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Abstract: Metal oxide semiconductors, such as indium gallium zinc oxide (IGZO), have
attracted significant attention from researchers in the fields of liquid crystal displays (LCDs)
and organic light-emitting diodes (OLEDs) for decades. This interest is driven by their
high electron mobility of over ~10 cm2/V·s and excellent transmittance of more than
~80%. Amorphous IGZO (a-IGZO) offers additional advantages, including compatibility
with various processes and flexibility making it suitable for applications in flexible and
wearable devices. Furthermore, IGZO-based thin-film transistors (TFTs) exhibit high
uniformity and high-speed switching behavior, resulting in low power consumption due
to their low leakage current. These advantages position IGZO not only as a key material in
display technologies but also as a candidate for various next-generation electronic devices.
This review paper provides a comprehensive overview of IGZO-based electronics, including
applications in gas sensors, biosensors, and photosensors. Additionally, it emphasizes the
potential of IGZO for implementing logic gates. Finally, the paper discusses IGZO-based
neuromorphic devices and their promise in overcoming the limitations of the conventional
von Neumann computing architecture.

Keywords: IGZO; gas sensor; logic circuit; bio sensor; neuromorphic device; photodetector

1. Introduction
Since IGZO was first developed in 2004 by Prof. Hideo and his team at Tokyo Institute

of Technology, it has garnered significant attention and growth [1]. His team focused on
IGZO’s composition of indium (In), gallium (Ga), zinc (Zn), and oxygen (O), which offered
high electron mobility [2,3] and transparency—crucial breakthroughs for high-performance
displays, especially in LCDs and OLEDs [4–6]. IGZO achieved great commercial success,
with Sharp becoming the first to produce LCD panels using IGZO-TFT technology in 2012,
improving the aperture ratio by up to 20% and reducing power consumption due to IGZO’s
high mobility and low off-current [7–9]. IGZO-TFT has since been used in smartphones,
tablets, high-resolution notebooks, gaming laptops, and OLED TVs. Compared to zinc
oxide, IGZO’s advantage lies in its ability to be deposited in a uniform amorphous phase
while maintaining high carrier mobility with minimal photosensitivity in the ultraviolet
range, making fully transparent transistors possible.

IGZO can be synthesized using a range of thin-film deposition techniques such as sput-
tering, atomic layer deposition (ALD) [10,11], pulsed laser deposition (PLD) [12,13], and
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chemical vapor deposition (CVD) [14,15]. By precisely controlling the ratios of In, Ga, Zn,
and O during deposition, it is possible to tailor the channel properties to meet the require-
ments of specific applications. Typically, the electron mobility is influenced by the ratios
of In and Zn, while the device stability is determined by the proportions of Ga and O [16].
These methods enable precise control over film characteristics, making IGZO particularly
suitable for large-area deposition and the fabrication of large-scale electronic devices [17].
Its exceptional electronic properties—such as high electron mobility (>10 cm2·V·s) and
ultra-low off-current levels (down to the femtoampere range)—and compatibility with
bottom-up fabrication processes have garnered significant interest. Initially developed
for advanced display technologies, such as OLEDs and thin-film transistor (TFT)-LCDs,
IGZO is now being explored for next-generation applications, including neuromorphic
computing, transparent electronics, and flexible devices.

IGZO stands out as a versatile material due to its compatibility with large-area process-
ing and its ability to be deposited onto various substrates, regardless of their form factor,
through bottom-up fabrication techniques. Bottom-up fabrication techniques enable the
deposition of gate electrodes, insulating layers, channel materials, and source/drain elec-
trodes sequentially onto a substrate, allowing device fabrication on a variety of substrates.
This approach eliminates the need for additional processes, such as etching, by integrating
patterning and deposition in a single step, thereby enhancing compatibility with diverse
substrate types [18–20]. This versatility allows IGZO to serve as an active layer in a wide
range of applications. Moreover, IGZO’s functionality extends to phototransistors, enabling
novel applications such as optically induced neuromorphic computing devices [21,22] and
in-sensor computing systems [23,24] utilizing light pulses.

Another merit of IGZO is that its high process compatibility supports its use on diverse
substrates, including glass, silicon, and polymers. Its low-temperature processing capability
enhances its suitability for gas sensor materials [25,26], offering high selectivity. The material’s
superior chemical resistance prevents device degradation from repeated exposure to gas
molecules, contributing to extended device lifespans. Additionally, its exceptional thermal
stability ensures reliable operation in high-temperature environments without damage to its
semiconductor properties.

The high electron mobility of IGZO plays a critical role in biosensing applications,
where it enables rapid and precise detection of signals generated by interactions with
biomolecules (e.g., proteins, DNA, and antigen–antibody complexes) [27,28]. This high mo-
bility allows IGZO-based sensors to detect extremely low concentrations of biomolecules,
resulting in an exceptionally low limit of detection. Furthermore, the fast signal processing
capability of IGZO is highly advantageous for real-time diagnostics. Its low power con-
sumption makes it an ideal candidate for portable biosensors and battery-operated devices.
This feature is particularly valuable for medical devices requiring long-term monitoring,
ensuring sustained operation without frequent battery replacement. In this context, this
paper explores cutting-edge advancements in IGZO-based applications, aiming to expand
their scope and impact.

From this perspective, this paper presents a comprehensive overview of the applica-
tions of IGZO, a metal-oxide semiconductor, as shown in Figure 1. Based on the versatile
capabilities of IGZO, Part 1 summarizes the gas sensors that can detect various gases.
In Part 2 focuses on the results of multi-value logic (MVL) based on IGZO and the imple-
mentation of complex logic circuits. Part 3 summarizes the process of detecting biomaterials
by antigen–antibody reactions. A case study on the application of synaptic devices utilizing
IGZO is provided in Part 4. Part 5 presents the implementation results of IGZO-based
photo detectors.
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Figure 1. Schematic of IGZO-based electronic device applications. Reproduced with permission [29–
36]. Copyright 2020, American Chemical Society; Copyright 2021, Elsevier B.V.; Copyright 2021, 
American Chemical Society; Copyright 2021, Wiley-VCH GmbH. (Reprint by permission for John 
Wiley & Sons); Copyright 2024, Elsevier; Copyright 2020, Wiley-VCH GmbH. (Reprint by 
permission of John Wiley & Sons); Elsevier; Copyright 2020; Copyright 2021, American Chemical 
Society.

2. IGZO Semiconductor-Based Electronic Applications
2.1. IGZO-Based Gas Sensors

Global air pollution has been accelerated by promotion from automobiles and 
industrial activities resulting from rapid industrialization and urbanization. Specifically, 
various gases such as nitrogen oxides (NOx) [37–39], ozone (O3) [40–42], and ammonia 
(NHx) [43–45] can negatively impact human health and air quality. Therefore, the demand 
for gas sensors that enable real-time monitoring of air pollution and gas leaks from 
factories and effective response strategies has increased. In the case of gas sensors, it is 
essential that gas molecules are absorbed and desorbed effectively. To detect the 
conductive differences arising from the adsorption and desorption processes of gas 
molecules [46,47], gas sensors can be made to operate with high sensitivity. Therefore, it 
is essential to have semiconductors that can operate stably at room temperature, are cost-
effective, and can reliably perform stable and repeatable gas adsorption and desorption 
processes [48]. Various oxide semiconductors have garnered interest from researchers due 
to their efficiency in air stability and gas detection [49–53]. Notably, IGZO is recognized 
for its stable performance at room temperature and its ability to maintain strong and 
reliable characteristics even through adsorption and desorption processes. As a result, 
numerous studies have reported on gas sensors utilizing IGZO semiconductors [30,54–
56].

In 2022, Huang et al. implemented a self-powered O3 gas sensor with a metal–
semiconductor–metal (MSM) structure (Figure 2a) [57]. This device is designed to operate 
in a self-powered operation by forming an asymmetric Schottky barrier through 

Figure 1. Schematic of IGZO-based electronic device applications. Reproduced with permis-
sion [29–36]. Copyright 2020, American Chemical Society; Copyright 2021, Elsevier B.V.; Copyright
2021, American Chemical Society; Copyright 2021, Wiley-VCH GmbH. (Reprint by permission for
John Wiley & Sons); Copyright 2024, Elsevier; Copyright 2020, Wiley-VCH GmbH. (Reprint by permis-
sion of John Wiley & Sons); Elsevier; Copyright 2020; Copyright 2021, American Chemical Society.

2. IGZO Semiconductor-Based Electronic Applications
2.1. IGZO-Based Gas Sensors

Global air pollution has been accelerated by promotion from automobiles and in-
dustrial activities resulting from rapid industrialization and urbanization. Specifically,
various gases such as nitrogen oxides (NOx) [37–39], ozone (O3) [40–42], and ammonia
(NHx) [43–45] can negatively impact human health and air quality. Therefore, the demand
for gas sensors that enable real-time monitoring of air pollution and gas leaks from factories
and effective response strategies has increased. In the case of gas sensors, it is essential that
gas molecules are absorbed and desorbed effectively. To detect the conductive differences
arising from the adsorption and desorption processes of gas molecules [46,47], gas sensors
can be made to operate with high sensitivity. Therefore, it is essential to have semicon-
ductors that can operate stably at room temperature, are cost-effective, and can reliably
perform stable and repeatable gas adsorption and desorption processes [48]. Various oxide
semiconductors have garnered interest from researchers due to their efficiency in air sta-
bility and gas detection [49–53]. Notably, IGZO is recognized for its stable performance
at room temperature and its ability to maintain strong and reliable characteristics even
through adsorption and desorption processes. As a result, numerous studies have reported
on gas sensors utilizing IGZO semiconductors [30,54–56].

In 2022, Huang et al. implemented a self-powered O3 gas sensor with a metal–
semiconductor–metal (MSM) structure (Figure 2a) [57]. This device is designed to operate in a
self-powered operation by forming an asymmetric Schottky barrier through ultraviolet treat-
ment (UVT). This induces the photovoltaic effect, enabling self-powered operation. Applying
light energy to a gas sensor can provide more electrons in the conduction band to promote
adsorption and desorption processes, and also increase its sensitivity to gas detection [58–60].
Therefore, the fabricated devices were investigated for their I–V characteristics under ultra-
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violet (UV) light. For the device without UVT, due to the symmetrical Schottky barrier, the
device exhibited symmetrical current characteristics, and the photovoltaic effect could not
be observed (Figure 2b). However, the device with UVT showed an asymmetric I–V curve,
indicating the occurrence of the photovoltaic effect, confirming that UVT is essential for self-
powered operation. Furthermore, the I–V characteristics were investigated when 0 ppm and
5 ppm of O3 gas were applied to the UVT-exposed devices (Figure 2c). When subjected to
an O3 gas concentration of 5 ppm, the device with O3 molecules adsorbed on IGZO showed
reduced conductivity compared to the unexposed device. However, when gas inflow stopped,
O3 molecule desorption occurred from the IGZO surface, resulting in increased conductivity
(Figure 2d). The reason for the decrease in conductivity upon gas inflow is that O3 molecules
are adsorbed on the IGZO surface, electrons are trapped by the adsorbed O3 molecules, and
the concentration of electrons utilized as carriers decreases [61–63].

The detailed gas detection mechanism proposed by the authors was as follows. Under
UV light exposure, the electron–hole pairs become separated by the internal electric field in
the Au/IGZO junction. In the case of hole carriers, the hole-trapping density at the negative
electrode without UVT is higher than at the positive electrode, leading to holes being mainly
trapped at the defects in the negative electrode, a phenomenon known as the hole-trapping
effect. Therefore, the trapped hole carriers cause the height of the Schottky barrier at the
negative electrode to be lower than that at the positive electrode (Figure 2e). Subsequently,
when exposure O3 gas is released and adsorbed on the surface of IGZO, the electron concen-
tration decreases as electrons bind to the surface adsorbed O3 molecules, and this region forms
a depletion layer that lacks charge carriers. In the depletion layer, the concentration of free
electrons decreases, which reduces the electron concentration within the semiconductor, caus-
ing the Fermi level to shift lower. As a result, the band structure of the semiconductor is bent
up and reorganized to achieve electrical equilibrium, resulting in a decrease in conductivity.

Vijjapu et al. reported a bottom gate and top contact structure-based IGZO TFT-type
NO2 detection sensor [29]. The electrical characteristics of the IGZO TFT-based gas sensor
were examined at one-minute intervals after exposing the device to NO2 gas with different
concentrations (0 to 5 ppm) (Figure 2g). The gas concentration was precisely controlled using
nitrogen as a carrier gas, diluted via a mass flow controller. As the NO2 gas concentration
increased, a threshold voltage (Vth) positive shift of the TFT occurred and a decrease in the drain
current (ID) was induced [64,65]. When the proposed gas sensor detects gas, the adsorption
of NO2 gas molecules on the surface and the desorption and recovery processes are crucial.
In the device exposed to NO2 gas, the gas molecules were strongly bound to the surface due
to the oxidized channel, and the electrical characteristics of the device were not recovered
after N2 gas purging. In general, gas sensors operate on the principle of molecular desorption
after the application of external energy, which recovers their electrical characteristics [66,67].
Therefore, we evaluated the recovery performance of the IGZO TFT-based NO2 gas sensor
by applying light energy with light-emitting diodes of different wavelengths such as a UV
light-emitting diode (LED) (400 nm), blue LED (450 nm), white LED, and red LED (635 nm)
to the device exposed to NO2 gas (concentration: 5 ppm) (Figure 2h). The proposed devices
exposed to NO2 gas recovered completely to the pristine state when light energy from UV
LED, blue LED, and white LED lights was applied. The devices exposed to NO2 gas recovered
completely to the pristine state when light energy from UV LED, blue LED, and white LED
lights were applied. However, they did not recover when a red LED was applied, which means
the absorbance spectrum of IGZO is almost zero in the red region, meaning that electron–hole
pairs are not formed by the light, and therefore desorption of NO2 molecules cannot occur. More
specifically, the injected NO2 molecules are adsorbed on the surface of IGZO channel (Figure 2i).
The adsorbed NO2 molecules capture electron carriers in the IGZO channel, reducing the
electron carrier’s concentration in the channel, thus causing the Vth to shift positively and the
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ID to decrease (Figure 2j). Finally, the electron–hole pairs generated by the light illumination
desorb the NO2 molecules, and the Vth and ID recover to a pristine state, allowing for NO2

gas detection using the mechanism. A notable aspect of this gas sensor research effort is
the successful initialization of the sensor by irradiating light sources beyond the bandgap at
room temperature, instead of applying conventional thermal energy for the desorption of gas
molecules necessary for sensor initialization. This approach eliminates the risk associated with
the use of thermal energy when configuring sensors for hazardous gases, such as explosive gases
like hydrogen or oxygen. Table 1 summarizes the performance of IGZO based gas sensors.
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Figure 2. (a) Schematic illustration of the manufacturing procedure for self-powered O3 gas sensor
fabrication. (b) I–V characteristics under UV illumination (25 mW/cm2) at 0 V bias for gas sensors
with and without UVT. (c) Illuminated I–V characteristics for a gas sensor with UVT in the presence
and absence of 5 ppm O3 gas. (d) The gas response characteristics under continuous UV illumination
(25 mW/cm2) at 0 V during repeated exposure to 5 ppm O3 gas. (e) Energy band diagrams of a sensor
exhibiting an asymmetrical Schottky barrier height at 0 V, shown under UV illumination. (f) Schematic
diagram depicting the adsorption process under UV illumination, along with the energy band in-
teraction with O3 molecules at the surface. Reproduced with permission. Ref. [57] Copyright 2022,
American Chemical Society. (g) Gas response characteristic of IGZO TFT-based sensors after 3 min of
exposure to NO2 concentrations ranging from 100 ppb to 5 ppm. (h) The gas response characteris-
tics of IGZO TFT-based gas sensors exposed to NO2 show recovery under illumination from various
commercial LEDs of different wavelengths, using the UV LED (400 nm) for 3 min, the blue LED
(450 nm) for 5 min, and the white LED for 10 min, but no recovery occurs after 15 min with the red LED
(635 nm). A schematic diagram of the sensing and revival mechanisms: (i) adsorption of NO2 molecules,
(j) depletion of surface charge carriers, and (k) the device revival mechanism under LED illumination.
Reproduced with permission. Ref. [29] Copyright 2020, American Chemical Society.
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Table 1. Summarization of IGZO-based gas sensor performance.

Device Type Detect Gas Detect
Concentration Responsivity Stability Sensing

Condition Ref.

Diode C2H5OH 1000 ppm 186.1 N/A 250 ◦C [25]
Transistor NO2 5 ppm 500 40 days RT [29]

Diode NH3 1000 ppm ≈1500 90 days 250 ◦C [54]
Diode NO2 25 ppm ≈110 60 days 250 ◦C [55]
Diode H2 100 ppm 482 30 days RT [56]
Diode O3 5 ppm 74 60 days RT [57]
Diode O3 5 ppm 62 90 days RT [63]

Transistor NO2 40 ppm ≈10 N/A RT [68]
Diode O3 5 ppm 45 1 day RT [69]
Diode C2H5OH 1250 ppm 89.2 N/A 250 ◦C [70]

2.2. Logic Circuits Application

The NAND and NOR gates, fundamental building blocks of logic circuit systems,
are recognized as universal gates, as all other types of gates can be constructed through
combinations of these two. Consequently, extensive research efforts have been dedicated
to developing more efficient NAND and NOR gates. In addition, ring oscillators serve
as critical circuit components through their applications in clock generation, frequency
synthesis, and random number generation. Beyond traditional Boolean logic applications,
recent studies have proposed MVL as a promising approach to addressing various demands
such as fundamental hardware architecture optimization, reduced power consumption,
and circuit complexity. Unlike conventional binary logic, which relies solely on “0” and
“1”, MVL employs three or more logic states, enhancing information storage density
while minimizing the number of electronic components. For instance, MVL systems that
incorporate ternary (0, 1, 2) or quaternary (0, 1, 2, 3) states can improve data density,
reduce interconnect overhead, and enhance computational efficiency. The following studies
highlight efforts to implement high-performance logic circuits using IGZO [71,72].

Jeong et al. fabricated logic circuits such as complementary inverters, NAND, NOR, and
ring oscillators (ROs) using components based on n-type IGZO and p-type SWNT IGZO on
polyimide (PI) films (Figure 3a) [32]. First, to evaluate whether the pull-down and pull-up
operations, which are fundamental for stable inverter operation with low leakage current,
functioned effectively, the transfer curve of the SWNT and IGZO transistors were investigated
(Figure 3b). The IGZO (or SWNT) transistors exhibited a high on/off ratio of ≈107 A (≈105 A)
and negligible off-current (≈10 pA) at |VDS| = 1 V. Based on these electrical characteristics,
a complementary inverter’s voltage transfer characteristic (VTC) curve demonstrated with
IGZO TFT and SWNT TFT confirmed full-swing VTC operation with a voltage gain of
eight (Figure 3c). Moreover, advanced complementary logic circuits, including NAND and
NOR gates, were demonstrated, with both schematic representations and optical microscope
(OM) images presented for the NAND and NOR gates constructed using IGZO/SWNT TFTs
(Figure 3d,e). For the NAND gate demonstration [73,74], two IGZO TFTs were connected in
series, and then two SWNT TFTs were connected in parallel. In the case of the NOR gate [75,76],
two SWNT TFTs were arranged in series, and then two IGZO TFTs were configured in parallel.
The fabricated logic circuits were operated by applying two input voltage signals (VIN-A = 0 V
and VIN-B = 25 V) at different time intervals. Furthermore, in digital logic circuits, input
and output voltages of 0 V and 25 V correspond to “0 states” and “1 states” (binary code),
respectively. Therefore, two input signals generated combinations of digital input signals
(i.e., 00, 01, 10, 11), enabling the successful demonstration of the NAND and NOR logic circuit
(Figure 3f). Additionally, three-stage ROs with output buffers were also demonstrated, and the
schematic and OM images of the fabricated Ros presented (Figure 3g). In the case of the ROs,
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three complementary inverters were arranged in series [77,78], causing the output voltage
to oscillate, and the output buffer amplified the output signal and reduced external noise to
stabilize the signal. Also, the fabricated ROs exhibited a voltage swing ranging from 1 V to
23 V. Furthermore, the oscillation frequency (f osc) was extracted as 142.9 kHz, and the stage
delay was calculated as (2nf osc)−1, resulting in a stage delay of 0.87 µs, demonstrating the
performance of the ROs.
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and optical image of the logic circuit demonstrated with IGZO and SWNT TFTs IGZO. (b) Transfer
curves of IGZO and SWNT TFTs. (c) Complementary inverter characteristics for VDD applied from 15 V
to 25 V and voltage gain at VDD = 25 V of the complementary inverter. Schematic diagram and an
OM image of (d) NAND and (e) NOR logic circuit. (f) Input and output signals (VIN-A, VIN-B) based
on IGZO and SWNT TFT-based NAND and NOR logic circuits. (g) Schematic diagram and optical
microscope image of demonstrated ROs and (h) output signal from the ROs. Reproduced with permission.
Ref. [32] Copyright 2021, Wiley-VCH GmbH. (Reprint by permission of John Wiley & Sons). (i) Transfer
curve of the M-T device at different gate bias voltages. (j) Equivalent circuit model schematic diagram
with the Te TFT, IGZO TFT, and Te/IGZO TFT components. (k) Schematic diagram for explaining the
current characteristics of the M-T device. Complementary ternary logic circuit based on M-T device of
(l) schematic circuit diagram and (m) VTC curve. (n) Transfer curve depicting the performance of the Te
TFT and the M-T device in the ternary inverter. Reproduced with permission. Ref. [79] Copyright 2024,
American Chemical Society.

In 2024, Lee et al. demonstrated a tellurium (Te) and IGZO-based partially overlapped
heterojunction transistor and expand to ternary logic circuit [79]. The proposed mixed
transconductance transistor (M-T device) sequentially exhibits unique current behaviors
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of zero differential transconductance (ZDT), positive differential transconductance (PDT), and
negative differential transconductance (NDT) according to the gate voltage (VG) sweep on
the transfer curve (Figure 3i). The inherent variable transconductance characteristics of the
M-T device can be explained by analyzing the channel region by dividing it into three distinct
segments. Figure 3j shows an equivalent circuit model explaining the unique behavior of the
proposed M-T device, in which Te TFT (P1), Te/IGZO ambipolar TFT (N1), and IGZO TFT (P1)
are interconnected in series. Therefore, the unique electrical characteristics of the M-T device
can be explained by the variation of the transistor transconductance due to the combined
resistance of each component interconnected in series (Figure 3k). For the application of
MVL, a ternary inverter was demonstrated by connecting the proposed M-T device and the
Te TFT (Figure 3l). The ternary inverter achieved three distinct logic states (VDD = 1 state,
VDD/2 = 1/2 state, GND = 0 state) on the VTC as shown in Figure 3m. The ternary inverter
exhibited maximum gain of 15.3 V·V−1 (VDD = 50 V), demonstrating effective demonstration
of three logic states (Figure 3n). Matching the clear ternary operation to the ZDT region
(27 V < VG < 32 V) of the M-T device and Te TFT has an impact on the implementation of the
intermediate logic state. Table 2 summarizes the performance of IGZO based logic circuit.

Table 2. Summarization of IGZO-based logic circuit performance.

Pull−Up
Device

Pull−Down
Device VDD

Gain
(V/V) Noise Margin Additional

Logic Ref

SWNT IGZO 25 V ≈8 N/A NAND, NOR, XOR,
XNOR, ROs [32]

IGZO/Te Te 50 V 24.7 N/A Ternary [79]

Resistor IGZO 5 V 15 N/A NAND, NOR [80]

Resistor IGZO 10 V 1939 ≈8.7 V N/A [81]

Resistor IGZO 2 V 163 N/A ROs [82]

SnO IGZO 3 V 226 1.79 V ROs [83]

SnOx IGZO 10 V 33.4 9.4 V N/A [84]

WSe2 IGZO 3 V ≈7 N/A Rectifier [85]

IGZO IGZO 40 V 9.65 32.8 V N/A [86]

BTBT/DNTT IGZO 20 V ≈60 15 V N/A [87]

2.3. IGZO-Based Biosensors

In modern society, health monitoring and management methods are gaining attention with
the increasing attention on individual quality of life and the aging population. In particular,
early diagnosis of diseases is important to maximize treatment for conditions such as diabetes,
cardiovascular disease, and various cancers. Therefore, biosensors that convert biological signals
into electrical signals to diagnose abnormal signs in the human body, and their application
devices, are being actively studied. Recently, biosensors that collect amounts of human signals
such as oxygen saturation [88,89], blood sugar [90,91], and heart rate [92,93] through integration
with smart devices are under development for health diagnostics. In addition, research is being
conducted on the integration of flexible components for smooth contact with the curved surface
of human skin and real-time monitoring through mobile wearable devices [94–96]. In this way,
next-generation biosensors demand key properties such as accuracy, selectivity, stability, limit of
detection (LOD), and fast response.

For sensing iodide ions, Park et al. demonstrated electrolyte-gated thin-film transistors
(EGTFTs) using IGZO based on a sol–gel process [97]. Figure 4a shows a photograph and
OM image of the IGZO-EGTFTs. An Ag/AgCl reference electrode for applying the gate bias
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voltage was placed in the electrolyte solution confined in a polydimethylsiloxane (PDMS)
well. In addition, the whole area except for the IGZO channel region was passivated using
SU-8 2000. Figure 4b exhibits the changed electrical properties dependent on the iodine
ion concentration in the phosphate-buffered saline (PBS) solution. The concentration of the
detected iodine ions was from 1 µM to 104 µM, and the off-current in the transfer curve
gradually increased as the ion concentration increased. In particular, the off-current of the
proposed device at 1 µM iodine ions achieved 1.61 × 108 and decreased to 2.14 × 103 at
104 µM. This indicates that the on/off ratio decreases as the concentration of iodide ions
increases due to the increased off-current (Figure 4c). In addition, the calibration curve
of the ID at the optimized VG of −0.3 V has a high linear sensitivity with an R2 value of
0.992. Also, the electrical properties of the proposed biosensor are explained through the
charge transfer behavior at the interface (Figure 4d). As the iodine ion concentration in the
electrolyte solution increases, the redox ions diffuse at the IGZO and electrolyte interface,
lowering the interfacial resistance and increasing the ID in the transfer curve.
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Figure 4. (a) Photograph and OM image of IGZO-based electrolyte-gated thin-film transistors (EGTFTs)
with channel widths (200 µm) and length (10 µm). (b) Electrical characteristics of IGZO-EGTFT with dif-
ferent iodide concentration (1 to 104 µM). (c) On/off-current ratio of IGZO-EGTFT measured at VG = 0.5,
−0.3 V. (d) Schematic diagram of the charge transport mechanism with electrolyte-Ag/AgCl reference
electrode (RE). Reproduced with permission. Ref. [97] Copyright 2021, Elsevier B.V. (e) Functionalization
of the IGZO surface for SARS-CoV-2 DNA detection includes a several steps: APTES treatment, probe
DNA immobilization, and SARS-CoV-2 DNA hybridization. (f) Transfer properties of IGZO-EGTFT
with treatment of APTES, immobilization of probe DNA, and hybridization of SARS-CoV-2 DNA in PBS
solution. Reproduced with permission. Ref. [33] Copyright 2024, Elsevier.

In 2024, Park et al. reported the demonstration of an IGZO-based EGTFT capable of detect-
ing SARS-CoV-2. The proposed device sequentially combined organic materials on the surface of
the deposited IGZO channel layer [33]. As shown in Figure 4e, (3-Aminopropyl)triethoxysilane
(APTES) was functionalized on the surface of the IGZO layer. The silane group of APTES facili-
tates binding to the surface of IGZO and provides stable covalent bonding for deoxyribonucleic
acid (DNA), antigens, antibodies, etc. Then, the probe DNA modified to be dependent on
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SARS-CoV-2 is covalently immobilized. At this time, a covalent bond is formed due to the stable
interaction between the head group of APTES and the phosphate group of the coated probe
DNA. Then, the probe DNA immobilizes the SARS-CoV-2 DNA. Figure 4f exhibits the transfer
curve of the proposed device according to the chemical binding of each organic material. As the
step-by-step process progresses in the transfer curve, the Vth shifts in a positive direction, and
the ID decreases. This is because APTES achieves covalent bonding with the hydroxylated
IGZO surface, while the phosphate backbone of DNA induces negative charge accumulation in
the IGZO channel with the sequential immobilization of probe DNA and SARS-CoV-2 DNA.
Table 3 summarizes the performance of IGZO based biosensor.

Table 3. Summarization of IGZO-based biosensor circuit performance.

Sensing
Device

Sensitivity
(mV/pH) VH (mV) RD (mV/h) VH to Sensitivity

(%)
RD to Sensitivity

(%) Ref.

IGZO/SnO2 57.4 21.1 46.3 N/A N/A [26]
IGZO/SnO2 56.4 5.6 9.8 10.0 17.3 [98]
IGZO/SnO2 383 107 32.7 27.9 8.5 [99]
IGZO/IGZO 52.06 11 12.74 21.12 24.47 [100]
IGZO/SnO2 57.77 5.29 7.84 9.1 13.3 [101]
IGZO/SnO2 55.6 12 13.9 N/A N/A [102]
IGZO/SnO2 50.5 34.5 29 N/A N/A [103]

2.4. Neuromorphic Devices

In recent decades, the computer structure based on the architecture of von Neumann has
become the basic standard of modern computers. However, in modern society, where high
volumes of data are handled, the typical von Neumann computer system has a bottleneck
phenomenon that hinders high-speed operation between the CPU and memory, and causes
high power consumption during data processing [104,105]. To overcome these limitations
of the von Neumann architecture, neuromorphic technology that mimics the human brain
structure has emerged as a promising solution [106–108]. However, neuromorphic computing
that imitates the human brain consumes about 20 W of power, enables parallel structure
processing of data, can significantly alleviate the bottleneck phenomenon between memory
and CPU, and achieve low power consumption [107,109,110]. In addition, it is considered a
means of significantly improving mass data processing time and learning speed to advance
artificial intelligence, autonomous driving, and deep learning technologies. The key point of
neuromorphic computing is to imitate the functions of human neurons and synapses with
electrical circuits [111,112]. The weight of the synapse is determined according to the occur-
rence time and interval of the spike signal during the signal transmission process between the
presynaptic neuron and the postsynaptic neuron, and this mechanism is called spike-timing
dependent plasticity (STDP) [113–115]. Therefore, neuromorphic devices perform inhibition
and reinforcement of long-term and short-term memory through the STDP algorithm.

Kim et al. demonstrated a transistor that absorbs red light at 635 nm and performs
synaptic functions by controlling defects in IGZO [116]. The proposed device consists of a
double-layer IGZO structure. First, a defect interface layer created through sol–gel synthesis
has a certain amount of surface dangling bonds and trap sites due to precursor decomposition
and solvent evaporation. Then, a channel layer that controls the switching characteristics
in response to light signals is continuously deposited using a sputtering method. The light-
absorbing layer is annealed at 200 ◦C to expand the region to the visible light absorption band.
Compared to the channel layer, the light-absorbing layer has enhanced oxygen defects due
to increased VO and –OH, creating sub-gap states that improve light absorption. Therefore,
the transfer curve of the proposed device shows the conventional n-type transistor behavior,
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showing a negative shift in Vth and an increase in photocurrent with red light irradiation.
Figure 5a shows the band diagram and the synaptic operation mechanism of the proposed
device. The carriers photogenerated by red light irradiation are trapped between the dielectric
gate and the channel, which is a defective interface layer due to the gate bias. The defective
interface layer increases the speed of trap and de-trap of the photogenerated carriers, enhanc-
ing the persistent photoconductance (PPC), and improving the postsynaptic current (PSC)
and gain with the increased amount of photogenerated carriers in the light-absorbing layer.
Figure 5b shows the paired pulse facilitation (PPF) index of the subsequent signal generated
in the postsynaptic neuron by repeated stimulation in the proposed device. When the red
light pulses with the shortest interval (t = 1 s) are irradiated, the PPF shows a maximum of
198% and decreases as the interval increases. Figure 5c shows the PSC characteristics in the
proposed device, showing the photo-induced potential and electrical depression.
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Figure 5. (a) Synaptic behavior mechanism of IGZO transistor with synaptic function. (b) The correlation
between the PPF index and the interval time of the optoelectronic IGZO synaptic transistor with the
defective interface layer. (c) Optical potentiation and electrical depression of optoelectronic IGZO synaptic
transistor. Reproduced with permission. Ref. [116] Copyright 2022, Elsevier B.V. (d) Redistributions of
O2− and Vo2+ during the forming process. (e) Schematic of fabricated IGZO memristor-based synaptic
device. Learning behaviors of IGZO memristor-based synaptic devices with switching layers prepared by
OFRs of (f) 1 sccm, (g) 1.5 sccm, and (h) 2 sccm. Reproduced with permission. Ref. [117] Copyright 2020,
American Chemical Society.



Micromachines 2025, 16, 118 12 of 22

In 2020, Kim et al. developed a memristor-based synapse device consisting of a p+

Si/IGZO/Palladium (Pd) structure with two terminals [117]. The p+ Si is used as the bottom
electrode (BE), and Pd is used as the top electrode (TE). Figure 5d presents the operating
mechanism of the proposed device. The TE and BE of the proposed device have different
oxygen contents. When a high negative voltage bias is applied to the Pd TE, O2− ions from
the IGZO move towards the p+ Si BE. At that time, Vo2+ ions migrate towards the TE to
form conductive filaments due to the free energy of the Si-O bond being lower than that
of the Pd-O bond. The schematic of a similar biological IGZO-based memristor device
is shown in Figure 5e. For the learning operation in the proposed device, the p+ Si BE
is grounded, and a voltage pulse is applied to the Pd TE. Figure 5f,g shows the learning
behavior characteristics of the proposed device according to the oxide flow rate (OFR)
during IGZO sputtering. Also, the inference current decreases with an increase in injected
oxygen, reducing energy consumption. Table 4 summarizes the performance of IGZO
based neuromorphic devices.

Table 4. Summarization of IGZO-based neuromorphic devices’ circuit performance.

Device
Structure PPFmax Gmax/Gmin

Recognition Rate
(Accuracy) Cycle ∆T (s) Ref.

LATP/IGZO N/A ≈2 ≈90% 50 0.001 s [111]
IGZO ≈150% 17.4 ≈90% 64 0.02 s [118]

IGZO/SnO/SnS ≈112% ≈82 ≈90% 40 5 s [119]
IGZO/PVK/IGZO ≈300% ≈4.7 N/A 45 5 s [120]

Al NPs/IGZO ≈160% N/A ≈90% 100 0.1 s [121]
Casein/IGZO ≈170% ≈3 90.5% 30 0.2 s [122]

IGZO/Graphene oxide 182% 2466 73% 200 0.05 s [123]
TaOX/Al2O3/IGZO ≈130% ≈2 95.1% 20 0.00001 s [124]
TaOX/Al2O3/IGZO N/A 137.2 98.08% 1000 0.001 s [125]
TiO2/Al2O3/IGZO ≈150% ≈50 ≈90% 200 0.1 s [126]

2.5. Photo Detectors

In a rapidly advancing technological environment, image sensors have established
themselves as crucial components in various application fields such as smartphones, au-
tonomous vehicles, and medical imaging technologies Also, high-resolution and dynamic-
range imaging technologies are utilized in security systems for surveillance and monitoring,
contributing to public safety. Due to the recent advancements in artificial intelligence (AI)
and machine learning, the role of image sensors is becoming increasingly significant, linked
to the importance of functions such as facial recognition and scene analysis. Therefore, to
satisfy the performance requirements of the previously mentioned applications, research
efforts have accelerated in the utilization of materials such as metal oxides [127–129],
transition metal dichalcogenides [130–132], perovskites [133–135], and other organic mate-
rials [136–138] for the implementation of high-performance photodetectors. In particular,
metal oxides exhibit high sensitivity to light, allowing for the effective detection of even the
faintest optical signals. Moreover, several experimental methods such as varying the com-
position ratio of metal oxides or chemical doping with organic materials enable tuning the
electrical properties to optimize the performance of photodetectors. These additional meth-
ods ensure strong environmental resilience, ensuring stable performance under changing
temperature and humidity conditions.

Lee et al. demonstrated a homojunction-structured phototransistor with a sputtering-based
IGZO channel and a solution-processed porous IGZO photosensitive layer (Figure 6a) [139].
The porosity of the IGZO photosensitive layer is attributed to the polyacrylate of the adhesive
tape. Figure 6b,c shows the photo responses of the homojunction-porous IGZO (HPI) phototran-
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sistor to red (635 nm) and green (532 nm) light, respectively. The proposed HPI phototransistor
exhibits a negative shift in Vth and an increase in off-current after light irradiation, and the
change becomes larger as the light intensity increases. In particular, under green light irradi-
ation at 10 mW/mm2, it exhibits an on/off ratio of 4.92 × 102 A/A, a Vth of −6.27 V, and a
photoresponsivity of 1.63 × 1010. X-ray photoelectron spectroscopy (XPS) analysis was used to
examine the chemical composition of the IGZO film with and without porosity (Figure 6d,e).
Compared to the single IGZO film, the HPI film shows an increase in peaks corresponding
to oxygen vacancies (M−OVAC: 51.1%) and metal oxide–carbon groups by metal hydroxide
or organic residues, respectively (-OH: 20.3%). This indicates an increase in trap sites due to
impurities in the HPI film. As a result, the porosity of the HPI film enhances the photocurrent
and light absorption efficiency. The physical defects of the porous film affect the photocat-
alytic activity and electron transport, with oxygen vacancies generated by the metal–oxygen
defects at the pores considered as defect sites. In addition, the increased surface area due
to the porosity enhances the light absorption and reactivity effect to increase the absorption
efficiency. The increased oxygen vacancies generate numerous sub-gap states in the bandgap of
the HPI phototransistor (Figure 6f). Based on UV−vis absorption and ultraviolet photoelectron
spectroscopy (UPS) analysis, the bandgaps of the single IGZO and HPI films were extracted
as 3.70 eV and 3.53 eV, respectively. Additionally, the HPI thin film has a lower valence band
maximum (VBM: 2.85 eV) and conduction band minimum (CBM: 3.28 eV) compared to the
single IGZO. Therefore, the bandgap alignment of the HPI phototransistor distinguishes the
HPI thin film from the single IGZO layer, and the sub-gap states serve for electron–hole pair
generation, contributing to photocurrent generation.

To enhance the light absorption efficiency of IGZO, Rho et al. performed H2 plasma
treatment during an IGZO phototransistor fabrication process (Figure 6g) [140]. The light
absorption of IGZO is confined to blue wavelengths (<500 nm), limiting its capacity to
detect a broad range of the visible spectrum. However, when H2 plasma treatment is
conducted on the IGZO surface, it reduces surface adsorbates and surface trap defect
distribution (Dit), forms −OH bonds at oxygen vacancy (Vo) sites, and these −OH bonds
along with hydrogen doping expand the sub-gap states near the VBM and CBM, increasing
the carrier concentration. Therefore, H2 plasma treatment for IGZO enhances light absorp-
tion efficiency. This approach leverages the principle that, when low-energy photons are
absorbed, photon-induced electrons are excited from the VBM to CBM through sub-gap
states, producing a photocurrent (Figure 6h). To confirm the effect of H2 plasma treatment
on IGZO TFTs, the electrical characteristics of these transistors were analyzed following
treatment durations of 100 s, 200 s, and 300 s. The ID shows a clear tendency to increase
output current with longer plasma treatment times than the pristine IGZO TFT. Moreover,
extended plasma treatment increases ID and promotes a significant negative Vth shift along
with a higher subthreshold swing (SS), so the IGZO TFT treated with H2 plasma for 100 s
shows the best electrical performance compared to the pristine state or the TFTs treated for
200 s and 300 s, resulting in its selection as the optimized condition for the phototransistor.
Subsequently, the transfer curves of the IGZO TFT were examined under light exposure at
wavelengths from 400 nm to 1000 nm to investigate their optical response characteristics
(Figure 6j). Pristine IGZO demonstrates modulation of the ID at λ = 400 nm, and minimal
modulation at λ = 550 nm. However, H2 plasma-treated IGZO exhibits significant pho-
tocurrent across the wavelength spectrum from 400 nm to 1000 nm. IGZO An interesting
aspect is that photocurrent is detected within the near-infrared region, which, as previously
mentioned, is attributed to the sub-bandgap effects resulting from H2 plasma treatment.
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Figure 6. (a) Schematic of the device structure fabricated from homojunction-porous IGZO (HPI)
thin films. Transfer characteristics of phototransistors based on HPI thin films when irradiated to
(b) red light (635 nm) and (c) green light (532 nm). XPS results of (d) single IGZO and (e) HPI
thin films with deconvoluted O 1s spectra. (f) Schematic of trap-assisted generation mechanism
and electron transport in the IGZO phototransistor with the HPI absorption layer. Reproduced
with permission. Ref. [139] Copyright 2021, American Chemical Society. (g) Schematic diagram of
the photodetector and plasma processing. (h) Sub-gap state tuning and broad-spectrum detection
mechanism enabled by plasma treatment. (i) Transfer curve of IGZO-based photodetectors depending
on plasma treatment time. (j) The transfer curve of the IGZO photodetector exposed to the light of
broad wavelengths. (k) Detectivity characteristics of IGZO and IGZO:H photodetectors investigated
to evaluate the gas sensor performance induced by plasma treatment. (l) Photocurrent mapping of
the IGZO:H photodetector array using 650 and 850 nm wavelengths. Reproduced with permission.
Ref. [140] Copyright 2023, American Chemical Society.

Thus, IGZO demonstrates significant potential not only in the field of display tech-
nologies, but also across a range of next-generation advanced technological applications.
However, despite the advantages offered by IGZO and other metal oxide semiconductors,
critical material challenges remain in the realization of IGZO-based logic circuits and optical
sensors. Chief among these is the absence of p-type metal oxide semiconductors necessary
for the fabrication of complementary logic circuits [141]. While substantial efforts are un-
derway to develop p-type semiconductors using copper oxide, such research remains in its
early stages [142]. Additionally, hybrid semiconductor circuits incorporating organic p-type
materials with inorganic oxides have been proposed as potential alternatives; however,
the limited stability and low carrier mobility of organic materials continue to constrain the
full potential of oxide semiconductors [143]. Another limitation is the excessively large
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bandgap of IGZO for use as a photosensor. With a bandgap of 3.70 eV, IGZO allows most
visible light to pass through without absorption [79]. Consequently, utilizing IGZO as
a photosensor necessitates the addition of layers that can absorb light at specific wave-
lengths and generate electron–hole pairs. However, this introduces a challenge, as carriers
generated in the absorption layer must transfer to the IGZO channel layer, potentially
leading to a loss in quantum efficiency. Therefore, the development of tailored materials
that minimize quantum efficiency losses is essential for advancing the use of IGZO as
a photosensor. We believe that addressing these challenges will establish metal oxide
semiconductors, such as IGZO, as indispensable materials in the field of future application
circuits. Table 5 summarizes the performance of IGZO based photo detectors.

Table 5. Summarization of IGZO-based photo detectors’ circuit performance.

Device
Structure

Wavelength
(nm)

Responsivity
(A·W−1)

Detectivity
(Jones·W−1) Sensitivity EQE (%) Ref.

HZO/HfO2/IGZO 400–1000 ≈2 × 104 ≈4 × 1013 ≈104 ≈105 [140]

IGZO/ZnON 405–635 ≈1 2 × 1014 ≈106 ≈104 [144]

IGZO/Se 405–635 1.39 × 103 3.44 × 1013 4.39 × 109 3.52 × 109 [145]

IGZO/BFP 365 44.8 1.3 × 1015 ≈2 × 108 ≈103 [146]

IGZO/PbS QDs 1064 0.623 1.3 × 1011 ≈8.85 × 107 2248 [147]

PEDOT:PSS/
SnOX/IGZO 320–550 984 3.3 × 1014 ≈106 ≈107 [148]

IGZO 400–980 3 × 104 5.3 × 1017 N/A 107 [149]

Nanoporous IGZO 405–852 27.4 ≈1011 1.1 × 104 N/A [150]

IGZO/BA2MA3Pb4I13 520 835.7 5.4 × 1012 ≈105 N/A [151]

IGZO(PDI−BDT−O) 633 212 2 × 1012 N/A N/A [152]

3. Conclusions
In summary, this review paper comprehensively discusses various examples of IGZO

applications. IGZO has been primarily used as a driving device for LCD and OLED in
the display industry. However, its high charge carrier mobility and process compatibility
have positioned it as a key material for next-generation computing devices. Based on these
characteristics, IGZO can be applied to sensor technology, including gas sensors, biosensors,
and photodetectors, utilizing its high sensitivity and stability. Furthermore, IGZO-based
compact circuits enable high-density integration with low power consumption. Also, IGZO
is gaining attention in the development of neuromorphic devices as a core material for next-
generation computing technology that mimics neural networks. Thus, IGZO demonstrates
application potential not only in the display field but also in advanced technology fields, and
it is expected to play a pivotal role in the future of next-generation devices.
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