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ABSTRACT

This paper shows how gallium-nitride-based gas sensors are frequently used for detecting toxic gases and vapors and gives an overview
of how to use them with different layer thicknesses in order to detect multi-spectral ranges and to obtain high performance, high response,
high speed, and low cost for gas sensor devices. The earlier published works are summarized, as is the gallium nitride material grown on
different substrate materials such as silicon, sapphire, or quartz using different growth methods to fabricate sensors used in wide
application fields such as environmental control, industrial monitoring, and household safety. GaN material-based gas sensors are
considered to be promising to open a new generation of fields due to their virtues for designing high temperature, high frequency, and
high power sensors.
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1. INTRODUCTION films differ from those of bulk materials. This is because

their properties are dependent on a number of
There's an important trend toward nanoscience and interconnected parameters as well as the fabrication
nanotechnology at present. Recent advances in nanoscience  technique [9, 10]. Nanostructures are commonly utilized as
and technology are being driven by the fact that, as scales sensing layers for a variety of gas sensors. Using
continue to shrink, new physical effects are becoming nanostructures as sensing layers provides large surface-to-
apparent that may be utilized in future technological volume ratios for gas molecule interaction, which has the
applications [1, 2]. Due to the increased availability of potential to increase sensor sensitivity and response time in
nanomaterial synthesis techniques, their growth has comparison to conventional thin film sensing layers.
exploded in the past decade. Moreover, as instruments for = Moreover, their size, composition, and shape can be
characterizing and manipulating nanostructures of chemically modified to influence not only the sensors'
semiconductors, metals, and other materials in order to gain  sensitivity but also their selectivity [11, 12]. There is
a better understanding of them [3, 4], synthesis, exploration,  currently a great deal of interest in implementing sensing
characterization, and utilization of nanostructured devices in order to enhance environmental and safety gas
materials are the focus of nanoscience and nanotechnology.  control. This type of sensor is also in high demand for
These materials have at least one nanometer-scale optimizing combustion reactions in the emerging
dimension. The physical and chemical properties of transportation industry and in domestic and industrial
nanomaterials differ from those of bulk materials and applications [13, 14]. Due to their potential applications in
atomic-molecular materials of identical composition [5, 6].  optoelectronic devices, the growth of GaN films and their
Due to the nanometer size of the materials that render them, properties have been intensively investigated over the past
a significant fraction of surface atoms, high surface energy, few years. Furthermore, in high-temperature and high-
spatial confinement, and reduced impurities do not exist in = power electronic devices [15, 16], GaN can be used to create
the bulk equivalents. Nanomaterials have a very high a variety of devices, including lasers, visible and ultraviolet
surface area-to-volume ratio due to their small size [7, 8].  LEDs, solar cells, and sensor materials. These substances can
Thin film science and technology serve a crucial role in high-  be heteroepitaxially grown on a variety of substrates. [17,
tech industries. As two-dimensional systems, thin films are  18]. There have been many reports of AlIN, InN, GaN, and
of considerable importance. The attractive properties of thin ~ their compounds growing on substrates other than
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sapphire, such as SiC, GaAs, and Si. The growth of GaN on Si
substrates has been one of the most intriguing topics due to
its large surface area, low cost, and excellent thermal and
electrical conductivity. However, the growth of high-quality
epitaxial GaN on Si substrates presents numerous
challenges due to the large lattice mismatch and thermal
expansion coefficient divergence between GaN and Si [19,
20].

2. GALLIUM NITRIDE PROPERTIES

[II-nitride semiconductors are the preferred materials for
numerous device applications. In the past few decades,
gallium nitride (GaN) thin films have garnered the most
academic and commercial interest among all [II-nitrides [21,
22]. The direct energy band gap of Ill-nitride
semiconductors is extensive. The band gap values for InN,
GaN, and AIN are 0.7-1.9 eV, 3.4 eV, and 6.1 eV, respectively
[23, 24]. The extensive spectrum of direct bandgaps
corresponding to blue and ultraviolet ray emissions makes
it suitable for optoelectronic devices [25, 26], including
light-emitting diodes (LEDs), photodetectors, and laser
diodes [27, 28]. Likewise, it is appropriate for high-power
electrical instruments [29, 30]. In general, semiconductors
composed of Ill-nitrides can be crystallized into both
wurtzite and zinc-blende polyvarieties. However, the former
is examined more extensively because it is
thermodynamically more stable. I1I-nitride semiconductors
have also been utilized for applications involving high
temperatures and high frequencies. For instance, the wide
band gap of GaN enables the material to become intrinsic at
a significantly higher temperature. Other desirable
characteristics of III nitrides include excellent electron
transport properties, high saturated drift velocity [27],

strong atomic bonding [21], thermal stability [31, 32],
chemical stability [33, 34], high mechanical stability, and
high breakdown fields [27], which are required for high-
power devices [27]. Gallium nitride's mechanical and
electrical properties make it appropriate for use in sensing
applications. GaN sensors can operate at higher
temperatures due to the high melting point of the material.
Additionally, it has a wide, direct band gap. Due to
inexpensive materials, the production of GaN resistive
sensors is more cost-effective than that of many other types
of sensors [35, 36].

2.1 Crystal GaN Can Generally Exist in Two Phases

1) Hexagonal (wurtzite) and
2) Cubic (zinc-blende).
3) Hexagonal Gallium Nitride

The majority of hexagonal GaN is grown on silicon (100),
silicon carbide (SiC), or sapphire (0001) substrates. The
hexagonal structure predominates under growth conditions
characterized by an increase in group V species (e.g.,
nitrogen) or substrate temperatures exceeding 50 degrees
Celsius. In a hexagonal structure, the bonding between the
atoms can be seen to form tetrahedrons, with four Ga atoms
[37, 38] located at the tetrahedron's extremities and thus at
an equal distance to the N atom, which is located at the
tetrahedron's center. This form of bonding guarantees that
the atoms are tightly packed [39, 40]. Figure (1) below
illustrates the atomic structure of hexagonal GaN [41, 42].

2.1.1 Cubic Gallium Nitride

The cubic GaN atomic structure is depicted in Figure. 2 [40]:

Figure 1. Hexagonal GaN structure [41].
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Figure 2. Cubic GaN structure [41].

2.2 Temperature Resistance of Gallium Nitride

To withstand elevated operating temperatures, sensor
materials must possess a high melting point. The sensor's
materials must be thermally stable in these conditions. The
highest melting point corresponds with the highest thermal
stability. As shown in Table (1), Gallium Nitride is stable at

high temperatures because its melting point is 2700 C°,
which is the temperature at which other semiconductors
exist in liquid phase [35].

Table 1 The melting temperatures of a number of semiconductors [35]

Semiconductor materials Melting point C°
GaN 2700
Si 937
GaAs 1421

2.3 Electron mobility of Gallium Nitride

Electron mobility (n) is the response of sensors to variations
in the conduction of electrons or electron holes in a material.
The electron drift velocity (vn) is the average electron
velocity caused by the administration of an electric field (E).
As demonstrated by flaw Equation [35, 43, and 44], the
movement of electrons in electron drift velocity at this field
is related to electron mobility

n_‘lin
==

(1)

For improved conductivity in sensing devices without the
risk of a voltage breakdown, electron mobility must be as
high as feasible. When a modest change in voltage causes
rapid increases in current, breakdown occurs.
semiconducting material with a higher n breakdown voltage
at lower voltages. As shown in Table (2), GaN has average
electron mobility (440 cm2/V s) compared to many other
semiconductors. However, the n of GaN is sufficient for
sensor function without risk of breakdown at 2.5 V, which is
the bias voltage for these investigations [35].

Table 2 Electron mobility of some semiconductors material [35]

Semiconductors material Mn (cm2 /V.s)
GaN 440
Si 1350
SiC 500
GaP 300
ZnS 110
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3. GALLIUM NITRATE APPLICATIONS (GAN)

Table 3 below shows that some application of GaN.

Table 3 Applications of GaN

Type of application

Properties

LED

The ratio of Al (AlGaN) or In (InGaN) to GaN affects the color of LEDs and their ability to read
Blu-ray discs. Diffusion-assisted carrier injection (DACI) is a method for LEDs based on III-
nitride to prevent a drop in efficiency,[45, 46].

Transistors

in the past 12 years, MOSFET and MESFET transistors based on GaN and silicon have been
developed. GaN-based power converters have entered the market with lower efficiency and a
larger dimension than conventional components. Two-dimensional electron gas (2DEG) has
low on-resistance, high current capacities, and high power densities. GaN-based power
switching devices include GaN HEMTs, GaN HEMTs in cascade, and lateral GaN MOSFETs in
enhancement mode,[47, 48].

Radars

Due to its high voltage, high temperature, and high-frequency characteristics, GaN has been
utilized in military electronics and instruments, such as AESA, [49]. In 2018, Lockheed Martin's
GaN-funded tactical and operational radars were delivered to Latvia and Romania. Saab has
recently tested a novel GaN-based radar on a JAS-39 Gripen fighter. In electronic and optical
devices, advanced epitaxial growth techniques such as HEMT, single-electron transistors, laser
diodes, and light-emitting diodes require nanometer-scale structures with high precision.
HEMT is the semiconductor architecture used to manufacture GaN transistors,[50].

Waveguide

[1I-Nitride-based WGs fabricated with GaN-AlGaN materials are afflicted with a high density of
dislocations and tensile strain, resulting in optical losses,[51, 52].

GaN Photodetector

The GaN photodetector consists of the following photodetector types:
» Photoconductive Materials [53]

« Schottky barrier photodiodes based on AlGaN [54]

¢ Metal-Semiconductor-Metal (MSM) Photodiodes [53]

* Photodiodes p-n, p-i-n, and avalanche [55]

 Photographic Transistors [56]

¢ Multiple quantum well (MQW) UV detectors based on nitride [57]

¢ UV photodetectors made from polarization-sensitive GaN [58-60]

Gas Sensor

GaN nanostructures were ideally suited for detecting hydrogen and alcohol, as well as various
oxidizing gases. Recently, P-i-n GaN (NRs) Nano rods comprised of InGaN/GaN multi-quantum
wells have been recorded for the detection of NO gas [61, 62]. This Nano rod-based species
detected NO concentrations as low as 10 ppm at room temperature. Even though the response
time was acceptable (180 s), the system recovery process was excessively delayed (400 s) even
when exposed to UV light. In addition, owing to the various surface states possessed by InGaN
NRs, it exhibited a high degree of selectivity for NO gas over other interfering oxidizing gases,
[63, 64].

4. GALLIUM NITRATE GAS SENSOR (GAN)

GaN is a promising material for chemical sensors due to the
large band gap and the associated excellent chemical
stability and mechanical robustness; these semiconductors
can be used in many harsh applications. These include gas
sensing operations during the processing of chemical
reactors, the detection of fuel leaks in automobiles and
aircraft, and onboard fire detectors on aircraft and
spacecraft. The ability to integrate a GaN gas sensor with
GaN-based solar-blind UV photo detectors or high-power,
high-temperature electronic devices on the same chip [65,
66] is a unique advantage of this sensor. Using GaN thin
films, various reducing and oxidizing gases can be examined
[67, 68]. GaN can operate at temperatures greater than 400
°C and has adequate thermal conductivity in bulk, low-defect
wafers, making it a suitable material for gas sensing [69, 70].
Recent reports describe GaN gas sensors with Schottky
contacts, in which a catalytic metal such as Pd or Pt
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facilitates the adsorption of gas atoms on the semiconductor
surface to form a polarized layer. This layer alters the
electrostatic potential, which modifies the metal work
function and, consequently, the effective Schottky barrier
height. On the other hand, resistive gas sensors do not rely
on the Schottky contacts and specific catalytic metals that
are necessary for gas detection. Instead, they take advantage
of the variation in near-surface conductivity, which is most
likely caused by the adsorption of gas species. Historically,
metallic oxide semiconductors such as W03, Sn02, and ZnO
have comprised the majority of resistive gas sensors
utilizing a surface conductivity change. In the case of gases
containing oxygen, it is believed that the oxygen adsorbs
onto the surface of the semiconductor and generates an
electron acceptor state within the band gap of p-type
semiconductors, while n-type semiconductors generate an
electron donor state from reduced gases. Thus, surface
adsorption results in a change in the fractional surface
coverage of this acceptor/donor state, which can be
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detected as a change in conductivity [65, 71]. Table (4)
shows Summary of sensing performance of Gallium Nitrate

(GaN) based sensors.

Table 4 Summary of sensing performance of Gallium Nitrate (GaN) based sensors

Type of sensor

Type of substrate

Fabrication method

Results

n-Zn0/p-GaN

GaN/sapphire

Atomic layer
deposition (ALD)

The researcher examined the properties of n-ZnO/p-
GaN heterostructures for possible use in optoelectronic
devices. The current voltage characteristics of the
heterojunction were favorable, indicating UV detector
potential, [72].

Porous GaN

Sapphire

prism coupling

This research demonstrates that nanostructures can
provide a positive outlook for Ill-nitride
semiconductors. The refractive index and other optical
properties of GaN films can be tailored to create optical
devices with precise configurations, [73].

GaN

Sapphire

Pulse laser deposition

The outcome demonstrated that annealing could
restore the film's surface. The GaN film becomes
extremely flat. Consequently, by modulating the
annealing temperature, a highly crystalline, soft, and
strain-free GaN film was produced.74]

GaN

Si (111)

Low-cost
electrochemical
deposition

The GaN on Si (111) substrate was also found to be
more sensitive than the GaN on Si (100) substrate. The
experimental results suggest that gallium nitride with a
gallium oxide face could be used for gas sensing, [75].

GaN (h-GaN)

Si (100) and Si
(111)

Pulse laser deposition

The research demonstrated that h-GaN grown on Si
(111) has superior crystalline structure and optical
properties than that grown on Si (100); the PLD
method showed promise for fabricating low-cost GaN-
based optoelectronic devices on Si substrates due to
the minor mismatch between the Si (111) substrate
and h-GaN film orientations, [76].

Gallium nitride
(GaN) nanowires

Zinc oxide /silicon
substrate (100)

Thermal evaporation

1. SEM images revealed a highly dense GaN NW grown
on a high-quality ZnO thin film with flower-shaped
nanoparticles.

2. Using X-ray diffraction, GaN and ZnO/Si thin films
were shown to have hexagonal wurtzite structures.
3. Photoluminescence (PL) measurements of ZnO/Si
revealed a strong peak at 382.84 nm (3.23 eV), whereas
GaN/ZnO/Si displayed a strong band edge emission at
approximately 33894 nm (3.0 eV), which is
characteristic of GaN NWs.

4. As a result of the quantum confinement of
nanocrystal line structure, the energy band gap could
expand relative to that of gallium (3.45 eV). [77].

GaN

Si

Thermionic vacuum
arc (TVA)

The findings indicated that the TVA method could be
used to produce GaN with high-quality films at a
reasonable price. Further GaN thin film research
utilizing TVA is essential for modernizing and
developing next-generation optoelectronic devices and
introducing new industrial applications, [78].

GaN-NSs

Si (111)

A PAMBE setup

The research demonstrates that NS with lower stress-
strain, no buffer layer, a low aspect ratio, and
compatibility with Si-technology can herald a new era
of cheaper nanosensors in the future,[79].

Zinc oxide (Zn0)

Si and GaN lattice

Pulse laser deposition

The results also demonstrated that the ZnO buffer layer
significantly enhances the crystalline quality of GaN
films because ZnO and GaN have strong lattice
structures that match comparable lattice parameters
,[80].
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GaN

Si (111)

Pulse laser deposition

The analysis revealed that as the number of pulses
increases, the formation of structures differs in size and
shape. With increasing pulses, the presence of the
nitrogen (N) element began to manifest on the surface,
indicating the N element. The sensitivity of the GaNSi
gas sensor increased in proportion to the NH3 gas
concentration. [81].

GaN

Sapphire (Al203)

Chemical vapor
deposition (CVD)

The findings indicate that the investigation confirmed
sub-band-gap or defect band emissions; however, the
effect of these defect bands on the performance of PEC
water splitting has not been studied, and additional
research is required. The GaN thin layer on a sapphire
substrate is thermally stable and begins to degrade at
950 degrees Celsius. At 0.59 V, the highest photo
conversion efficiency and photocurrent density relative
to RHE were 0.73 percent and 0.099 mA/cm2,
respectively.,[82].

GaN

a-GaOOH
precursors

Direct nitridation

method

The GaN sensor was 10 times more sensitive to oxygen
concentrations of 2.07 wt.% than it was to oxygen
concentrations of 2.53 wt.%. It exhibited greater
stability and sensitivity than Ga203 sensor, [83]..

GaN Nanorods

Simple solvothermal
method and a low-
temperature
nitridation process

The results of material characterization reveal nanorod
structures with superior growth orientation. At room
temperature, gas sensing tests demonstrate
outstanding response, repeatability, and selectivity for
n-butanol. Establishing the gas adsorption model and
electron depletion layer theory,[84].

GaN
nanoparticles

Simple chemical

route

The ethanol sensitivity is found to be the highest, with
the sensitivity and recovery periods being the shortest.
The gas sensor properties of GaN appear to be
associated with intrinsic defects that serve as sorption
sites for gas molecules, [85].

GaN quantum
dots (QDs) film

Metal-organic
chemical vapor
deposition (MOCVD

With a high electron mobility of 1237.37 cm2 V-1 s-1at
room temperature, the GaN QDs film sensor is
advantageous for gas sensing. The active sites, carrier
mobility, surface energy, chemical activity, granule
boundary barrier, and electrical conductivity give the
sensor its selectivity, repeatability, stability, and ability
to be used more than once,[86].

Gallium nitride
(GaN) and
indium gallium
nitride (InGaN

Solvothermal method

Pure GaN and InGaN show a sensing response of 23.8%
and 28.1% for a 200 ppm concentration at 300 K, while
nanocomposites of GaN and InGaN show a response of
374% and 44.1%. This enhancement in
nanocomposites can be attributed to the enhanced
conductivity, increased number of gas adsorption sites,
and decreased bandgap. These materials have been
discovered to be an outstanding option for ammonia
gas sensing applications,[87]..

GaN nanorods

n-Si(111)

Plasma-assisted
molecular beam
epitaxy (PA-MBE)

NO gas sensing measurements showed H202-treated
GaN NRs had a four-fold higher response to 100 ppm of
NO gas concentration at 50°C. They also responded
more strongly to UV illumination, generating electron-
hole pairs and causing an elevated NO gas
response,[88]..

Zn0

GaN

Electrodeposition

FZnO/GaN nanosheets on GaN form a 55 nm-thick ZnO
nanosheet, providing exceptional sensitivity for
ethanol detection. This material has faster response
times, superior selectivity, and stability, with a
detection limit of 100 ppb. The enhancement is mainly
due to FZnO and GaN conductivity,[89].

GaN

Si (111)

Chemical vapor
deposition (CVD)

The GaN/Si-NPA gas sensor demonstrated effective
sensing responses of 1.22 and 1.92-5 ppm at 350°C,
with recovery rates of eight and seven seconds for 500
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ppm methanol. The sensor's high specific surface area
and active sites make it a promising sensing candidate
for methanol detection,[90].

5. TYPES OF GALLIUM NITRATE GAS SENSOR

A wide band gap with low activation energy is the main
design parameter for semiconductor gas sensors because it
eliminates the influence of ambient temperature on device
degradation. Due to their high chemical stability and high
melting points, both SiC and GaN serve as materials for the
design of sensors for severe environments. Furthermore,
GaN possesses high mobility, a high breakdown field, and a
high switching speed. [91-93].

5.1 GaN-resistor Sensors

Hydrogen peroxide (H202) treatment of GaN can improve
sensing performance. Heterostructures, doping, and noble
metals increase gas adsorption sites. H202 treatment
enhanced pure GaN Nano rod sensor responsiveness to
19.4% for 100 ppm NO from 5.35%. UV irradiation caused
GaN surface flaws with more electron hole pairs, increasing
the response by 29%. The treatment temperature restricts
the GaN surface's OH concentration, which affects sensor
performance. The device responded 24.24% at 40 °C and
12.52% at 60 °C for 100 ppm NO. 125 Fig. 20 shows a flower-
like ZnO ethanol gas sensor with a response or recovery time
of 12 s or 9 s. The sensor responded 26.9 to ethanol but less
than 4 to other gases. The sensor responded less as the
relative humidity increased. Figures 3a-3f exhibited sensor
responsiveness, response/recovery time, stability,
selectivity, and humidity response at various
concentrations. The morphology and heterojunction of
flower-ZnO and GaN improved sensor performance since
the bare flower-ZnO produced a sensor response of 16.8
while the heterojunction response was 26.9 for 50 ppm at
ambient temperature [94, 95]. A layer transfer-based n-
MoS2/p-GaN NOx gas sensor was designed and analyzed. At
27 °C and 50 ppm NO concentration, heterojunction
responses were 28.7%, 50%, and 98.42%, respectively. At
ambient temperature, n-MoS2/p-GaN responded 9.6 times
and 3.2 times higher than bare p-GaN and n-MoS2,
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respectively. UV illumination increased  sensor
responsiveness (64.67% for NO at 50 ppm) by 2.32 times.
UV illumination reduced response and recovery time from
290 s (1310 s) to 235 s (800 s) [96, 97]. Due to its increased
active sites, graphene with oxygen functional groups
improves sensor gadget performance. With Au
nanoparticles, a CO gas sensor with rGO on GaN responded
35% (20 ppm) at 50 ppm. Increased active sites in the
Au@rGO/GaN hybrid structure boost CO and oxygen ion
interactions, improving sensor performance [98, 99]. High-
temperature GaN-based hydrogen sensors were made by
direct nitridation. They found that GaN sensor sensitivity
increased by 10 times with 2.07 wt% oxygen content
compared to 1.9 wt% and decreased beyond 2.53 wt%.
Oxygen lowered GaN mobility and conductivity, affecting
sensitivity [100, 101]. The ZnO NRs/GaN heterojunction
H2S gas sensor responded at 51.3 ppm for 50 ppm at 240 °C,
2.83 times greater than bare ZnO. Heterojunctions with
more oxygen vacancy sites and GaN-enhanced electron
transport improve sensor performance [102, 103]. Pt and
Pd-adorned GaN nanowires for hydrogen sensing by
chemical vapor deposition were compared. Pt-GaN
responded 1.44% at 150 °C and 8.96% at 200 °C to 400 ppm
H2. Pd ornamentation had the highest reaction because it
had less quenching and more charge carriers [104, 105].
Temperature and gas concentration improved the
InGaN/GaN MQW NO gas sensor response. Due to device
surface reactivity, the 100 ppm NO gas response was
10.14% at 35 °C and 222.14% at 200 °C. Since desorption
exceeded adsorption at high temperatures, response and
recovery times decreased. From 10.14% (no light) to 120%
with 20 mW cm2 UV intensity [106, 107]. At 10 ppm NOZ2,
the  Ga203-core/ZnO-shell nanorod heterojunction
response was 181 times greater than the bare structure,
with values of 7,246.66% (Ga203-Zn0O), 40.31% (Bare-
Ga203),and 10.52% (Bare-Zn0) [108, 109]. The hybrid NO2
sensor based on TiO2 and GaN showed that the sensor
response and sensitivity depended on TiO2 thickness and
doping concentration [110, 111].
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Figure 3. (a) RT resistance curves for C2ZH50H concentrations. (b) 50 ppm C2H50H response and recovery time at RT (c) Sensor
behavior when C2H50H concentration is rapidly varied between 50 ppm and the ambient environment at RT. (d) FZnO/GaN sensor gas
responses (e) 30-day sensor cycling stability (f) Response to C2ZH50H at 0, 33,57, and 76% RH. Ref. [94]. allowed the reproduction of
this figure.

5.2GaN-schottky Diode Sensors

Pt-decorated GaN Schottky diode hydrogen sensors
performed better than Pd ones. Figure (4) shows that the
device's sensing capability decreases with greater
temperature and positive bias voltage. The Pt-GaN Schottky
diode responded 1.03 x 105 with 15 s/19 s at 300 k with 1
ppm concentration [110]. A hydrogen Schottky diode sensor
containing GaN, a nickel oxide (NiO) layer, and palladium
has a response of 8.1 x 103 at 0.25 Vand 1.8 x 104 at 2V
[112, 113]. GaOx or AlGaOx oxide layers enhanced sensors
in numerous studies. Another hydrogen GaN Schottky diode
sensor created by hydrogen peroxide (H202) treatment and
electroless plating (EP) has a 5.5 x 106 response and a 22
s/21 sresponse/recovery time at 300 K [114, 115]. Hafnium
oxide (Hf02) hydrogen sensors responded 4.9 x 105 with a
response/recovery time of 39 s/42 s at 300 K. HfO2 reduced
leakage current from 1.81 x 10 8 A to 4.55 x 10 10 A,
improving responsiveness [116, 117]. An ammonia (NH3)
sensor based on a GaN Schottky device with Pt and GaOx
dielectric reduced leakage current from 1.5 x 108 A to 2.1
x 1011 A, improving sensor performance. 1000 ppm
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response was 252, with a response/recovery time of 288
s/120 s at 473 K [118, 119]. A Schottky diode ammonia
sensor using AlGaN/GaN heterostructures with ZnO
nanorod functionalization identified a lower limit of 0.1-2
ppm between 25 °C and 300 °C. For 2 ppm ammonia at 25-
300 °C, the device's sensitivity increased from 3.36% to
12.59%. Recovery time reduced from 60 s to 25 s as the
temperature increased from 25 °C to 300 °C, whereas
response time was around 10 s over the whole temperature
range [120, 21] Chemical vapor deposition produced
another Schottky diode gas sensor for H2S detection based
on Pt/GaN. The sensor responded with 14.62 A ppm at 0.1-
1 ppm and 5.844 at 1-10 ppm. Since higher gas
concentrations reduced the Pt/GaN binding site, sensor
performance degraded [122, 123]. An AlGaN/GaN Schottky
diode-based ethanol gas sensor with silver deposition had a
45.4% current change at 0.9 V forward bias. [124, 125] The
Pd/Zn0/GaN heterojunction Schottky diode NOx sensor
also showed a larger current change for low gas
concentrations. Schottky contact and heterojunction
morphology lowered the detection limit to 1 mA for < 10
ppm NO2[126, 127]
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Figure 4. (a) Pt/GaOx/GaN Schottky diode fabrication flowchart (b) Current-voltage (I-V) characteristics of the device at 300 and 373
hydrogen gas concentrations Ref. [120]. gave permission to reproduce this figure.

5.3 GaN-fet Sensors

In 1975, the first FET-based H2 sensor was discovered.
Transducer improvements improved sensor performance.
Few are suspended gate FETs with and without hybrid
materials, capacitive controlled FETs, floating gate FETs, and
dual gate FETs. GaN superseded Silicon for high-
temperature applications due to its wider band gap and
greater thermal and electrical resistance. High-temperature
H2S sensors use AlGaN or GaN HEMTs with Pt gates. In
Figure (5), the test gas affected the drain current and
threshold voltage. At 200 °C, 90 ppm H2S, 1 V gate voltage,
and 2.17 mA drain current change, the response/recovery
time was 476 s/1316 s. Response and recovery fell to 219

s/507 s at 250 °C. H2S sensing was 22% higher than H2's
4.88%. H2 pre-treatment enabled [128, 129]. AlGaN/GaN
HEMT sensors with Pt gates to detect 30-90 ppm at 250 °C.
[130, 131]. AlGaN/GaN HEMT hydrogen sensors with
functionalized Pt gates were tested for high temperature
and radiation susceptibility. At 200-350 °C, the sensor
sensitivity increased from 16-33%, resulting in better
performance. The sensor also withstood high radiation after
1015/cm2 at 5 MeV proton-irradiation [132, 133].
AlGaN/GaN HEMT sensors with SnO2 gates detected 1%
oxygen and nitrogen at 100 °C [134]. The integrated 1Z0-
gated AlGaN/GaN HEMT O: sensor recognized oxygen atlow
temperatures, unlike oxide-based oxygen sensors.
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Figure 5. (a) Pt-AlGaN/GaN HEMT H2S sensor cross-section (b) Top-view optical micrograph of sensor fabrication (b) (a) Output (IDS-
VDS) and transfer (IDS-VGS) characteristics of the Pt-HEMT sensor before and after exposure to 90 ppm H2S at 250 °C Ref. [131]. allows
reproduction of this figure.

6. CONCLUSION

This paper provided an overview of the majority of studies
that employed gallium nitride-based gas sensors with
varying layer thicknesses and substrate materials for a
variety of applications. It was observed that the gas sensor
based on gallium nitride material provided a technical
advancement and covered a wide range of sensing
application fields, as well as having the potential to improve
optoelectronic device parameters such as high performance,
high speed, low cost, high detecting sensitivity, and compact
size, thereby enhancing quality, reliability, and economic
efficiency.
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