 s−1, the 
larger ION/IOFF of 4.12 × 107 and operation in the energy-efficient enhance-
ment-mode. Low frequency noise (LFN) measurements have displayed that 
the scattering and defects inside the NFs are effectively suppressed by the 
particular microstructure. When integrating ALD-derived Al2O3 films as the 
gate dielectric into TFTs devices, their electron mobility and ION/IOFF can be 
further improved to 37.82 cm2 V−1 s−1 and 2.92 × 108, respectively. To dem-
onstrate the potential toward more complex logic applications, a low voltage 
resistor-loaded unipolar inverter is built by using InZnO/Al2O3 TFT, exhib-
iting a high gain of 20.95 and full swing characteristics. These optimized 
parameters have demonstrated the significant advance of this electrospin-
ning technique toward practical applications for high performance and large-
scale electronics.
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complementary, enhance the formation of an amorphous 
phase, and reduce the defects.[14]

Compared to two-dimensional (2D) MOS thin film mate-
rials, one-dimensional (1D) oxide semiconductor nanostruc-
tures, such as nanotubes, nanowires, and nanofiber networks 
(NFNs), have been widely explored as the fundamental building 
blocks for various technological applications owing to the 
size-confined physical properties and solving scaling limiting 
problem.[15] Among these 1D MOS candidates, NFNs as active 
channel layers have particularly attracted increasing attention, 
demonstrating with impressive characteristics in next-gener-
ation electronics. The enhanced performance in NFNs-based 
electronics can be attributed to the geometrical confinement 
provided by NFNs, which makes NFNs more competitive as 
the next channel materials. By far, many methods have been 
adopted to prepare oxide-based NFNs,[16–19] in which electro-
spinning is included. As a relatively promising technique, elec-
trospinning for the preparation of NFs is widely used in the cat-
alytic supports, multiple storage components, and photonic and 
electronic devices, as well as biomedical scaffolds.[15] Different 
from other methods that require a strict preparation environ-
ment, electrospinning is well accepted to its simplicity and 
versatility to yield organic, inorganic, or composite NFs. This 
technique can not only fabricate NFs with well-controlled prop-
erties, such as excellent crystallinity, homogeneous chemical 
composition, and uniform diameters but also deliver the high 
throughput production of NFs, which illustrates promising 
perspectives of deploying electrospun NFs for next-generation 
high-performance electronic devices.

Recently, electrospinning-driven NFNs-based oxides thin 
film transistors (TFTs) have been reported, such as InYbO,[9] 
InHfO,[20] InSrO,[21] InGaZnO,[22] and so on. In addition, these 
NFNs-based TFTs have displayed impressively on/off current 
ratios and higher field effect mobilities, which has the great 
potential to satisfy all the stringent requirements for practical 
applications in large-area, low-cost, and high-performance inte-
grated circuits. In spite of this progress in In-based oxides TFTs, 
the existence of the excess carriers from the oxygen vacancies 
acting as the donor-like defects and the inherent surface rough-
ness of single In-based NFNs could also seriously modulate or 
even deteriorate their corresponding electrical properties. Fortu-
nately, the doping method would fit well for the electrospinning 
process, in which the doping concentration can be easily and 
precisely controlled by adjusting the composition of the starting 
precursor solution. Importantly, the dopant atoms/ions can also 
be uniformly dispersed and distributed in the obtained NFs. In 
this case, developing the doping process with alternative dopant 
elements is urgently needed. As compared with other possible 
dopant atoms, Zn has served as a promising dopant choice for 
In2O3 thin film material systems to act as active channel layers 
in TFTs.[23–25] However, precisely adjusting the doping level of 
the electrospun NFNs can be considered as a simple and effec-
tive approach to control their surface morphology and crystal-
linity for the device performance enhancement. By far, there 
has been no systematic survey that reports how the InZnO-TFT 
characteristics depend on the chemical composition ratio of the 
channel layer.

In this work, high-performance TFTs based on electrospun 
Zn-doped In2O3 (InZnO) NFNs were successfully fabricated 

by a simple electrospinning technique. Since the nonuniform 
size distribution of nanograins that existed within the NFNs 
is found to yield degraded electrical properties, we systemati-
cally assess the effect of different Zn doping level on the sur-
face morphology, crystallinity, and electrical properties of the 
electrospun In2O3 NFNs. By precisely manipulating doping 
concentration during NFNs fabrication, their crystallinity, 
grain size distribution, surface morphology, and corresponding 
device performance can be regulated reliably for enhanced 
transistor performances. For the optimized Zn doping concen-
tration of 50 mol%, the amorphous state and high-quality sur-
face morphology for NFNs guarantee the impressive electrical 
performance of the fabricated devices, including enhanced-
mode operation with a small VTH of 2.8  V, a relatively high 
on/off current ratio of >107, a high field-effect mobility (µFE) 
of 6.38 cm2 V−1 s−1, and superior negative bias stress stability. 
As a key parameter for semiconductor devices in analog cir-
cuit applications, the suppressed Hooge value based on low-
frequency noise (LFN) measurements were extracted to achieve 
the trap distribution in devices.[26,27] With the aim to further 
decrease the operation voltage, atomic layer deposition (ALD) 
derived Al2O3 thin film was employed as the high-κ dielectric 
layer for the device and the corresponding operation voltage 
could be substantially reduced from 40 to 3  V, while the µFE 
could be boosted up to 37.82 cm2 V−1 s−1. To prove the device’s 
potential in more complex logic circuit applications, resistor-
loaded inverter was further integrated with InZnO/Al2O3 TFT, 
demonstrating the maximum voltage gain of 20.95 and full 
swing characteristics. All these experimental results indicate 
evidently the technological application of electrospun InZnO 
NFNs-based TFTs for future high-performance, low-cost, and 
low-operating-power electronics.

2. Results and Discussion

Based on the thermogravimetric (TG) analysis (Figure S1, Sup-
porting Information), it can be noted that all of the precursor 
solutions exhibit four typical thermal behavior stage and the 
mass remains essentially constant after 500 °C, indicating that 
InZnO precursor is completely transformed into InZnO metal 
oxide.[28a] According to the TG analysis, the annealing condition 
of InZnO NFNs with different molar ratios of Zn/(Zn +  In) ×  
100% (ηZ) can be determined to be fixed at 500 °C. Charac-
terization from AFM has indicated that no significant differ-
ence in nanofiber diameter (≈50 nm) after annealing has been 
detected regardless of the doping concentration (Figure S2, 
Supporting Information). Figure 1a shows the XRD patterns of 
InZnO fibers with different ηZ. When ηZ is less than 30%, no 
ZnO phase has been found except cubic bixbyite In2O3. With 
the continued increase in ηZ, wurtzite ZnO appears, especially 
for 60%. However, for ηZ = 50%, the suppressed growth of all 
crystalline phases including In2O3 and ZnO has been observed. 
The existence of these wide humps brings InZn50%O closer to 
the amorphous structure. Indeed, the difference of the crystal 
structure between In2O3 and ZnO leads to different coordina-
tion numbers to oxygen (InO6 and ZnO4),[14] and these allow 
for the presence of an amorphous phase in InZn50%O. In gen-
eral, in a composite system of the binary oxide compounds,  
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a phase transition from polycrystalline to amorphous trans-
formation occurs when the doping concentration of an ele-
ment reaches a certain threshold. The mixing of two or more 
cations having different ionic charges and sizes is effective 
for enhancing the formation of an amorphous phase and sup-
pressing crystallization.[29a] From the structural point of view 
of InZnO system, Zn2+ needs to coordinate with oxygen tetra-
hedral, while In3+ needs to coordinate with oxygen by 6, ZnO 
stabilizes In2O3 in amorphous state by preventing In octahe-
dral relaxation and rotation from forming a thermodynamically 
stable cubic mangite structure. For the InZnO with a crystalline 
phase, the structure could be defined by mixed InO and ZnO 
polyhedra (bipyramids and tetrahedra) sandwiched between 
octahedral InO2 planes.[29b] In the amorphous phase InZnO, 
local coordination motifs are usually retain, but generally 
appear disordered. Note that when the Zn ion is in the tetrahe-
dral position, the In ion can hardly occupy the nearest neighbor 
octahedral position due to the cation charge repulsion. This 
implies that the region around the tetrahedron occupied by the 

zinc ion is disrupted, which in turn prevents the In ion from 
being ordered as in the In2O3 crystal. According to previous 
reports,[29c,d] amorphous InZnO was readily formed at Zn con-
centrations between 40% and 60%. Moreover, the formation of 
amorphous is also related to the preparation method and mate-
rial structure.

Namely, for our InZnO NFs system, it is entirely reason-
able that InZn50%O demonstrates an amorphous structure. 
On the other side, local enlarged views (Figure  1b) demon-
strate that with the increase in ηZ the characteristic peaks of 
the (222) and (100) crystal plane of In2O3 and ZnO shift to the 
right and the left side, respectively. The reason can be attrib-
uted to the smaller ionic radius of Zn2+ (0.74 Å) compared with 
In3+ (0.80 Å).[29e] The average grain size for all representative 
planes has been estimated as d = λ/(2sinθ) and displayed in 
Figure  1c,[9] where λ is the incident x-ray wavelength and 2θ 
is the scattering angle. Except for InZn50%O, all the grain size 
is close to each other and larger than that of the pure In2O3, 
and reaches a maximum value at ηZ = 10%. Due to the small 

Adv. Electron. Mater. 2023, 9, 2300032

Figure 1. Characterization of the InZnO NFs. a) XRD patterns of InZnO NFs with various Zn-doping concentrations annealed at 500 °C. b) Regional 
XRD patterns. c) Average grain size of InZnO NFs estimated from XRD and TEM. d) HRTEM images of the annealed InZnO NFs, and the scale bar 
denotes 10 nm. e) Elemental mapping for In, Zn, and O of InZn50%O NFs. f) FTIR spectra of InZnO NFs.
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difference in the ionic radius of Zn2+ and In3+, no larger lattice 
distortion has been observed, leading to the similar grain size 
in InZnO NFs. On the other hand, the incorporation of Zn2+ 
may release the stress in the fiber and promote the growth of 
the grain along a certain crystal plane, such as (222), and so on, 
resulting in the expansion and shift of the lattice.

Figure S3 (Supporting Information) shows the extracted 
optical band gaps of InZnO NFs and the reduced trend in band 
gap has been observed with the increasing ηZ, which can be 
attributed to the smaller band gap for ZnO compared to that 
of In2O3. In InZnO system, where the electrons are mainly 
transmitted by the peripheral s-orbit overlap, and the electron 
injection conduction band is negligible by the reduced band 
gap. Therefore, combining the two to will be more conducive 
to the separation of carriers, thus improving the electronic 
transmission properties, reflected by latter electrical analyses. 
To gain more insight into the crystal structure inside the fiber, 
TEM measurements were carried out. Figure 1d show HRTEM 
images of the InZnO NFs with different ηZ (ηZ  = 20% and 
40% are shown in Figure S4 (Supporting Information)). Unlike 
others that have obvious (222) crystal planes, the lattice signal 

in InZn50%O is very weak and almost amorphous, which is 
consistent with the previous XRD results. Obviously, such a 
special microstructure will cause differences in the device per-
formance. The scanning transmission electron microscopy 
(STEM) images obtained with elemental mappings (Figure 1e) 
show high distribution uniformity of the elements in InZn50%O 
fibers. The FTIR transmittance spectra of all the NFs are dem-
onstrated in Figure  1f. The peaks associated with organics 
≈2585 cm−1,[30] 1634 cm−1 and 1602 cm−1,[30,31] can be ascribed 
to the vibration of CH, CC, and CO groups, respectively. 
In addition, the vibration peaks (<638 cm−1) are related to the 
stretching vibrations of In–O and Zn–O and others.[30,32] It 
shows that the organic residues in the annealing fibers are 
essentially identical and affect the bonding of the metal atoms 
slightly, which provides a fair platform for comparing the elec-
trical performance of InZnO NFN-based integrated devices.
Figure 2a,b shows the typical transfer characteristic curves 

and the corresponding IDS
1/2 versus VGS plots (VDS = 20 V) of the 

TFTs based on InZnO NFNs with different ηZ (0%, 10%, 30%, 
50%, 60%), and the additional concentrations (20% and 40%) 
can be seen in Figure S5 (Supporting Information). InZn50%O 
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Figure 2. Characteristics and analysis of the InZnO NFN TFTs. a) Transfer characteristic and b) corresponding IDS
1/2 versus VGS plots (VDS = 20 V) 

for InZnO NFN TFTs with various Zn-doping concentrations of 0%, 10%, 30%, 50%, and 60%. c) Representative output characteristics of InZn50%O 
NFN TFTs. d-g) µFE, VTH, SS, and log (ION/OFF) of InZnO NFN TFTs. h) XPS spectra of O 1s for InZnO NFs. i) Semiquantitative analyses of the oxygen 
component of M–O, VO, and M–OH for InZnO NFs. j) Corresponding values of M–O/VO and M–OH+VO for InZnO NFs. k) RRMS of AFM measure-
ment for InZnO NFs.
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sample is selected to act as the representative output charac-
teristic curves and shown in Figure  2c. The intuitive infor-
mation from the transfer characteristic seems that the device 
performance improves as ηZ increases, including the forward 
movement of the threshold voltage (VTH) and the increase of 
the on-state and off-state current ratios (ION/IOFF). Typically, this 
may be attributed to the reduced free electron concentration 
due to doping. However, more factors should be considered for 
NFN TFT. Figure 2d-g shows the values of the main parameters 
extracted from all the devices, which follows the conventional 
calculation of oxide TFTs, and the detailed electrical parameters 
are summarized in Table S1 (Supporting Information). Except 
for InZn50%O, it can be noted that with increasing doping con-
centration, all the devices almost exhibit the same behavior as 
reported for conventional MO doping. Considering that the 
ZnO conductance capacity is generally weaker than In2O3, it 
is reasonable that the VTH shifts forward, while the field-effect 
mobility (µFE) and current gradually decrease. For the abnormal 
performance of InZn50%O, including obtaining the splendid 
µFE of 6.38 cm2 V−1 s−1, the maximum ION/IOFF of 4.12 × 107, the 
more appropriate VTH of 2.8 V and SS of 1.16 V/decade, which 
will be discussed below. Generally, the conductivity of NFN is 
directly related to the fiber density, and the greater the density, 
the stronger the conductivity, which is also reflected in our 
samples, as shown in Figures S5,S6 (Supporting Information) 
and Table S2 (Supporting Information). It should be empha-
sized that, compared to In2O3, InZn50%O NFN TFTs perform 
better at different fiber density, which may be still depends on 
the amorphous structure.

Dehuff et  al. have reported that, unlike polysilicon and 
amorphous silicon, the magnitude of the difference in channel 
mobility between polycrystalline and amorphous InZnO is 
rather small, due to the conduction band being dominated by 
spherical s-orbits rather than anisotropic p- or d-orbits.[33] Actu-
ally, the disorder effect of a s-band is rather weak because its 
energy depends mainly on the interactions between the second 
adjacent metal sites, which makes the variation in the metal-
metal distance the sole source of disorder. Thus, regardless of 
the structure, the fermi level can easily move into the conduction 
band, yielding a large free-carrier concentration.[34] Under these 
conditions, the reduction of the crystal boundary effect becomes 
an obvious advantage of the amorphous structure. Figure  2h 
and Figure S8 (20% and 40%, Supporting Information) show 
the chemical state of the InZnO surface detected by XPS. After 
the C1s peak is calibrated to 284.8 eV, the O1s peaks are divided 
into three peaks centered at 529.7–529.9 eV (Oi), 531.2–531.5 eV 
(Oii) and 532.0–532.9  eV (Oiii). The peak centered at Oi, Oii, 
and Oiii can be assigned to the oxygen in oxide lattices (MO), 
oxygen vacancy (Vo) in lattices, and oxygen in hydroxide-related 
(MOH), respectively.[35,36] For all InZnO samples with dif-
ferent ηZ, the ratio of each oxygen peak to the sum of all peak 
areas is shown in Figure 2i. The MOM framework serves as 
an important electron transmission path, where a high concen-
tration MOM bonding makes the electron transport more 
unobstructed.[36,37] The Vo can exist not only as an electron 
donor, but also as a capture site like M-OH.[38,39] In this way, 
we believe that the ratio of MO to VO (Oi/Oii) is maintained 
at a right level, while the sum of Vo to MOH (Oii + Oiii) values 
is lesser, the device performance would achieve sufficient  

improvement, as in InZn50%O. Figure  2j summarizes the 
values of TFTs. Additional information related to XPS can be 
seen in Figure S9 (Supporting Information). The interface 
quality is particularly important in ultrathin electron transport 
channels. For electrons that rely on NFs doing linear conduc-
tion at the interface, the interface quality directly affects their 
scattering and capture during transport. Therefore, the explora-
tion of the interface roughness is unavoidable. AFM images of 
the 3D pattern of NFs with different ηZ are shown in Figure 2k. 
The change trend of RMS roughness (RRMS) is very dependent 
on the crystal situation and grain size, almost positively pro-
portional to them. For InZn50%O, with the minimum RRMS of 
1.36  nm, the interface defects and the scattering center at the 
interface can be effectively reduced. In contrast, for the other 
devices with relatively large RRMS, the SS would be pessimistic.

After obtaining better electrical performance, it is neces-
sary to detect and evaluate the reliability of InZn50%O and 
other NFN TFTs. In general, for N-type TFTs, frequent nega-
tive bias is applied to turning-off the device. In particular, the 
total duration of the negative gate bias of the transistors far 
exceeds the positive gate bias, such as the commercial AMLCD 
products.[14] With these in mind, the negative gate bias stability 
(NBS) for all the devices was first investigated. Figure 3a–e 
and Figure S10 (ηZ  = 20% and 40%, Supporting Information) 
show their transfer behavior under continuous negative bias for 
3600 s. We think it is not accurate enough to make a judgment 
from the offset of VTH alone, and more parameters need to be 
considered comprehensively (Figure 3f-i). Indeed, the ∆VTH of 
all InZnO devices is maintained within a small and similar 
range.

Under the assumption that the effect of hole-trapping factors 
is negligible on the NFs with different ηZ,[14] the cause for the 
uneven variation in these parameters is most likely attributed 
to the environmental factors and oxygen-vacancy defects. In the 
bottom gate structure, the NFs with a large surface area inevi-
tably interact with the H2O in the air, leading to the release of 
electrons and the increased channel electron concentration.[40] 
Parameters that strongly depend on the electron concentra-
tion changed, such as the increased µFE and current (ION and 
IOFF) and the negatively shifted VTH. In addition, the ionization 
of the oxygen vacancy formed a double-ionized Vo (Vo

2+) also 
produces similar changes as described above.[41,42] These expla-
nations seem to draw evidence from previous XPS results. As 
shown in Figure 2j, the proportion value of (Vo +M–OH) is the 
smallest in InZn50%O (32.7%), and the stability is even better 
relative to the device with a large value. The M–OH and Vo can 
similarly act as traps and lead to the deterioration of SS under 
negative gate bias. These defect states may exist in deep rather 
than shallow layers, as they affect the accumulated electrons 
before Fermi level approaches the conduction band minimum 
(CBM), while the µFE does not deteriorate.[42] Furthermore, the 
VTH of InZn20%O exhibits a slight positive shift, which may be 
related to the adsorbed oxygen. In fact, the analysis part of posi-
tive gate bias stability (PBS), also proves that environmental fac-
tors dominate the reliability change of all devices (Figure S11, 
Supporting Information). Note that the performance of PBS for 
InZn50%O is still commendable.

To further evaluate the potential of InZnO (ηZ = 10%, 30%, 
50%, and 60%) NFN-based TFTs design and application in 
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analog circuits, the low-frequency noise (LFN) properties for 
all the devices were investigated. The typical curves of the nor-
malized drain current noise spectral density (SID/I2

DS), taken at  
VGS – VTH = 10 V and VDS = 1 V, are displayed in Figure 4a. By 
best fitting to the four SID/I2

DS curves (Figure 4b-e), the extracted 
frequency indices γ are between 0.983 and 0.990 and all are less 
than 1, meaning that the traps are distributed at the interface of 
an insulating layer and inside the NFs above the interface.

Typically, the origins of 1/f noise in metal oxide TFTs have 
been represented by two physical noise models, namely the 
Hooge mobility fluctuation (HMF) model and McWhorter’s 
carrier number fluctuation model (CNF).[26,43] The former is 
associated with electron–phonon scatterings, and the latter 
is based on the tunneling transition between the channel and 
the traps in the gate oxide.[26,44] Figure 4f shows the functions 
between over-drive gate voltage (VGS – VTH) and SID/I2

DS at  
f = 20 Hz, extracted from Figure 4b–e. On the basis of the linear 
fitting, the slopes (k) of the TFTs with different ηZ are calcu-
lated to be −1.36, −1.39, −1.58, and −1.44, successively. Notably, 
except for ηZ = 50%, the k is less than −1.5 and close to −1 at 
ηZ = 10%. Here, it seems reasonable to interpret according to 
the HMF model, because considering the degree of crystalliza-
tion of the NFs. According to the HMF model, Hooge claimed 
the 1/f noise may originate from noise in lattice scattering, 
which in turn causes random mobility fluctuation. Indeed, pre-
vious XRD and TEM measurements provided a good proof that 
InZn50%O NFs with close to the amorphous structure can effec-
tively suppress the scattering of the current carrier during con-
duction. This somewhat weakens the defects inside the NFs, 
which then highlights the trap state of the interface, even when 
the maximum density of states (Dit) remains lowest (Figure 4g). 

In contrast, the scattering is particularly pronounced in the 
polycrystalline structures.

The Hooge’s parameter (αH) is frequently used as a figure of 
merit for the comparison of different device technologies, and 
its value is generally inversely proportional to the good and bad 
quality of the material.[45,46] We can calculate αH from the fol-
lowing formula:

S

I

q

fC WL V V
HID

DS
2

ox GS TH

α
( )=

−
 (1)

Where f is the frequency, Cox is the gate oxide capacitance per 
unit area, q is the elementary charge, W and L are the channel 
length and width, respectively.[45,47]

As shown in Figure 4h, the values of average αH are deduced 
to be 5.93 × 10−3, 4.31 × 10−3, 9.73 × 10−4 and 2.36 × 10−3, respec-
tively. As speculated, the reduction of nanofiber volume defects 
inhibits αH, which is particularly evident in InZn50%O TFT 
with the minimum value. Similar to the amorphous proper-
ties, it may exist conduction-band tail and/or deep gap states 
in InZn50%O, but is weak relative to the effect brought by the 
grain boundary. Moreover, the value is not inferior to many 
previously found in polysilicon silicon, amorphous silicon, 
organic, and metal oxide transistors.[46,48] For a more intuitive 
comparison, Figure  4i enumerates the values reported in dif-
ferent materials in recent years. It is easy to observe that the 
αH of our InZn50%O TFT is still highly competitive, and it also 
implies the potential in circuit applications.

Encouraged by the successful TFTs performance based on 
SiO2 dielectric, the TFTs performance needs to be optimized 
to reduce the operating voltage of the device. To explore the  

Adv. Electron. Mater. 2023, 9, 2300032

Figure 3. Bias-stress measurement of InZnO NFN TFTs. a-e) NBS (VGS, bias = −20 V, VDS = 20 V and t = 3600 s) for InZnO NFN TFTs with various Zn-
doping concentrations of 0%, 10%, 30%, 50%, and 60%. Parameter changes of f) µFE, g) VTH, h) SS, and i) log (ION/IOFF) extracted from the NBS tests.
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possibility of the improvement of device performance, bottom-
gated fully solution-derived TFTs combined with InZn50%O 
NFN and ALD-derived Al2O3 gate dielectric layer were fab-
ricated. Figure S12 (Supporting Information) illustrates the 
appropriate electrical properties of Al2O3 film, including an 
area capacitance of ≈265 nF cm−2 at 20 Hz and a leakage cur-
rent density of 4.15 × 10−9 A at 2.5 MV cm−1. Figure 5a shows 
the schematic representation of the InZn50%O/Al2O3 NFN TFT. 

The transfer characteristic curves of the selected 20 devices 
and representative output characteristic curves as shown in 
Figure 5b,c, respectively. The corresponding electrical parame-
ters obtained from all devices at a low operating voltage of 2.5 V 
(Figure 5d: i–iv), including a µFE of 37.82 cm2 V−1 s−1, a VTH of 
0.49 V, a SS of 0.19 V/decade and an ION/IOFF of 2.92 × 108. In 
fact, the comprehensive electrical properties exhibited by these 
parameters are extremely outstanding in recent studies of NFN 

Adv. Electron. Mater. 2023, 9, 2300032

Figure 4. Low-frequency noise measurement of InZnO NFN TFTs. a) Measured normalized noise power spectral density (SID/I2
DS) for InZnO NFN TFTs 

(ηZ = 10%, 30%, 50%, and 60%) at VGS – VTH = 10 V and VDS = 1 V. b-e) The normalized SID/I2
DS as a function of frequency (f) and VGS – VTH for dif-

ferent InZnO NFN TFTs. f) The normalized SID/I2
DS as a function of VGS – VTH for InZnO NFN TFTs. g) Maximum interface state density (Dit) extracted 

from transfer curves of InZnO NFN TFTs. h) Hooge's parameters (αH) as a function of VGS – VTH at f = 20 Hz for InZnO NFN TFTs. i) Compared to 
the Hooge's parameter extracted from the 1/f noise measurement for recent TFTs and FETs.[49–52]
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TFTs,[9,12,20,21,53–55] for more comparisons can be seen in Table S3  
(Supporting Information).

With the excellent performance of InZn50%O/Al2O3 NFN 
TFTs, we moved a step further to explore the potential applica-
tion in logic circuit. The typical voltage-transfer characteristics 
(VTCs) of the resistor-loaded inverters with a 2 MΩ external 
resistor based on InZn50%O/Al2O3 NFN TFTs are shown in 
Figure 5e, where the output high voltage is close to the supply 
voltages (VDD), while the output low voltage is close to 0  V,  

suggesting an ideal logic “1” to “0” transfer. This behavior can 
be attributed to the fact that InZn50%O/Al2O3 NFN TFTs have 
a low off-state current of TFT and good stability, and allowing 
the inverter can effectively convert the input voltage signal 
and display good full-swing characteristics.[43] Note that the 
gain (−∂VOUT/∂VIN) of 20.95 has been achieved at VDD  = 5  V 
(Figure  5f), indicating the unquestioned ability to drive the 
logic circuit components. Furthermore, Table S4 (Supporting 
Information) summarizes the performance of NFN TFT-based 

Figure 5. Electrical properties and applications of InZn50%O/Al2O3 NFN TFTs. a) Schematic of the InZn50%O/Al2O3 device architecture. b) Transfer 
characteristics at VDS = 2.5 V for the 20 representative InZn50%O NFN TFTs. c) Representative output characteristics of InZn50%O NFN TFTs. d) Vari-
ations of µFE, VTH, SS, and log (ION/OFF) evaluated from 20 InZn50%O NFN TFTs. e) Voltage transfer characteristics of the inverter based on InZn50%O 
NFN TFT. f) Corresponding gains of the inverter. g) Dynamic response behavior of the inverter under ac square waves at 1 Hz.
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unipolar resistor-loaded inverters reported in the literature in 
recent years, in which it is not difficult to find that the work 
is significantly better than the current inverters. As shown in 
Figure 5g, the dynamic response behavior under an alternative 
current (AC) square wave signal was measured to investigate 
the AC characteristic of the inverter. The output signal responds 
well to the input square wave signal and exhibits a little delay, 
implying that the inverter can achieve sufficient switching 
speeds. As a result, it can be concluded that InZn50%O/Al2O3 
NFN TFTs with excellent electrical performance gives the 
potential for more complex circuit applications in the future 
field of applied electronics.

3. Conclusions

In conclusion, electrospinning-driven InZnO NFN TFTs with 
different Zn-doping concentrations have been fabricated. 
Among all concentration gradients, InZn50%O-TFT with close 
to the amorphous phase and high-quality surface morphology 
has demonstrated the optimized electrical performance, 
including high µFE and superior negative bias stress stability. 
LFN measurements have demonstrated that the noise source 
inside InZn50%O NFs is weak, the particular amorphous struc-
ture leads to a substantial suppression of the scattering. Fur-
thermore, the relatively ideal Hooge’s parameter makes it very 
competitive in TFT applications. Finally, InZnO/Al2O3 TFTs 
were integrated. At a low operating voltage of 2.5 V, it exhibits 
excellent µFE of 37.82 cm2 V−1 s−1, high ION/IOFF of 2.92 × 108, 
satisfied SS of 0.19 V/decade and reasonable VTH of 0.49 V. The 
unipolar resistor-loaded inverter with high gain of 20.95 and 
full swing characteristics has been built based on InZn50%O/
Al2O3 TFT, demonstrating potential prospects in complex logic 
electronics. As a result, it can be inferred that electrospinng-
derived NFN will have the potential applications in constructing 
low-power and high-performance electronics in the future.

4. Experimental Section
Precursor Preparation: The InZnO precursor solutions with a 

concentration of 0.1  mol L−1 were prepared by indium chloride 
tetrahydrate (InCl3·4H2O, 99.9%), zinc chloride (ZnCl2, 99.95%) and 
1.55 g of polyvinyl pyrrolidone (PVP, MW = 1 300 000 g mol−1) in 9.5 mL of 
N,N-dimethylformamide (DMF, 99.8%,). The molar ratios of Zn/(Zn+In) 
×100% (ηZ) was 0%, 10%, 20%, 30%, 40%, 50%, and 60%, respectively. 
After stirring the mixture for 12  h and remaining for 2  h, a uniformly 
clarified precursor solution was obtained.

Dielectric and Device Fabrication: The cleaning procedure for the Si 
substrates followed our previous report.[28a] The cleaned Si substrates 
were put into the ALD equipment (MNT-ALD System) to deposit Al2O3 
gate dielectric with thickness of 24  nm by using trimethyla-luminium 
[Al(CH3)3] (TMA) as the metal precursor and H2O as the oxidant, 
respectively.

The typical preparation process of InZnO NFNs by electrospinning is 
illustrated in Figure S13 (Supporting Information). Parameters related to 
the electrospinning process include a needle diameter specification of 
23 G, a high voltage electric field of 15 kV, a push speed of 0.4 ml h−1, a 
distance of 15 cm and an electrospinning time of 20 s. Next, the NFNs were 
deposited on either Si/SiO2 or Si/Al2O3 substrates, prebaked at 150 °C  
for 10 min, and then treated for 35 min under a UV lamp with a power 
of 1000  W. Finally, all the as-obtained NFNs were annealed in air for 

2 h to remove excess organic matter. Based on Figure S11 (Supporting 
Information), it can be noted that a reduction in diameter of InZnO 
NFN has been observed after UV treatment and annealing. Furthermore, 
the nanofiber density of each InZnO NFN sample was ≈1 µm−1  
(Figure S14, Supporting Information). Finally, Al source and drain 
electrodes were evaporated onto the NFN by using a shadow mask, 
whose channel width and length are 1000 and 200 µm, respectively.

Materials Characterization and Devices Measurement: The morphology 
of the NFNs was investigated by scanning electron microscopy (SEM, 
REGULUS 8230). The grain size and interplanar spacing of NFs were 
also investigated by a high-resolution transmission electron microscope 
(HRTEM, JEM-F200). The surface morphology and diameter of the 
NFNs were characterized by atomic force microscopy (AFM, 5500  M, 
Hitachi). X-ray diffraction (XRD, SmartLab 9  kW) was carried out to 
observe the crystal structure of the NFNs. The thermal behavior of 
InZnO precursor was investigated by a thermogravimetric analyzer 
(TGA, STA449F3). UV-Vis spectroscopy (UV-Vis-2550, Shimadzu) were 
performed to examine the optical properties of the InZnO fibers. The 
chemical states and functional groups of the surface were measured by 
x-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi) and Fourier 
transform infrared spectroscopy (FTIR, Vertex80, Hyperion2000), 
respectively. The electrical properties of InZnO NFN TFTs were 
measured by impedance analyzer (Keithley E4990A) and semiconductor 
device analyzer (B1500A, Agilent; 2636B, Keithiey), respectively. 
The characteristic of low-frequency noise (LFN) was detected by 
semiconductor parameter analyzer (PDA FS-380).

The field-effect mobility (µFE) was evaluated in the linear region as 
follows:[28b]

µ
2

/DS
i FE

GS THI
WC

L
V V( )= 



 −  (2)

where Ci is the areal capacitance of the dielectric layer, W is the channel 
width, L is the channel length, VGS is the gate voltage, and VTH is the 
threshold voltage, which can be obtained in the saturation region 
through the maximum curvature of the IDS

1/2 versus VGS plot.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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