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Gallium Nitride (GaN) belongs to III-N family of compound semiconductors, which albeit new, is well-established
material system in the fields of high power, high temperature electronics and optoelectronics. Also, its properties
such as high mobility, surface sensitivity, non-toxicity, thermal endurance, low power consumption make it an
ideal material for realizing sensors. This paper provides a review on the significant research work done in the
field of GaN based sensor technologies. We classified the work done so far, according to the applications and the
different types of parameters being measured. The challenges faced by the current sensing systems and future

opportunities are also briefly explained for a variety of applications viz. radiation sensors, mechanical sensors,
gas sensors, biosensors, chemical sensors and high temperature Hall-effect sensors etc. Additionally, the sensing
mechanism of various sensors is explained. This paper can supply initial reading material for beginners and
research students working on GaN heterostructure based sensor applications.

1. Introduction

In year 2020, High Electron Mobility Transistor (HEMT) celebrates
its four decades of existence. During these years, a wide portion of nano-
electronics based sensor industry has been massively occupied by III-V
compound semiconductor family. Large surface sensitivity, high elec-
tron transport properties, and ready accessibility of heterostructures
make III-V compound semiconductors perfect material for producing
sensors. III-N based technologies have been extensively investigated for
chemical and biological sensor for gases, pH, ions, liquids and bio-
molecules. In particular, Gallium Nitride (GaN) and Aluminum Gallium
Nitride (AlGaN), including their combinations in heterostructures, are
attractive material for sensors due to additional features, viz. non-
toxicity, chemical stability, biocompatibility, and high temperature
endurance [1-3].

2. Properties

Conventional Silicon based sensors do not perform well in harsh
environment parameter such as high temperature, high pressure or
corrosive ambient. In such environments, GaN based HEMTs are better
option for sensors to be deployed in-situ. Comparison of material prop-
erties of GaN with other semiconductor are summarized in Table 1.
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1) Exceptional chemical and physical stability allows GaN to immobi-
lize biomolecules and find utility in liquid-phase sensors [4-7].

2) Very high two-dimensional electron gas (2DEG), due to high polar-
izations viz. spontaneous (Pg,) and piezoelectric (Py) in the AlGaN/
GaN heterostructure, results in high sensitivity [7]. The electron gas
is quite responsive to the surface states as it does not intermingle
with the analytes. Work on functionalizing the gate electrode of a
GaN HEMT for various analytes, viz. polyimides, heavy metals, en-
zymes; sensitivity to Hj, NO, NHj3, methane (CH4), pH, urea,
glucose, chloride ion, heavy metal, DNA etc., has been reported in
the literature. [8-18]

3) Optical transparency of GaN allows simultaneous microscopic and
electronic detection of biochemical and biophysical processes [19].

4) Intrinsic carrier concentration and large band gap, enables GaN-
based sensors to operate at extreme temperature above 600 °C. On
the other hand, Si-based device operations are limited to tempera-
tures less than 350 °C [20].

5) Environment-friendly and bio-friendly with non-toxic surface con-
tent, for interaction between the living cell and the surface. GaN
materials perform well in this condition [21].

6) It’s small sensing response time of range of milliseconds. A GaN-
based sensor does not need surface passivation and hence, has
instantaneous and effective response to distinguish polar molecules
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Table 1
Comparison of material properties at 300 K [1-3].
Property Si GaAs 4H- GaN Gay03
SiC
Bandgap Eg (eV) 1.12 1.42 3.25 3.4 4.85
Breakdown Field (MVem ™) 0.3 0.4 2.5 4 8
Electron Mobility (cm?V-'s™1) 1500 8500 1000 1300 300
Maximum Drift Velocity v4 (10”cm. 1 2 2 3 2
-1
s)
Thermal Conductivity (W cm 1K 1.5 0.5 4.9 2.3 0.23
Relative Dielectric Constant 11.8 12.9 9.7 9 10

and ions, although the passivation does improve the HEMT perfor-
mance [22,23].

3. Common devices for sensors

A number of devices appertaining to GaN material system, together
with Schottky diodes, metal oxide semiconductor (MOS) diodes, HEMTs
and nanowires have been fabricated for speedier and responsive sensor
uses [24-26].

3.1. Schottky diodes

Si based Metal-insulator-semiconductor (MIS) and p — n diodes
usually block the free charge current which delays the response of
piezoelectric (PE) charge. Contrasting this, in GaN Schottky diodes, free
charge carriers move rapidly. Symbolic Schottky diodes on n-GaN are
shown in Fig. 1 (a), with their huge reverse differential resistance, the
time of persistence may be of the order of a few seconds.

Inside the GaN MIS diode, PE bound charge, formed at the oxide
interface, causes a dc-strain, leading to steady-state shift in the elec-
trostatic surface potential. In turn, this shift causes a change in the diode
capacitance. In this manner, GaN MIS diodes can work as conventional
capacitive strain sensors with higher resolution. The schematic of MIS
diode is shown in Fig. 1 (b).

3.2. Heterojunction bipolar transistor

The Heterojunction Bipolar Transistors (HBT) can operate at
elevated temperatures (>500 °C). Fig. 2 shows its fundamental con-
struction consisting of a p-SiC base on an n-SiC collector. Then-GaN

emitter is prepared as a heterojunction with the base.

3.3. Light emitting devices and LASER diodes

Nakamura et al. developed GaN LED using GaN PN junction with Zn
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Fig. 2. Structure of GaN heterojunction bipolar transistor.

doped well. The rationale behind creating the well is to retain the car-
riers in a diminutive volume. Zn introduces a proficient blue or green
radiant core. Eventually, the well was substituted by multiple quantum
wells (QWs) (as shown in Fig. 3) to envisage laser diodes. These small
wavelength lasers are used to accumulate optical data on CDs [19].

In December 1997, S. Porowski et al. developed a GaN sample by
growing Ga solution at high temperature and pressure. Its response
improved by three orders of level. The reason for this behaviour was
described by J I Pankove in ref. [27]. Later, S. Nakamura developed a
sample of GaN grown by Metal-Oxide Chemical Vapour Deposition
(MOCVD) [28].

It is observed that if energy of photon or particles is larger than the
GaN bandgap, it produces large number of electrons. GaN based
radiation-hard detector maintain their low temperature which makes it
useful for space applications [20].

At temperature upto 827 °C, efficient photoluminescence (PL)
spectra are observed by C. Prall from GaN layers with high dynamic
resolution and low noise. Lot many exhaustive spectral features in the
photoluminescence were directly related to physical properties of
epitaxial growth layer. This method is recommended as an in situ
checking tool during epitaxial growth of nitride laser and LED structures
[29].
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Fig. 1. (a) Schottky Diode, (b) MOS diode.
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Fig. 3. Structure of III-Nitride light emitting diodes (LEDs).

3.4. High electron mobility transistors (HEMT)

HEMTs are also known as Modulation Doped Field Effect Transistors
(MODFETs) and Two Dimensional Electron Gas FETs (TEGFET). Fig. 4
(a) depicts a conventional D-mode GaN HEMT device structure. The
drain and the source metal connections enable the Ohmic contacts and
the gate metal provides a Schottky contact. As voltage Vy; is applied, a
lateral electric field is generated and the charge carriers, flow along the
heterointerface of AlGaN/GaN layers as current. Unless gate voltage
crosses the threshold voltage (V1), device remains in off condition.

Though HEMT is most reliable transistor for high frequency and
high-power applications, it lately has found immense potential for bio-
logical, chemical and gas-sensing applications. In real time, AlGaN/GaN
HEMT-based biosensors have shown reliable detections of biological
agents. Now days, semiconductor fabrication techniques have realized
small sized sensors, with high sensitivity, and are even responsive to
small amount of samples.

3.4.1. Working of HEMTs

Fig. 4 (b) shows energy band-diagram of a GaN MODFET. Electrons
from the boundary region of the higher bandgap doped AlGaN layer
move into the GaN layer and collect in the QW formed in the GaN at the

Gate

Drain l Source

2DEG

(a)
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junction. Greater size of channel length and width in addition to the
small size of QW, cause the distribution of the electrons to be two-
dimensional. The charge density formed is hence, termed 2DEG [26].
It is characterized as a sheet charge density. The 2DEG is accumulated in
the u-GaN layer. As the carriers are now separated from donor ions,
scattering effect is diminished and higher carrier mobility is achieved. 2-
DEG has the advantage that there are no impurity atoms in the undoped
GaN QW [18].

Sheet carrier density further improves due to large spontaneous and
piezoelectric polarization effect of Wurtzite Crystal structure of GaN
based semiconductor materials [7].

When a p-GaN layer is sandwiched between the metal gate and the
doped AlGaN layer, it forms a p-GaN Enhancement-mode HEMT. Higher
thickness and high p-type doped p-GaN layer leads to a positive V for
the normally-OFF operation [30].

4. Sensor applications

AlGaN/GaN HEMTs show extraordinary sensitivity to change in
surface charges generated by materials being sensed viz. gas, liquids,
chemical, bio-sensing etc. Classification of sensors is shown in Fig. 5.

We have attempted to summarize most of the published material on
AlGaN/GaN heterostructure based sensor applications in the Table 2.

4.1. Radiation sensors

Ternary and quaternary alloys of III-V nitride family with energy
bandgap within 1.8 eV to 6.3 eV range are most suitable for UV de-
tectors, Waveguides, Visible LEDs, Surface Acoustic Waves, Bragg re-
flectors and LASER diodes [6]. After commercialization of blue-green
LEDs and injection laser diodes, attention to GaN based optical devices
has exponentially increased [6].

4.1.1. UV and X-rays

Gallium nitride (GaN) has come up as the most favorable materials
for visible-blind UV Photo Detectors due to large direct bandgap (3.4
eV) at ambient temperature in wurtzitic symmetry, monocrystalline
character, extraordinary saturation and electron drift velocity (310 cm/
s), outstanding surface properties, great thermal and chemical stability,
higher radiation toughness, large temperature impedance, compact size,
meagre ingest and remarkable tolerance to harsh ambience [1].

J. C. Carrano reported that GaN photo detectors can achieve higher
quantum efficacies with no internal gain [31]. These photo detectors
display a steep, visible-blind cutoff at the verge of band and depict a flat
responsivity beyond the bandgap energy.

— Channel Substrate
Schottky
Barrier o - =B EN
______________ L E,
Gate GaN
Metal 1
1 E,

Fig. 4. (a) AlGaN/GaN HEMT, (b) Energy band diagram.



K.T. Upadhyay and M.K. Chattopadhyay

Materials Science & Engineering B 263 (2021) 114849

GaN Sensors

Piezoelectric

Pyroelectric

Botolium
Toxin

Dynamic
Stress

Virus

Membrane-

centered
electrochemical

Hydrogen Polar liquids

temperature

Pollution
monitoring
platforms

Hall Effect

Pollution
monitoring
FET platforms

lon-selective

Time of flight

Fig. 5. Classification of GaN Sensors.

4.1.2. Proton and a-particle detector

The cosmic rays of earth’s environment consist of mainly protons
(about 90%) and secondary a- particles (about 9%), which affect the
microelectronics structure. Vaiktus et al. were the first ones to introduce
GaN-based device for a- particle detection [32]. A review of GaN based
particle detectors has been published by Wang [33]. They have dis-
cussed different structures implemented for particle detection viz. DSC
structure [32], PIN [34], double-Schottky contact structure [35,36],
mesa structure [34], sandwich structure [37].

Hu et al. reported the I-V characteristics of proton-irradiated AlGaN/
AIN/GaN MODFETs up to 1 x 10"® doses and also reported the effect of
radiation on AlGaN/GaN heterostructures at 15, 40, and 105 MeV pro-
ton energy up to 10’ doses [38]. Luo et al. reported the comparison of
electrical characteristics of without passivation and with ScyO3-passiv-
ation layer on AlGaN/GaN HEMT up to 5 x 10° doses proton irradiation.
AlGaN/GaN HEMTs show reduction in threshold voltage, trans-
conductance and current as the effect of irradiation with 40 MeV protons
at amounts corresponding to years in Earth-centered satellite systems
[39].

Fig. 6 shows the current characteristics of MgO passivated GaN cap
HEMT. There are very slight changes in drain current Ipg and trans-
conductance g, for passivated and unpassivated HEMT, however the
change in threshold voltage is noticeable.

H Y Kim studied the effect of radiation on GaN/AlGaN/GaN heter-
ostructures exposed to 17 MeV protons. They have reported a 43%
decrease in current and 29% decrease in transconductance at highest
dose 2 x 10'° protons/cm2 [40].

4.1.3. Terahertz frequency detector
Terahertz (THz) radiations have niche application area in the field of

Biochemical systems for detection of say concealed weapon and explo-
sives. These days, THz imaging allow for solving several challenges in
security, food, pharmacy and life sciences. One of the most striking and
socially-impactful branches of THz bio photonics is a label-free identi-
fication of malevolent neoplasms. THz radiation is non-ionizing in na-
ture. Hence, THz-beams with low-power are undamaging for humans.
Water molecules heavily absorb THz waves, thereby, restrict their
infiltration into tissues depending upon the frequency of
electromagnetic-wave. While THz-wave absorption by water restricts
the THz diagnosis by probing only the external levels of biological fluids
and tissues, the high sensitivity of THz radiation to water molecules also
makes it interesting for the discrimination of healthy tissues with ma-
lignant ones by utilizing water as an endogenous indicator [41].

Nezih Pala [42] and A. El Fatimy [43] demonstrated a GaN/AlGaN
heterostructure for the plasma detection of THz radiation at room and
high temperatures. An important parameter for detection of THz is noise
equivalent power (NEP). NEP is defined as “signal power that gives a
signal-to-noise ratio of one in a one hertz output bandwidth” [42]. Dyako-
nova et al. have measured the photo response of AlGaN/GaN HEMT by
varying THz radiation power [44]. They have shown that the GaN het-
erostructures can be utilized as a THz sensor in continuous regime and in
pulsed system up to several kW/cm? radiation intensity.

H. Hou et al. reported GaN HEMT based sub-terahertz (THz) detector
with nanoantennas [45]. With the help of simulations, they have shown
that nanoantennas can efficiently improve the detection response by
enhancing local electric field induced by sub-THz radiation. M. Bauer
et al. presented an optimized GaN heterostructure with integrated bow-
tie antenna for broadband THz detection (bow-tie TeraFET) [46]. They
claimed that their TeraFET has double improvement in performance as
compared to the formerly realized TeraFETs.
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Table 2
Noteworthy Literature Published on Sensors based on AlGaN/GaN Heterostructure.
Type of Year First Author  Type of work and the Application Details Summary
Sensors tools used
Radiation 1999 M. Henini Review FET and UV application - A thin AlGaN barrier, with high doping,
Sensors [6] increases the active input capacitance.
GaN based device technology improved
output power with six fold.
1999 M. S. Shur Review Piezoelectric, I-V characteristics Analysis GaN HEMTs with SiC substrates tend to
[71 pyroelectric sensors and reduce the self-heating effects.
microwave detector
1999 J. 1. Pankove  Review Solar- screened UV Current gain vs. Temperature Direct bandgap of GaN increases the
[19] detectors, X-ray analysis optical transition probability which is
detectors, LEDs, laser advantageous feature for UV detectors
diodes, SAW devices,
Cold cathodes, HBTs
2001 S. J. Pearton Review AlGaN/GaN rectifier, Analysis based on breakdown In AlGaN rectifier, reverse breakdown
[20] BJT, Heterojunction voltage vs. Guard ring width, voltage increases slowly with Eg at
bipolar transistor, GaN Resistance vs. breakdown higher Al mole fractions.
MOSFET voltage, and I-V
Characteristics
2002 H. Morkoc Review MODFET and UV detector ~ I-V characteristics Analysis GaN photo-diodes showed zero-bias
[28] responsivity of about 0.21 A/W at 356
nm and internal quantum efficiency of
82%.
2003 X. Hu [38] Experimental, MOCVD Proton Irradiation I-V characteristics Analysis The device degradation is significantly
Detection (Igs- Vs and G- Vo) low due to higher energy protons than
to lower energy protons.
2003 J. Vaitkus Experimental, MOCVD Alpha particles Detection I-V characteristics Analysis This change of device current is related
[32] to alpha particle pulse height spectrum
peculiarities.
2006 A. El Fatimy Experimental, MOCVD THz radiation response NEP Measurement At lower temperatures, the voltage
[43] response is resonant. Above 70 K,
radiation response is non resonant.
2008 H-Y. Kim Experimental Proton Irradiation Current-voltage Cathodoluminescence spectroscopy
[40] Detection characteristics confirmed the damage in the GaN
crystal layer with Proton irradiations.
2009 A Y. Fabrication of GaN Alpha particle detection Reverse currents Epitaxial lateral overgrowth ELOG
Polyakov Schottky diode characteristics sample showed charge collection
[34] efficiency near cent-percent for sensing
alpha-particles
2010 L. Min [36] Fabrication of GaN Alpha particle detectors I-V characteristics Analysis With bias voltage of —8 V, the device
Schottky diode showed an ideal Gauss peak for sensing
241Am alpha particles
2015 J. Wang [33]  Review Gallium nitride for Summary of state-of-the-art Radiation may change the induced
ionizing radiation development of GaN detectors strain inside GaN, lattice constant
detection for direct-indirect detection of  resistivity of GaN. Radiation degrades
ionizing emission the device performance
2015 N. Experimental, MOCVD THz radiation response Transfer characteristics Voltage response of THz radiation
Dyakonova Analysis becomes sub linear at high input signals.
[44]
2016 S. Boppel Experimental, TeraFETs THz Power Detectors and ~ Voltage response Response of the sensor is dependent on
[163] Intensity-Gradient spatial derivative of the incident power.
Sensors
2016 M. Hou Experimental, fully- Ultraviolet photodetector  transient photocurrent Decay time can be reduced by three
[164] suspended AlGaN/GaN responses orders of magnitude by in-situ 2DEG
device with GaN cap heating.
Layer
2016 H. Hou [45] Experimental setup of Sub-terahertz broadband Responsivity Use of nano-antennas tends to slightly
GaN HEMT with nano- detector increase the drain current
antenna transcendence.
2017 K. Ahi [165] Review GaN devices for THz Analysis of different GaN Properties of GaN help to use GaN based
operation Based devices device for generation and detection of
THz
2018 P. Igic [166] Experimental, dual-drain Magnetic field sensor Electrical current distribution In magnetic field, the Lorentz force and
HEMT asymmetrical accumulation of electrons
at the device’s 2DEG results in the
simulated current distribution.
2018 C. Fares Experimental on AlGaN/ Alpha particle detectors Transfer characteristics At higher frequency radiation,
[167] GaN MISHEMTs Analysis performance of device degrades more
prominently.
2019 M. Bauer Experiment and Modeling ~ THz radiation Detector Absolute NEP and broadband
[46] SNR measurements
2020 H. S. Alpert Experimental, AlGaN/ Hall-Effect sensor Voltage scaled sensitivity and Voltage-scaled sensitivity decreased
[162] GaN and InAIN/GaN current scaled sensitivity with increase in temperature, and

Scattering effects results reduction in
mobility.

(continued on next page)
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Type of Year First Author  Type of work and the Application Details Summary
Sensors tools used
Mechanical 2010 G. Vanko Experimental, AIGaN/ Dynamic stress detection Carrier concentration w.r.t. Maximum sensitivity can be obtained by
Sensors [47] GaN based Circular change in external stress at increasing the area of diode ring.
HEMT, 4H-SiC substrate different frequencies
2010 S. Vittoz Experimental, Analytical Cantilevers for Mechanically induced External load directly affects the
[168] and Numerical modeling, Mechanical Sensing electrical field and polarization and 2DEG density.
Silicon Substrate polarization
2012 V. Kutis [61] FEM piezoelectric Pressure Sensor Maximum deflection and AlGaN/GaN C-HEMT with circular and
simulations, ANSYS, Si induced Charge vs. radius of ring designs
substrate electrodes
2013 E.D. Le Experimental, MOCVD, Pressure Sensor 1I-V characteristics Analysis Sensitivity of drain current is enhanced
Boulbar [60] sapphire substrates by applying gate voltage in weak
inversion regime.
2014 J. Dzuba FEM based simulation Piezoelectric pressure I-V characteristics Analysis High temperature can originate the
[169] sensor mechanical stress variations
2018 D. Gajula Experimental, MOCVD, Circular membrane I-V characteristics Analysis Pressure varies Source-drain resistance
[52] diaphragm based which affects current.
Pressure sensor
2018 X. Tan [196] Experimental, Gateless Wheatstone bridge I-V characteristics Analysis Sensitivity of 1.25 pV/kPa at wide range
AlGaN/GaN HEMT structured Pressure of pressure.
sensor
2020 L. Chen [48] Experimental, InGaN/ Strain Sensor Piezotronic effects on I-V Sensitivity is higher at low strain and
GaN microwire characteristics low bias.
2020 N-I Kim [59] Experimental, GaN Pressure sensor Change in output potential at Output potential increases linearly with
Heterostructure different pressure pressure
2020 X. Tan [62] Experimental, AlGaN/ Pressure sensor Resistance and Voltage with 72 pV/kPa/V sensitivity achieved with
GaN HEMT in Wheatstone pressure bridge structure.
bridge circuit
configuration
Bio Sensors 2006 T. Kokawa Experimental, MOVPE PH sensor, Polar liquid I-V characteristics Analysis A Sensitivity of 57.5 mV/ pH reached
[82] sensor
2008 B.S. Kang Review Progress on glucose, I-V characteristics and Drain Protein can easily stick to GaN surface
[170] kidney marker injury current vs. time Analysis due to its ionic bond. This key factor is
molecules, prostate important for making a sensitive
cancer detection biosensor with a useful lifetime.
2009 S. Alur [92] Experimental, HEMT Biosensor (DNA I-V characteristics Analysis Charge density changes due to
consists thin AIN layer Detection) hybridization of charged ssDNA
molecules; this variation causes change
in the surface potential.
2009 T. Schubert Experimental, MOCVD, c-  Biosensor Analyze interface capacitance Impedance spectra of the GaN electrode
[66] plane sapphire substrates and absolute Impedance of change when come in the exposure of
GaN sample at various bias the lipid vesicle suspension
potentials
2010 Y-L. Wang Experimental, Molecular Bio Sensor for Botulinum Drain Current vs. time The device could sense the Botulinum
[21] Beam Epitaxy (MBE) on toxin detection toxin after 9-month of putting away,
Al,Ossubstrates however, detection sensitivity reduced.
2011 F. Ren [22] Review Biosensors (DNA, pH, Analysis based on Drain AlGaN/GaN HEMTs applications in field
Glucose, Bio-toxin) current vs. Time of biosensors are discussed which can
Prostate cancer , kidney help in early detection of diseases.
injury, Lactic acid
detection
2011 L. N. Cimalla Experimental, PIMBE and ~ pH, DNA sensors I-V characteristics and Drain Passivation helps to improve
[80] MOCVD, Al203 Substrate current vs. time Analysis performance in acid and alkaline
solution, and LTCC encapsulation helps
to improve stability and reduces noise.
2011 M.S. Z. Experimental, MOCVD, c-  pH sensors I-V characteristics Analysis Open-gated undoped AlGaN/GaN
Abidin [13] plane sapphire substrates HEMT structure
2012 Z.Guo [171]  Experimental, MOCVD, PH sensor I-V characteristic curve at Deduced that shorter gate length
designed Gateless HEMT different pH values devices touch saturation at lower bias
on c-plane sapphire voltage
substrates
2012 S. Rabbaa Numerical modeling Biological sensor for pH I-V characteristics Analysis Triangular QW numeric model for an u-
[81] and dipole moment AlGaN/GaN MODFET
measurement
2013 H. Trevino I  Experimental, Floating Detection of MIG Drain Current vs. time Addition electrons get attracted in the
[172] gate configuration channel due to negatively charged
antibody upon immobilization and
result in drain current enhancement.
2013 C-C. Huang Experimental, MOCVD, Protein detector Analysis based on Drain Dissociation constant between protein
[173] sapphire substrates current vs. Time peptide and the antibody plays
important role in detection of protein.
2015 N. Espinosa Experimental, MOCVD, DNA Detection I-V characteristics Analysis The threshold voltage shifted to positive
[18] SiC substrates value therefore drain-source current
decreases with DNA functionalization.
2017 C-H Chu Protein detection in Drain Current response with Antibodies increase the drain current
[72] human serum time significantly.

(continued on next page)
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Type of Year First Author  Type of work and the Application Details Summary
Sensors tools used
Experimental, Electric-
double-layer (EDL)
AlGaN/GaN HEMT
2018 J Yang [73] Experimental, AlGaN/ Zika virus detection Drain current analysis Drain current increases with
GaN HEMT with concentration of antigen
disposable cover glass
2018 Ju-Young Experimental, MOCVD, PH sensor I-V characteristics Analysis Sensitivity of device is close to the
Pyo [83] Extended Gate Structure Nernst limit
2018 S. Yang Experimental, Disposable prostate-specific antigen Change in current with PSA Concentration of PSA results increase in
[174] gate AlGaN/GaN HEMT (PSA)Bio sensor Concentration negative charge at gate area which
cause change in current.
2018 A. Varghese Analytical model and Detection of c-erbB-2 Transfer characteristics With the interaction of bio molecules
[70] simulation protein Analysis gate potential get change that caused
change in current.
2019 A.G.Gudkov  Review Bio sensor Review Study Manufacturing cost is gradually
[175] decreasing.
2019 A. Varghese Fabrication, AlGaN/GaN c-erbB-2, MIG, Glucose Conductance based sensitivity The variation occurs in channel
[93] MOS HEMT protein detection and drain current analysis potential when exposed in serum or
saliva to detect cancer caused
biomolecules.
2019 T-Y Tai [75] Experimental, AlGaN/ Protein detection in Current gain with different Sensitivity can be enhanced by
GaN HEMT human serum concentration with change in introducing a small gap between the
sensing area gap. gate electrode and the sensing area.
2020 N. Sharma Fabrication, AlGaN/GaN Electrochemical sensor Current analysis at different Gate leakage current increases with pH
[84] HEMT for biomedical pH value value, Sensitivity is higher.
applications
2020 X. Liu [91] Experimental, AlGaN/ Detection of pH and pH hysteresis measurement Al,05 film improves stability, and a
GaN HEMT Potassium Ions in Sweat wearable sensor has higher sensitivity.
2019 S. N. Mishra Analytical model and Bio sensor Threshold voltage and Change in threshold voltage with
[71] simulation of MOS-HEMT Transfer characteristics exposure of biomolecule in cavity is
Analysis considered as sensitivity.
Sensitivity is higher with thicker bio
molecule.
2020 K. Woo [74] Experimental, AlGaN/ stress hormone, cortisol Transfer and output Green light pumping source in HEMT
GaN HEMT detection characteristics with light results enhancement of cortisol
incidence detection.
2020 J. Liu [95] Experimental, AlGaN/ Glucose sensor 1I-V characteristics Analysis Higher sensitivity can be achieved with
GaN HEMT the use of APTES at sensing area.
2020 J. Wang Experimental, AlGaN/ Protein analysis Change in current with Device shows higher sensitivity as
DONE [176] GaN HEMT with magnetic concentration of protein compared to convention HEMT
beads (MBs)
Chemical/ 2004 R. Mehandru  Experimental, MOCVD, Liquid Sensor I-V characteristics Analysis Device current reduces significantly
Gas Sensors [23] Al,O3 substrate with exposure of polar liquid.
2008 X. H. Wang Experimental, MOCVD, Hydrogen Gas Sensor I-V characteristics Analysis Peak-sensitivity achieved in the diode
[108] sapphire substrates mode of the sensor.
2010 T. Lalinsky Experimental, MOCVD, Chemical Gas Sensors Amplitude characteristics of Sensing principle based on SAW, and
[143] sapphire and SiC SAW structures with decent AlGaN/GaN HEMT.
substrates quality factor as well as stop-
band rejection ratio
2011 1. Ryger Experimental, MOCVD, Chemical Gas detectors The Frequency response of SAW sensors show higher sensitivity
[144] SiC substrate operational in GHz range  sensor to ethanol vapour with atmospheric pressure
analyzed.
2011 P. Offermans Experimental, Silicon Detection of NO and NOy ~ Drain current vs. time Analysis ~ Upon the exposure of Gases device
[116] Substrate Gas current decreases about 400%.
Response time is inversely proportional
to humidity.
2011 W. S. Jeat Fabrication, two terminal ~ Liquid Sensor Change in current in different Surface potential changes at GaN layer
[177] AlGaN/GaN pH liquid due to different dipole moment of
Heterostructure liquid.
2012 1. Ryger Experimental, MOCVD, Hydrogen Gas Sensor 1I-V characteristics Analysis Supplementing IrO, gate interfacial
[178] heterostructure device layer considerably improved the
with Pt-IrO, based gate sensitivity of the Pt gate Schottky diode
absorption coatings, SiC
substrate
2012 H. Kim Experimental, MOCVD, Hydrogen Gas Sensor 1-V characteristics and Drain AlGaN/GaN based diode sensors
[106] sapphire substrates current vs. time Analysis incorporating platinum nano-networks
2013 Z. Guo [109] Experimental, MOCVD, c-  Hydrogen Gas Sensor I-V characteristics Analysis Sensitivity increases with concentration
plane sapphire substrates, of Hy
Theoretical modeling
2014 K. Maiera Experimental, plasma- Optochemical Sensors for ~ Photo luminance intensity Photoluminescence intensity decreases
[179] assisted MBE on Si Gases detection analysis. with exposure of gases. PL decreases
substrates about 40% at 150 °C.
2015 1. Ryger Experimental, MOCVD Hydrogen Gas Sensor I-V characteristics Analysis Sensitivity can be increased by using
[180] shorter acoustic wavelengths
2016

(continued on next page)
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Type of Year First Author  Type of work and the Application Details Summary
Sensors tools used
Y. Halfaya Experimental, metal NO, NO, and NHj3 gas I-V characteristics Analysis Sensitivity increases at higher
[117] organic vapor phase sensor and response time with temperature
epitaxy (MOVPE) concentration
2016 K. H. Baik Experimental, Pt nano- Hydrogen Gas Sensor I-V characteristics Analysis Pt nanoparticles helps to improve drain
[111] network was placed on current response
the gate area of HEMT
2016 X. L. Jia Experimental, AIInN/GaN  Phosphate detection Change in Current with AlInN/GaN HEMT shows higher
[139] and AlGaN/GaN HEMT Phosphate concentration sensitivity as compare to AlGaN/GaN.
2016 M. Asadnia Experimental, AlGaN/ Mercury sensor Change in device voltage with  Sensor voltage decreases with increase
[140] GaN HEMT with PVC concentration of mercury ions.  in concentration of mercury ions.
material gate area
2016 C. Bishop Device Modeling and NO, NO,, and NH3 Gas Transient response and At higher temperature > 300C NO,
[10] fabrication Detection Sensitivity Vs concentration of  sensitivity increases rapidly due to
gas diffusion of Os.
2016 M. Sciullo Simulation study PH Sensor Current slope Vs pH Sensitivity of device increases with
[181] drain voltage.
Drain current decreases with increase in
pH value
2017 S. Jung AlGaN/GaN HEMT Hydrogen sensor I-V characteristics Excellent sensitivity for 500 ppm
[113] incorporating poly hydrogen even in 100% relative
(methyl methacrylate) humidity
(PMMA) membrane layer
2017 S. Jung Fabrication of AlIGaN/ Ethanol Sensor Current-Voltage (I-V) Schottky barrier height increases with
[145] GaN HEMT with silver characteristic exposure of ethanol, which decrease the
Schottky diode drain current. Maximum sensitivity
observed at 250 °C
2017 R. Experimental, Pt-AlGaN/ H,S sensor Transient response Sensitivity increased with concentration
Sokolovskij GaN HEMT characteristics of gas.
[131]
2017 R. Experimental Hydrogen sensor 1I-V characteristics Significant increase in sensing
Sokolovskij sensitivity with larger Wy/L, ratio
[194] devices
2017 S. Jung Experimental, AlGaN/ Carbon Dioxide 1I-V characteristics Current response was more unique with
[182] GaN HEMT with ZnO higher temperature caused by reduced
nanorods activation energy.
2017 T. Ayari Experimental, AlGaN/ N, and NO, Gas Sensor Change in current under the Sensitivity increases by 100% and
[141] GaN HEMT with h-BN gas exposure response time reduced by 6 times.
layer
2018 K. H. Baik Experimental, PMMA Hydrogen sensor I-V characteristics, current PMMA encapsulation works only for H2
[195] Coated Pt-AlGaN/GaN peak Vs H; concentration detection, it cannot work effectively for
Diode other gas sensors.
2018 R. Anvari Theoretical Study of Chemical Sensor Surface potential and Sensitivity of device is higher for pH at
[183] ISFET Nernstian-slope analysis higher concentration of salt
2018 Y. Dong Experimental, AInN/GaN  pH sensor Current variation with pH Smaller thickness of AlInN achieved
[184] open gate HEMT similar 2DEG as with AlGaN
2018 N. Experimental, AlGaN/ liquid sensor Current characteristics for Multiple gates arrangement in
Chaturvedi GaN HEMT four designs different polar liquids electrodes fashion shows the better
[185] sensitivity.
2019 A Nigam Experimental, AlGaN/ Cadmium ion detection Current response w.r.t. Cd + The sensor shows higher sensitivity over
[137] GaN HEMT concentration other heavy metal ions.
2019 J Zhang Experimental, Pt -AlGaN/  H,S gas detection Gas response with H,S With Hppre treatment higher
[132] GaN HEMT with H; pre concentration concentrated H,S detection can achieve.
treatment
2019 A Ranjan Experimental NO,, gas sensors I-V characteristics, Sensitivity Sensitivity increases with temperature
[118] Vs Temperature
2019 G. H. Chung Experimental, AlGaN/ Hydrogen Gas Sensor I-V characteristics Analysis Effective Schottky barrier height
[115] GaN HEMT with Pt reduced due to interfacial dipole layer
floating electrode. at Pt-GaN interface layer which is result
of penetration of hydrogen atoms into Pt
electrode, it tends to increase drain
current.
Sensing sensitivity increases with
temperature.
2019 J. Shahbaz Experimental, GaN/ H,S Sensor Change in photoluminescence With the concentration of H2S intensity
[133] GalnN heterostructures (PL) intensity with and wavelength is increases.
concentration of H2S
2019 L. Zhao Experimental, differential Ionic pollutants detection ~ Output current with Change in the current with exposure of
[142] extended gate (DEG)- concentration of Fe+ Fe3 + was about 30 times larger than
AlGaN/GaN that by interfering actions
2019 H.O. Chahdi Experimental, AlGaN/ H, and O detection Current Vs Time Sensor’s sensitivity increases with
[186] GaN HEMT temperature and concentration of gas.
2019 J. Sun [119] Experimental, AlGaN/ NO,, gas sensors Transient response to Sensitivity can be increase by using

GaN HEMT sensors with
WO3 nano-film integrated
with micro-heater

concentration of NO2

WOglayer deposition.

(continued on next page)
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Type of Year First Author  Type of work and the Application Details Summary
Sensors tools used
2019 A. Varghese Experimental, Linear and PH sensor Cannel conduction variation Performance of Circular MOS HEMT is
[187] Circular AlGaN/AIN/GaN with pH better for resolution, complexity and
MOS-HEMT cost.
2019 M. Mishra Experimental, CO sensor Recovery time, sensitivity and ~ Nanostructure AlIGaN/GaN HEMT
[130] nanostructure GaN and response shows 33% higher sensitivity.
AlGaN/GaN HEMT
2019 H. Zhang Experimental, open Gated  pH sensor Current response at different PH sensing membrane may degrade the
[90] AlGaN/GaN HEMT pH value and sensing sensitivity of device.
membrane
2019 G. Parish Experimental, GaN caped  pH sensor Drain- Source voltage vs pH GaN cap layer prevents from
[188] AlGaN/GaN HEMT degradation and achieve the stability.
2020 N. Sharma Experimental, Gated PH sensor PH sensing and Salinity Gate leakage current increases with pH
[84] AlGaN/GaN HEMT Sensing Response values.
Change in drain current was decreased
with molar concentration of salt in
solution.
2020 H-H Park Experimental, AlGaN/ Hydrogen sensor Current response of device Sensitivity can be increased by
[189] GaN open gate HEMT increasing the deposition rates and
with Pt nanoparticulate grain size of the Pt nanoparticulate
films films.
2020 H. Zhang Experimental, AlGaN/ Liquid sensor I-V characteristics, Leakage Large voltage can be achieved with
[190] GaN HEMT with 3 types mechanism analysis Si0,/Si3N4/PI packaging.
of packaging
2020 S.S.B. Review Chemicals and Pesticides Changes in current, Presence of different bio-chemicals
Hashwan Detection capacitance, resistance, affects the sensing parameters.
[191] impedance, wavelength,
reflectivity, intensity.
2020 K. H. Baik Experimental, AlGaN/ Hydrogen sensor Responsivity Serial connection of diode gives high
[112] GaN heterostructure stable output voltage.
serially connected Pt
diode and reference
diode.
2020 Q. Cheng Experimental, Dual gate PH sensor Output voltage response with Dual gate HEMT shows 45 times higher
[88] GaN HEMT Amplifier respect to pH values. sensitivity.
2020 K. H. Baik Experimental, AlGaN/ Hydrogen sensor Forward and reverse current Highly sensitive and reliable operation
[192] GaN based Pt voltage characteristics of hydrogen sensors in both dry and
nanonetwork Schottky humid ambient
diodes with a PMGI
water-blocking layer
2020 C.V.Nguyen  Experimental, Pd-AlGaN/  NO; gas sensors Transient characteristics Dissociated NO,, results negative charge
[122] GaN HEMT oxygen ion at gate area which affects the
2DEG of device.
2020 N. Experimental, AlGaN/ Polar Liquid sensor Current and Surface potential Device is sensitive to polar liquid
Chaturvedi GaN HEMT with low with dipole moment and concentration.
[135] temperature co-fired permittivity of different polar
ceramic (LTCC) liquids
packaging
Temperature 2018 F. Cozette Experimental, AlGaN/ Temperature Sensor for Change in sensor resistance Drain resistance linearly increases with
Sensors [193] GaN HEMT RF Applications with temperature temperature.
2019 A. Hassan Experimental, GaN based High temperature sensor I-V Characteristics

[151] wireless data

transmission

GaN in plasma HFETs. III-N based devices have been proposed as
promising advanced plasmonic electronic devices for detection, mixing,
and generation of THz radiation due to their exceptional characteristics.
The fundamental plasma frequencywy is given by Eq. (1) [43,44]

s

=57 (€8]

@o
where L is the length of the channel and s is the speed of propagation. In
a FET, Eigen modes of the plasma oscillations are odd harmonics of the
fundamental plasma frequency. For HFETs to be able to function in
plasma mode, the L should be less than the critical length of the channel
Leriticat(= sym/r) and wo>1/7 where y is mobility in low electric field, m
is the electron effective mass and t being the momentum relaxation
time.

For GaN, material dependent critical frequency w. remains in the
THz regime for a wide temperature range. . is 10 THz and 1.6THz at
300 K and 77 K respectively for GaN. These values are much more than
corresponding values for Si (1.7 THz, 0.46 THz) and GaAs (3.5 THz,

0.093 THz).

4.2. Mechanical sensors

Unique PE properties of III-N materials are very helpful for stress and
strain sensing applications. GaN also has few important advantages like
high biocompatibility, mechanical and physical stability of epitaxial
films. Hence, it has a prospect of being incorporated into MEMS and
NEMS automatic sensors. High thermal stability helps to retain their PE
properties in varied thermal choices. PE reaction of AlGaN/GaN devices
incorporated in membrane devices is also stated in the literature [47-
63].

4.2.1. Stress sensor

External force on AlGaN/GaN based sensors cause changes in the
piezo-polarization in the nitride film. These changes tend to vary the
sheet concentration narrowed at the AlGaN/GaN heterojunction that
helps to acquire the gauge aspect of the device [47].
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Fig. 6. (a) the Ips—Vpg Characteristics, (b) the Ins—Vpg Characteristics, (c¢) and forward Characteristics, and (d) reverse Characteristics of MgO passivated, GaN-cap
HEMTs before and after proton irradiation. Reprinted from [39] B. Luo, F. Ren, K.K. Allums, B.P. Gila, A.H. Onstine, C.R. Abernathy, S.J. Pearton, R.Dwivedi, T.N.
Fogarty, R.Wilkins, R.C. Fitch, J.K. Gillespie, T.J. Jenkins, R. Dettmer, J.Sewell, G.D. Via, A.Crespo, A.G. Baca, R.J. Shul, Proton irradiation of MgO- or Sc203
passivated AlGaN/GaN high electron mobility transistors, Solid-State Electronics, vol. 47, pp.1015-1020, Copyright (2003), with permission from Elsevier.

AlGaN/GaN circular-HEMT’s piezo-polarization based stress sensor
was introduced by G. Vanko et al. [47]. The basic hetero-arrangement
was developed on the 4H-SiC substrate. It consisted of a 30 nm thin
AIN nucleation layer topped up by a 2 pm Fe- doped GaN buffer layer
and a 25 nm u-AlGaN active layer with 0.25 M fraction of Al. The pro-
posed C-HEMTs were having five different structures with fixed drain-
source gaping, flexible gate area and a gate-less structure. The
observed circular-HEMTs on the bulk SiC cantilever were vigorously
stressed with a fixed frequency.

The sensor structure exhibits respectably linear PE response under
vigorous stress environments. Sensitivity was directly proportional to
the gate area of the structure. The results indicated that the induced
voltage response is independent of the external strain frequency.
Induced charge increases linearly with external stress at different
frequencies.

Chen et al. designed a piezotronic strain sensor based on InGaN/GaN
multiple quantum-well heterojunction microwire (MQWH-MW) with
ultrahigh sensitivity. The InGaN/GaN MQWH-MW with orientation

10

along a-axis, was accomplished by conductivity-choosy EC etching of
epitaxial film on substrate. Back-to-back Schottky junction was
employed to fabricate the strain sensor. When 0.55% tensile strain was
put under external bias of +0.4 V, the gauge factor of the device reached
more than 2000. Authors theoretically analyzed energy band in the
MQWH-MW based strain sensor to clarify their practical results [48].
The change in current characteristics with compression and stretching
reported is as shown in Fig. 7.

4.2.2. Pressure sensor

Requirement for pressure monitoring is rising exponentially in
multiple applications like automotive, petroleum, nuclear power, and
aerospace production [49-52]. Specific sensors are needed to identify
problems, like engine, brake and tyre in vehicle; oil-drilling pipe in
gasoline; reactor container and steam producer in nuclear power plant;
cabin and frame in aerospace engineering etc. to avoid malfunctioning,
and, for lifetime observation [53]. The operating temperature range in
the automotive (100-350 °C), petroleum (150-300 °C), aerospace
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Fig. 7. Current characteristic curve under compressing and stretching. The structure representation of stretching and compression is placed at the right side of graph
[48] “Reprinted from L. Chen, K. Zhang, J. Dong, B. Wang, L. He, Q. Wang, M. He, X. Wang, The piezotronic effect in InGaN/GaN quantum-well based microwire for
ultrasensitive strain sensor, Nano Energy, vol. 72, p.104660, Copyright (2020), with permission from Elsevier.

(—60-900 °C), and nuclear plant (30-250 °C) industries is very high
[51,54-56]. Another critical condition faced in these fields is presence of
very high pressures of the order of 6. On- the- spot sensing of pressure in
such severe environments require sturdiness and resilience along with a
high sensitivity [57].

PE-type sensors have various advantages as compared to other types
of sensors under extreme conditions. Due to their wider bandgap, they

can produce significant output voltages with broad choice of pressure
levels (~10° Pa). The PE pressure sensors are tough and enduring even
in extreme environment. Lastly, small size and low-power devices can be
made as the external power supply is not imperative in PE sensors [58].

Classic PE-type sensors very much depend on lead zirconate titanate
(Pb [ZryTiix] Os, PZT) transducers. Nevertheless, the PZT is a not an
optimized option because of its unbalanced output at temperatures more
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Fig. 8. Voltage response and schematic of GaN HEMT based gas pressure sensor. Reprinted from N-I Kim, et al., “Piezoelectric Pressure Sensor Based on Flexible
Gallium Nitride Thin Film for Harsh-Environment and High-Temperature Applications,” Sensors and Actuators: A. Physical, Copyright (2020), with permission from

Elsevier [59].
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than 200 °C and probable ecological threat. Therefore, it is a challenge
to produce a more efficient and safer environmental material than PZT
for PE pressure sensors by integrating lead-free materials like Ceramics
and polymeric composites. GaN is a lead-free material and has a note-
worthy PE coefficient. It exhibits the highest prospect to replace the PZT
as a result of its show in high temperature and pressure operating con-
ditions [59].

Kim et al. used GaN thin film as a sensing substance. The device is
prepared by a layer relocation process after the elimination of the Si
body. The values of output potential for GaN relating to gas pressure
levels 50, 100, 150, and 200 psi were found to be 42.3, 76.8, 98.7, and
122.1 mV respectively. Their results agreed well with the simulated data
[59]. Furthermore, the measured voltages at elevated temperatures
produced reliable outputs at temperatures up to 350 °C. In addition, they
confirmed the stability of sensor outputs elevated temperatures with
various pressure levels. Fig. 8 shows voltage response and schematic of
gas pressure sensor introduced by Kim et al.

Variation in the PE polarization Py, at the gate and the channel
interface of sensor cause change in the 2DEG conductivity and form a
possible piezoresistive contribution.

Boulbar et al. have investigated the sensitivity of AlGaN/GaN HEMT
drum skin sensor (Fig. 9 (a)), under static pressure for strong, moderate
and weak inversion working regimes as shown in Fig. 9(b). The sensi-
tivity in the weak inversion region was approximately 150 times better
than the strong inversion region of the HEMT [60]. The pressure vari-
ation response was found to follow a {1 — exp(x)} relation where x =
gVT/kT. Such behavior is typical of HEMT operation in the weak
inversion region.

V Kuti$ et al. [61] had demonstrated PE MEMS pressure sensor based
membrane AlGaN/GaN circular-HEMT structure, with two different
designs - circular and ring. The electrode metallization plays significant
role in enduring stress dissemination.

2D and 3D models have been introduced, in literature, to endorse
naiver 2D FEM model, which was laden by outer pressure. Model was
included with residual stress because of big mismatched lattice and the
difference in thermal expansion coefficient’s difference. The model has
been used to study the effect of position and magnitude of the electrode
and bring optimization in designs.

D. Gajula et al. [52] pioneered a diaphragm centred AlGaN/GaN

(a)
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MODFET embedded circular membrane pressure sensor for high tem-
perature pressure sensing, with ultra-high sensitivity. A regular pressure
difference of 20 kPa, when applied to the diaphragm, leads to increase in
the Rgs.

Tan et al. [62] realized pressure sensor by using four gateless GaN
HEMTs in Wheatstone bridge structure to enhance the sensitivity of
sensor. The impedances of the four AlGaN/GaN HEMTs, rose with the
applied pressure. Differential operation of the Wheatstone bridge circuit
helps to achieve linear outputs with a non-linearity of 0.8% and a
sensitivity of 7 pV/kPa at a wide pressure-range.

They demonstrated pressure sensing with a specifically designed
Wheatstone bridge arrangement by considering the isotropic PE prop-
erty of IIl-nitrides and the stress division in the round diaphragm. Two
pairs of gateless HEMTs were placed at the tensile and compressive
stress areas of the rounded diaphragm to exploit the pressure sensor’s
responsivity and stability. Consequently, the 2DEG resistors positioned
diagonally, presented entirely contradictory Py, effects, which trans-
formed to a linear response of the sensor with a high sensitivity of 72 pv/
kPa/V. Large output capability of 64.8 mV/V was obtained, signifying
potentially low power consumption in the real-world use. As shown in
Fig. 10, at the center of the diaphragm, stress surface is minimal and is
maximum at the boundary. So, output can be taken out by putting sensor
at the boundaries.

The piezoelectric polarization (Pp,) of the AlGaN/GaN hetero-
structure, along the growth direction, caused by lattice mismatch be-
tween GaN and AlGaN, can be expressed by the Eq. (2) as follows

C13) ((1 - ao)
P, =2 e3 —ey3—
bz ( S o @0

where e31, es3 are the PE coefficients, Cy3, C33 are the elastic constants,
ap is the equilibrium lattice constant and ais the strained lattice
parameter. Therefore, by putting either tensile or compressive stress to
the AlGaN layer, Py, changes in the opposite directions. The surface
radial stress &, and tangential stress &, for a strained circular diaphragm
under the fixed support edge condition can be computed by Eq. (3) and
Eq. (4) respectively [62].
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Fig. 9. (a) Drum skin sensor, (b) Ips- Vgs current characteristics at atmospheric and 50 bar pressure. The weak inversion regime with Ipg plotted on a logarithmic
scale is shown in inset [60]. Reprinted from E.D.L. Boulbar, M. J. Edwards, S. Vittoz, G. Vanko, K. Brinkfeldt, L. Rufer, P. Johander, T. Lalinsky, C. R. Bowen, D. W. E.
Alisopp, Effect of bias conditions on pressure sensors based on AlGaN/GaN high electron Mobility Transistor, Sensors and Actuators A, vol. 194, pp. 247-251,

Copyright (2013), with permission from Elsevier.
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Fig. 10. Surface stress distribution of a strained circular diaphragm, Radial and
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(Maximum value). Reprinted from X. Tan et. al, High performance AlGaN/GaN
pressure sensor with a Wheatstone bridge circuit, Microelectronic Engineering,
Vol. 219, High performance AlGaN/GaN pressure sensor with a Wheatstone
bridge circuit, 111143, Copyright (2020), with permission from Elsevier [62].
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Here, P is the applied pressure, v is the Poisson’s ratio, t and r are the
thickness and effective radius of the circular membrane, x is the relative

distance to the centre or the diaphragm.

4.3. Bio sensors

Biosensors were introduced by Clark in 1962 [64]. Ever since, they
have been extensively employed in a variety of applications such as
cancer identification, toxicity recognition, food analysis, health pros-
pects, etc. Biosensors are analytical devices that convert biological
pointers into electrical signal, usually consisting of at least two basic
components combined together. One is a biological receptor that con-
verts response from the biochemical domain, into a chemical or physical
output signal; and second one is a physical-chemical transducer that
transduces the output signals of the bio-recognition system, to the
electrical signals [65].

Combination of biological systems and electronic transducers has
better sensitivity to translate explicit tasks of biomolecules into elec-
trical signals. Semiconductor sensors have the capacity to engineer their
energy bandgap by selectively doping the layers in heterostructures, and
realize simultaneous multimodal opto-electrical sensing [66].
Biochemical micro-sensors, such as photo, thermal, resistance, and
semiconductor biosensors etc., are widely researched because of their
compactness and high sensitivity. Amid such sensors, FET-based bio-
sensors own the essential qualities of quick response, low-cost, ease of
use and real-time diagnosis. In a typical FET system, the sensing in-
gredients are functionalized on the sensing feed. These feeds are coupled
to the source and the drain electrodes, to arrest the targets by means of
extraordinary specificity and binding affinity. A modulated bias poten-
tial is applied to the gate. An electrical measurement system records and
processes the channel conductance, varied by the detection of the tar-
gets. Diverse materials such as Si, GaN, graphene oxide, and carbon
nanotube (CNT), have been utilized for the FET based biosensors.
Because of their chemical stability, absence of the need to use reference
electrodes, and the prospect of their scaling down in size, AlGaN/GaN
HEMTs have also gained significant consideration.
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Charge screening or Debye screening at the interface of semi-
conductor device and the aqueous solution has been a foremost chal-
lenge in the realistic implementation of FET biosensors. Debye
protection is a screening phenomenon based on the impact of the Debye
radius where the sensing scope of the sensor is less than 1 nm in the
physiological solution. In reality, size of most of the biomolecules is
above 1 nm. Thus, clear of the Debye radius [67].

From the Guoy-Chapman electrical double layer (EDL) model, rela-
tionship of Debye length and ionic strength of the aqueous medium is
given by Eq. (5) below [68]

1 - Srggka %
K~ (ZNAzezl)

Debye length is predicted to be ~0.7 nm in solutions with high ionic
strength like whole blood. Normally, the size of immobilized receptors,
at the gate region of FET, is around 10 nm. The ligand binding site has
upward orientation in the z direction. Hence, the voltage changes
induced by receptor-ligand binding get cordoned off and do not vary the
drain current. This observable fact at the device-solution junction causes
a main challenge for clinical applications of FET based biosensors [68].

Grahame equation exhibits the relation between the surface poten-
tial and the surface charge density on a metal or non-metal planar sur-
face [69]:

0 = +/(8ne,&0kT )sinh (%>

2kT

(5)

(6)

where o,n, y,, & and g, are respectively the surface charge density, the
electrolyte concentration in bulk solution, the surface potential, the
relative permittivity and the permittivity in vacuum. One may infer from
Eq. (6), that a larger surface potential can generate a higher charge
density. In HEMTs, when large gate voltage is applied, higher current
gain is obtained. In Grahame equation, the charge density is not relevant
to the gap between the gate electrode and the channel.

In literature, a variety of biosensors built on HEMTs technology are
described. With proper variation in the gate area of HEMTs, they have
applications in pH sensing, detection of DNA, Prostate specific antigen
(PSA), Glucose, Protein, Botulinum toxin, Lactic acid and breast cancer
biomarker [70,71].

Chu et al. demonstrated a FET-based novel biosensor for point-of-
care, home healthcare, and mobile diagnostics. Their device was able
to defeat the complexity of severe charge-screening effect caused by
high ionic strength in solution. They sensed proteins in physiological
environment. Antibody -immobilized GaN HEMTs were directly utilized
to sense proteins, including NT-proBNP, CRP, CEA and HIV-1 RT in
human serum. The samples did not require dilution or washing pro-
cedure to lessen the ionic potency. The sensor showed high sensitivity
and the finding took mere 300 s time [72].

An efficient strategy is to make use of the EDL to identify bio-
molecules further than the Debye length. A functionalized gate elec-
trode, separated from the transistor channel by a short gap, is used to
apply high electric field across the test solution. In the process, EDL is
formed on the gate electrode and channel interfaces with the solution.
Thus, the voltage sketch in the structure with the separated gate elec-
trode is changed from the traditional FET sensor design [72]. The re-
ceptors are arrested on the gate electrode. When they bind with the
target in the solution, a charge re-distribution in the local region leads to
prompts equivalent charge re-organization at the transistor dielectric-
solution interface. This changes the potential difference across the
transistor dielectric and hence the drain current. Thus, biomolecule
detection takes place unconstrained by the well-built EDL in physio-
logical saline concentrations [68].

The Zika virus (ZIKV) is a flavivirus similar to West Nile virus,
dengue, or yellow fever. Aedes mosquito is its primary transmitor. Zika
causes improper brain development in foetuses. ZIKV detection was
demonstrated by Yang et al. using cover glasses functionalized with
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antibody, and attached to the gate electrode of an AlGaN/GaN HEMT
[73]. A 0.5 V pulsed bias was applied to an electrode on the antibody-
functionalized cover glass area, and the resultant variation in drain
current of the HEMT were used to establish the existence of ZIKV antigen
concentration of 0.1 to 100 ng/ml. The ZIKV concentration dependent
dynamic and the static drain current changes were modelled with an
elastic relaxation model and the Langmuir extension model, respec-
tively. Exceptional matching was found with relaxation time constants
of antibody and antigen molecules in the range of 11 Is and 0.66-24.4 Is,
respectively. Since the HEMT was not bared to the bio-solution, it could
be used repetitively. The functionalized glass was the non- reusable
component in the detection system. Therefore, this approach has po-
tential in hand-held, low cost sensor packages for point-of-care (POC)
applications [73]. Device designed by Yang et al. with detachable glass
cover is shown in Fig. 11.

Gu et al. presented a new quick analytical stage for electronic
enzyme-linked immunosorbent assay (e-ELISA) based on AlGaN/GaN
HEMT with Magnetic beads (MBs). MBs-based e-ELISA decouples
customized region from sensing surface to simplify the evaluation.
Merging the benefits of MBs and e-ELISA, sensing competence further
than the Debye-screening limit and reusable capacity was obtained. This
scheme offers a fast response toward Prostate specific antigen (PSA)
with a low concentration of detection of 1 fg/mL. Within the limitation
of the emergency care application, it showed higher sensitivity (3.73
pA/dec) in the linear range (1 fg/ mL to 1 pg/mL) as compared to
conventional AlIGaN/GaN HEMT biosensors [67].

Woo et al. studied the HEMT as an immunity-sensor to measure
concentration of a stress hormone, cortisol. The sensitivity was
enhanced in the HEMT sensor through laser light illumination of 532 nm
wavelength, as shown in Fig. 12. The optical pumping supported the
biosensor in differentiating meticulous alteration, which could cause an
increment of limit of detection (LOD) to 1.0 pM cortisol level. It is
claimed to be the lowest level of detection with HEMT-based cortisol
biosensors. Amplified output current, was higher than the dark current
by 3.39% with Vg = -3 V [74].

Tai et al. developed a protein immunoassay using aptamer func-
tionalized AlGaN/GaN HEMT [75]. They reported a tunable and
amplified sensitivity of solution-gated EDL HEMT-based biosensors as
shown in Fig. 13. When a higher gate voltage was applied, sensitivity
was enhanced by crafting a smaller gap between the gate electrode and
the solution. Sensitivity is calculated by quantifying NT-proBNP, a
medical biomarker of heart collapse, in buffer and in unprocessed

Drain Pulse

(1)
0 10 20 30 40 50 60
Time (1S)

Fig. 11. Structure and setup of Zika virus sensor with glass cover where the
antigen can place, and afterword glass cover can be changed. Reprinted from J.
Yang, et al., “Zika virus detection using antibody-immobilized disposable cover
glass and AlGaN/GaN high electron mobility transistors,” Appl. Phys. Lett. 113,
032,101 (2018), with the permission of AIP Publishing [73]
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human sera. The authors claimed to have achieved a sensitivity of 80.54
mV/decade protein concentration. This equipment verified prospects in
developing surface affinity sensors for medical diagnostics.

4.3.1. Membrane- centered electrochemical sensors

For membrane centered biosensors, GaN is a better alternative as it is
a chemically stable compound. GaN electrodes can be activated in bio-
logical buffers with no noticeable drift or retardation. T. Schubert et al.
have demonstrated the strength of wet chemically oxidized GaN by
using electrochemical (EC) resistance spectroscopy measurements for
many frequencies and voltage biases [66].

Si-doped GaN layers on c-plane bulk sapphire, grown by MOCVD
were utilized to examine the electrical properties of lipid membranes
held on GaN conductors. The dynamics of the membrane creation can be
observed by plotting the variation in impedance and capacitance of
membrane with respect to time.

4.3.2. pH sensors

The pH measurement is essential in a lot of applications like medi-
cine, food science, biology, environmental science, chemistry and
oceanography. The variation in the pH values of a biomolecule is often
taken as a diagnostic tool while finding the severity of ailment. EC liquid
sensors are useful in various biomedical processes requiring pure
deionised (DI) and unsalted water [76]. These sensors become very
helpful to distinguish between the fluids with unlike polarities by
detecting the pH levels, specially the recycled water. A noticeable pH
measurement EC sensor is the ion-sensitive field-effect transistor
(ISFET)-based sensor [77,78]. In contrast with the conventional FETs,
the gate electrode is absent in ISFETs. The gate area in an ISFET is
susceptible to the charging effects. A reference electrode biases the gate
area above the threshold voltage to let the drain current flow. HEMTs,
however, do not require a gate voltage to turn on. Therefore, the fact
that the reference electrode is not an essential prerequisite becomes a
substantial advantage of HEMTs over the ISFETs. The pH of blood of a
well human body varies in the range of 7.35 to 7.45. Any deviation from
this scale can be taken as an indicator of ailment with severe effects [79].

GaN based pH sensors show high sensitivity to hydronium ions [80].
Gallium Nitride has a great pH sensitivity of 57.3 mV/pH [66]. The
sensitivity of these sensors is related to the action between ions in the
electrolyte on the open region of devices and positive surface charges
induced by polarization. This action causes change in the surface
charges of the devices. Undoped-AlGaN/GaN has advantages like
reduced gate-leakage current, lesser Vyinch.off and lower noise over doped
structures due to donor absence in the AlGaN layer. That is why non-
modulation doped GaN heterostructures are researched for electronic
sensor utilities [13,81].

The ungated HEMTs structure shown in Fig. 14 with ScyOs3 in the
gated region showed current linearity for pH 3-10. The pH HEM sensors
exhibit stability with a resolution of < 0.1pH for the whole pH range and
the remarkable sensitivity to fairly small changes in liquid concentra-
tion. I-V characteristics depict that with less value of pH, the drain
current of HEMTs significantly increases [22].

Abidin et al. [13] and Kokowa et al. [82] also demonstrated open-
gated heterostructures with unpassivated u-AlGaN/GaN. Fig. 15 shows
that the variation in pH level cause variation in threshold voltage and
drain current. Increase in pH level shifts the threshold voltage to positive
side.

Ju-Young Pyo in ref. [83], introduced a HEMT with an extended-gate
(EG) with MIS structure for application in pH sensing. Fig. 16 shows the
transducer and EG HEMT with low gate leakage MIS structure which can
be stabilized, unlike the MS structure, consisting of Schottky junctions.
They have reported a linear response of fabricated sensor to different
values of pH solutions. Fabricated sensor showed sensitivity close to the
Nernst limit, and a linearity of 98.93%.

N. Sharma et al. studied the characteristics of pH and salinity sensor
fabricated using the gated AlGaN/GaN HEMT structures in phosphate
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Fig. 12. Schematic diagram and set up of laser illumination and optical pumping to AlIGaN/GaN HEMT biosensor and energy band diagram. Reprinted from K. Woo,
et al., “Enhancement of cortisol measurement sensitivity by laser illumination for AlGaN/GaN transistor biosensor,” Biosensors and Bioelectronics (2020) with
permission from Elsevier [74].
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Fig. 13. Schematic diagram and sensitivity of Aptamer functionalized AlIGaN/GaN HEMT biosensor. Reprinted (adapted) with permission from Tse-Yu Tai, et al.,
Design and Demonstration of Tunable Amplified Sensitivity of AlGaN/GaN High Electron Mobility Transistor (HEMT)-Based Biosensors in Human Serum, Analytical
Chemistry 2019 91 (9), 5953-5960 [75], Copyright (2019) American Chemical Society.

buffer saline (PBS) and aqueous salt solutions [84]. The HEMT devices in The possible mechanism of adsorption of positive and negative
DI water showed drain I -V features, close to the output characteristics charges that change the potential at AlGaN/Au and Au/electrolyte
of the classic HEMT structures in the air. They observed noteworthy surface related to H + concentration is explained by the site binding
alteration in the I-V characteristics curves signifying the variation in the model introduced by Yates et al. and Munch et al. [85,86].

pH values of PBS solutions. These GaN HEMT structures were suscep- In this model, hydroxyl groups at the surface act as amphoters. They
tible toward the aqueous salt solution and exhibited fast response to the could be dependent on the H" concentration and the equilibrium con-
pH changes. A sensitivity of 6.48 mA/mm-molar and a response time of stants for the related reactions, in the following method:

250-350 ms at Vg5 = +1 V was attained [84].
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Fig. 15. Transfer characteristics evaluated by Kokawa et al. for device exposed
in different pH value. “Reprinted with permission from T. Kokawa, T. Sato, H.
Hasegawa and T. Hashizume, Liquid-phase sensors using open-gate Al Ga N/
Ga N high electron mobility transistor structure. Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Structures Processing, Mea-
surement, and Phenomena, vol.24, no.4, pp.1972-1976 (2006). Copyright
(2006), American Vacuum Society [82].
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In MOH, M is either Si or metal. Because of increased protonized
hydroxyls MOH ", formations, 2DEG concentration increases to balance
the induced positive charge in the surface. Vice-versa, negative charges
at the insulator surfaces decrease the H' concentration of the solution.
The high sensitivity to hydronium ions of GaN-based pH sensors was
reported in [87]. The sensitivity S of the sensors can be regarded as the
modification of the surface potential y,with dependence on the con-
centration of hydronium ions (ACpy,o-+) in the electrolyte as

Ay,
— 9
ACy, 0+ ©
The pH sensitivity S,y can be explained by Eq. (10) as:
Alds
Spn = ApH (10$)

where Al is change in drain-to- source current, and ApH is the change
in pH level.

Q. Cheng et al. presented a pH sensor based on a planar dual-gate
AlGaN/GaN HEMT cascode amplifier that enhanced the pH sensitivity
for about 45 times from 45 mV/pH to 2.06 V/pH with linearity of 1.27%.
Their sensor was capable of regulating the sensor’s sensitivity by
altering the gate voltage and the resistance values for diverse pH values
[88].

D. Xue et al. demonstrated how to adjust the Vr of the AlGaN/GaN
HEMT based pH sensor by the method of the photo-electrochemical
(PEC) oxidation on the GaN cap layer surface. Post- PEC oxidation
process, the V of the device shifted from —3.46 V to —1.15 V. The V,
corresponding to the maximum transconductance of the device shifted
from —2.6 Vto —0.1 V. The drain current variation per pH of the AlGaN/
GaN HEMT based pH sensor without reference electrode increased from
0.7 pA tol4 pA with Vq = 0.5 V. They postulated that the sensitivity of
this reference electrode sensor can be considerably improved by varying
the Vr to make Vg|gmmax approach the corresponding gate voltage
when droplet is put on the sensing window plane. This may be advan-
tageous in the scaling down and integration of the future AlIGaN/GaN
HEMT pH sensors [89].

Zhang et al. analyzed, theoretically and experimentally, the effect of
the gate geometry on the pH sensor sensitivity. The series resistance (Rg)
of the packaged sensor was established as an important feature limiting
the current sensitivity. They found that an optimal W/L ratio, can be
reached when W/L = p (2DEG)/Rs condition is met. The current sensi-
tivity of the AlGaN/GaN sensor could reach a value of 157 pA/pH [90].

Reference
electrode

Electrolyte

PDMS
SnOz

(b)

Fig. 16. (a) Schematic of the transducer and (b) extended gate HEMT pH sensor introduced by J-Y Pyo [83]. Reprinted with permission from J. Y. Pyo, et al. AlGaN/
GaN high-electron-mobility transistor pH sensor with extended gate platform. AIP Advances, 8(8), p.085106 (2018) with licensed under a Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Liu et al. designed a solid-state biosensor sweat detection platform.
The results showed that the Al,Oj3 films and the potassium ion-selective
films get modified on different GaN surfaces, as depicted in Fig. 13. The
HEMTs can be used repetitively and can stably detect pH and potassium
ions in sweat. Their experimental data showed that for pH 3-7, sensi-
tivity was 45.72 pA/pH; for pH 7.4-9, sensitivity was 51.073 pA/pH; K"
sensitivity was4.94 pA/lgaK™). They claimed that the stability could be
maintained for 28 days. Their experiment was the first verification of
AlGaN/GaN HEMTs as steady, quick-response, low-hysteresis, low-cost
biosensors with impending application projection in wearable sensors
[91].

4.3.2.1. Sensing mechanism. ALD-Al;O3 film gets ionized in aqueous
solution, forming a binding site on the surface of GaN for pH detection.
When an acid or alkali solution is added, two reactions

—~OH+H" = —OH; an
And
—OHS +0H = —OH+H,0 12)

occur on the surface, and the surface potential can be explain as
follows [25,26]:

y=2 (PHp,. —pH) a3

3L
g +1
Here, f'is a constant of acid equilibrium associated with the added
electrolyte. The K-ISM modification on the GaN surface is an efficient
technique of pushing in K* in the PVC layer, as shown in Fig. 17. The K™
form a barrier that blocks other ions from reaching the sensor surface by
chemically reacting with specific ions. Only K'can go through and
transfer their charge to the gate of the HEMT. The source-drain current is
explained by the following equation [14]:

2

Vi
(Vg - Vf) Vaas _%

- € aiGanHorc W

[d: Ld

(14)

where egigov is the permittivity of AlGaN, p,5; means the electron
mobility of the 2DEG, W and L are the width and length of the channel, d
represents the distance between the 2DEG channel and the surface; Vy; is
the source and drain voltage [91].

4.3.3. DNA sensors

One of the most important applications of biosensors is the DNA
analysis [22]. Detection of specific DNA sequences is critical for bacteria
detection, medical analysis and other biotechnology and genomics
fields. The large numbers of cases of bacterial contamination demand
the development of biosensors for detecting bacteria. Optical, changes in
mass, EC detection are few of the technologies that have been developed
for this. However, these methods are expensive, time consuming,
tedious, destructive and use a labelling agent. Biosensors based on
semiconductor based field effect transistors are better options to over-
come these disadvantages [92].

Spontaneous and piezoelectric polarization make AlGaN/GaN based
HEMTs sensitive to variation in surface potential, leading to its suit-
ability for converting a biological signal into an electrical signal [92].

For DNA recognition, arrest of complementary single stranded DNA
(ssDNA) on the gate area is essential [18]. Fig. 18 shows the functioni-
zation of AlGaN/GaN HEMT for detection of target-ssDNA. Because the
DNA molecules are charged, the hybridization of two ssDNA molecules
with matching complementary sequence will result in the charge density
change on the surface where this hybridization has occurred. This
variation in the carrier density results in a modification of the surface
potential on the surface [92]. Fig. 19 depicts the threshold voltage shift
towards the positive value after DNA hybridization. On using target-
DNA, double stranded DNA hybridization takes place. Additional
charge varies channel conductivity and onset voltage in FETs [18].
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Fig. 17. (a) Modification of GaN surface due to Potassium ions, b) Trans-
portation of potassium ion over GaN by entering in molecule. Reprinted
(adapted) with permission from X. Liu et al. Wearable Multi-parameter Platform
Based on AlGaN/GaN High electron mobility transistors for Real-time Moni-
toring of pH and Potassium Ions in Sweat, Electro analysis 2020, 32, 422 [91].
Copyright (2020) John Wiley and Sons.

S. Alur et al. fabricated GaN heterostructures with TI/AL/Ni/Au
ohmic contact and Ni/Au Schottky contacts for the purpose of bio-
sensing. The DNA immobilization on the Au gate was carried out using
thiol based chemistry which showed the possibility of DNA detection
[92]. N. Espinosa et al. successfully detected various target-DNA
strengths using AlGaN/GaN HEMTs. With two different density of
DNA HEMT gate has bio-functionalized before application of target-DNA
[18]. They have concluded that the threshold voltage reduced to — 0.6 V
from — 0.5 V when functionalized with probe-DNA.

4.3.4. Botulinum toxin detection

The antibody-immobilized bio detectors have been put in use to
sense type-A Botulinum toxin with a reproducible limit of detection
below 1 mg/ml. The drain current variation in HEMTs was attributed to
bonding of botulinum toxin to the botulinum antibody. The botulinum
sensors are eco-friendly, show good rejuvenation, and therefore are best
for durable stability training [21]. Schematic of Botulinum Toxin de-
tector is illustrated in Fig. 20. Functionalization of botulinum antibody
on thioglycolic acid takes place at Au-coated gate area. Wang et al.
demonstrated that the sensor could detect the toxin and reactivated
right after the test with buffer solution even after 9-month storage. Their
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Fig. 18. Functionalization of AlGaN/GaN HEMT for electrical detection of a
target-ssDNA [18]. Reprinted from Publication N. Espinosa, S. U. Schwarz, V.
Cimalla, O. Ambacher, Detection of different target-DNA concentrations with
highly sensitive AlGaN/GaN high electron, Sensors and Actuators B, vol. 210,
pp. 633-639, Copyright (2015), with permission from Elsevier.

results are shown in the Fig. 21.

4.3.5. Glucose sensor

The glucose oxides enzyme (GOy) is used in biodetectors for detec-
tion of sugar level in patients. The concentration of glucose varies with
the number of electrons that enter the enzyme. The pH value of the
solution affects the activity of GOx. Accurate glucose level can be

Materials Science & Engineering B 263 (2021) 114849

achieved with a combined pH and glucose detector. A GaN hetero-
structure with modification of the electrons on the ZnO nano-rods has
been demonstrated for measurement of glucose sensing [22]. The
schematic is shown in Fig. 22. The response of these HEMTs is same as
that of an EC detector, due to amplification effect [22]. Drain current of
HEMT drastically increases when ZnO nano rods comes into contact
with enzymes which provide higher sensitivity of device.

Varghese et al. presented a high resolution AlGaN/AIN/GaN MOS-
HEMT for multiple bio detection and sensitivity-analysis. High sensi-
tivity of 0.054 mA/pgml !, was attained by modification in the device
design. Likewise, equivalent gate bias/interface charge was realized for
other bio-markers such as PSA (Prostate Specific Antigen), KIM-1 (Kid-
ney injury Molecule), MIG (Monokine Induced by Interferon Gamma)
and GO,. Effective sensitivities of 0.91 mA/ugml ™!, 0.254 mA/pgml !,
0.48 mA/ngml ! and 2.06 mA/mmoll 'respectively were attained. The
authors fabricated MOS-HEMT device with Al,O3 as the gate dielectric
prior to the real packaging. The device demonstrated high sensitivity of
1.83 mA/pH [93].

Liu et al. fabricated a high sensitivity glucose sensor using GaN based
HEMTs. The 3-aminopropyltriethoxysilane (APTES) was aligned to the
GaN surface by forming the covalent linkage between them. The nega-
tively charged gold nanoparticles (AuNPs) could be effectively self-
assembled on the positively charged APTES surface. The morphology
of the immobilized AuNPs was observed by the field emission scanning
electron microscope (FE-SEM). The chemical groups after APTES/AuNPs
functionalization were confirmed by X-ray photoelectron spectroscopy
(XPS). GOx was immobilized on the APTES/AuNPs functionalized gate
surface through electrostatic attraction. Its complete function process is
depicted in Fig. 23. The glucose sensor exhibited wide detection ranges
from 0.001 to 9 mM with higher sensitivity of above 1 x 10° pA mM~!
em ™2 A fast response time of less than 8 s and a detection limit of 1 nM
was observed. The authors verified that, the performance can be
increased by 15% after AuNPs attachment as compared to the HEMT
sensor without AuNPs. The Michaelis-Menten constant KM®PP, indi-
cating high affinity of GOy to glucose, was computed as 0.06 mM [94].

J. Liu et al. also fabricated a highly sensitive glucose sensor based on
HEMTs. As depicted in Fig. 24, the hydroxyl groups on the GaN surface
were result of the decomposition of UV irradiated hydrogen peroxide
solution (H202) [95]. The self-assembled monolayers (SAMs) of APTES
formed on the hydroxylation plane were used for GOy arrest. The
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Fig. 19. Transfer characteristics and change threshold voltage before and afterDNA hybridization[18]Reprinted from Publication N. Espinosa, S. U. Schwarz, V.
Cimalla, O. Ambacher, Detection of different target-DNA concentrations with highly sensitive AlGaN/GaN high electron, Sensors and Actuators B, vol. 210, pp.

633-639, Copyright (2015), with permission from Elsevier.
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Fig. 20. Schematic of AlGaN/GaN HEMT sensor with functionalization of botulinum antibody on thioglycolic acid at Au-coated gate area. Reprinted from Publi-
cation [21] Y. Wang, B.H. Chu, C.Y. Chang, C.F. Lo, S.J. Pearton, A. Dabiran, P.P. Chow, F. Ren, Long-term stability study of botulinum toxin detection with AlGaN/
GaN high electron mobility transistor based sensors, Sensors and Actuators B, vol. 146, pp. 349-352, (2010), Copyright (2010), with permission from Elsevier.
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Fig. 21. Real time detection of botulinum toxin with (a) a fresh sensor and (b) the recycled 9-month-stored sensor. [21] Reprinted from Publication Y. Wang, B.H.
Chu, C.Y. Chang, C.F. Lo, S.J. Pearton, A. Dabiran, P.P. Chow, F. Ren, Long-term stability study of botulinum toxin detection with AlIGaN/GaN high electron mobility
transistor based sensors, Sensors and Actuators B, vol. 146, pp. 349-352, (2010), Copyright (2010), with permission from Elsevier.
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Fig. 22. Schematic of ZnO Nanorod functionalized HEMT.

functional process is graphical depicted in Fig. 25. The APTES/GOy
biosensor demonstrated excellent current response to glucose over a
linear range from 10 to 100 pM with a sensitivity of 3.15 x 10*uA mM !
em 2 and a detection limit of 10 nM.

4.4. Gas sensor

Modification in the electrical conductivity of the gas sensors occurs
on gas contact with the semiconductor surface of the device, making it
compatible for wireless monitoring. The GaN-based material systems’
mechanical and chemical robustness enables reliable gas detection at
high temperature operations.

FETs, Schottky diodes and MOS structures with catalytic Pd and Pt
electrodes gas sensors have been extensively investigated. Pt and Pd
catalytic activity of GaN in the presence of several ecologically signifi-
cant gases, such as CO, NOy, hydrogen or hydrocarbons is an interesting
property for the gas-detection electronics. AlGaN/GaN heterostructure
armed with such a catalytic gate contact can be used in high frequency
applications and is fit to be fantastic detector for gases in its proximity
[96].

The Internet of Things (IoT) is a network of physical objects that utilizes
sensors and application programming interfaces (APIs) to collect and ex-
change data over the internet [97]. IoT network requires ultra-low power,
low cost, long lifetime, integrable into electronic circuits, and mini-sized
gas sensors for remote air quality monitoring and enhanced automated
system. EC gas sensors fulfill the criteria required by IoT platforms and
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Fig. 23. Graphical representation of functionalization process of APTES, AuNPs and glucose detection with AlIGaN/GaN HEMT. Reprinted from J. Liu, H. Zhang H, X.
Xiaochuan, A. Ahmad, D Xue, H Huang H, N Xu, Q Xi, W Guo, H Liang, “High sensitivity detection of glucose with negatively charged gold nanoparticles func-
tionalized the gate of AlGaN/GaN High Electron Mobility Transistor,” Sensors and Actuators: A. Physical (2020), Copyright (2020), with permission from Elsev-

ier [94].
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Fig. 24. (a) Schematic structure of AlIGaN/GaN HEMT for glucose detection. (b) micrograph of the fabricated HEMT sensor. Reprinted from [95] J. Liu, H. Zhang, D.
Xue, A. U. Ahmad, X. Xia, Y. Liu, H. Huang, W. Guo and H. Liang, “An effective hydroxylation route for a highly sensitive glucose sensor using APTES/GOx
functionalized AlGaN/GaN high electron mobility transistor,” RSC Adv., 10, 11393, (2020). Copyrights (2020), with permission fromThe Royal Society of Chemistry.

thus can be suitable components for specific IoT applications like smart
city, smart home, smart parking system etc. [98,99]. Kumar et al
incorporated toxic gas sensors into a multi-purpose field surveillance
robot which uses multiple IoT cloud servers [100]. High performance
gas sensors are utilized in IoT-based vehicle emission monitoring sys-
tems [101]. Furthermore, wireless sensor networks (WSNs) have been
engaged for toxic gas area recognition in large-scale petrochemical in-
dustries [102]. But, the gas sensing performances heavily vary with
scaling of sensor and its components. Therefore, research on miniatur-
ized gas sensors may expedite the deployment of toxic gas sensors in the
IoT platforms [103].

4.4.1. Hydrogen sensor

Ambient temperature hydrogen gas-leak sensing is essential for ap-
plications in hydrogen-driven vehicles, proton exchange thin film,
hydrogen oxide energy cells for spaceships etc., as high concentration of
Hydrogen gas is explosively combustible. Characteristically, HEMTs
with a higher drain current exhibit better sensitivity for the gas detection
in oxygen-restricted or humid atmospheres.
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In the traditional sensors, the variation in the conductivity or re-
sistivity of sensing material is used for gas detection. However, variation
in conductivity can be amplified through SD or FET operation by
incorporating Pd or Pt metal on the gate electrode of the HEMTs. When
hydrogen molecules come into contact with large area of platinum
nanonetworks surface of HEMTs, they get dissociated into hydrogen
ions, effectively creating high positive charge. At room temperature, Hy
is adsorbed on Pt and Pd and separated as follows:

Haayy—2H 4+ €~ (15)

The separated hydrogen sources a change in the channel conduc-
tance, making the sensors exceptionally sensitive. This improves 2DEG
channel and drain current. Employing the surface roughening of active
area shows high sensitivity toward hydrogen detection because of
adsorption sites. These sensors also have a wide vibrant variety of the
sensing concentration. Besides, a reference semiconductor device with
covered surface may be designed along side with sensor to remove the
ambient temperature deviation and supply voltage instability [104].

Schottky diodes on GaN heterolattices, adept to operate at extreme
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Fig. 25. Functionalization process on the AlIGaN/GaN HEMT sensor. Reprinted from J. Liu, H. Zhang, D. Xue, A. U. Ahmad, X. Xia, Y. Liu, H. Huang, W. Guo and H.
Liang, “An effective hydroxylation route for a highly sensitive glucose sensor using APTES/GOx functionalized AlGaN/GaN high electron mobility transistor,” RSC
Adv., 10, 11393, (2020). Copyrights (2020), with permission from The Royal Society of Chemistry [95].

thermal conditions (~800 °C) were demonstrated by Song et al. with Pt
catalytic metal [105]. According to Kim et al, improvement in the
sensitivity could be achieved as reported in Fig. 26 with Pt nano-
networks having vast surface-to-volume proportion as shown in
Fig. 27(a), and (b) [106,107].

In Non-polar or semi-polar GaN crystal planes, each crystal plane has
a specific surface atomic plan, which leads to varying hydrogen-
reactivity. Wang et al found that the GaN Schottky diodes with c-
plane N-polar (0 0 0 1) structure had greater sensitivity for hydrogen
sensing as compared to the conventional Ga polar (0 0 0 1) structures.
This finding is supported by earlier density functional theory summa-
rizing much more affinity of hydrogen to nitrogen [108]. Further,
sandwiching an AIN interlayer in AIGaN/AIN/GaN HEMT structure re-
sults in higher mobility and more charge concentration than the con-
ventional AlIGaN/GaN HEMTs [108,109].

)
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Fig. 26. Relative current change, S of Pt nanonetwork and Pt film gated HEMTs
measured at VDS of 6 V under air and 500 ppm H2 in air ambient at 25C [107].
Reprinted from Publication H. Kim and S. Jang, AlGaN/GaN HEMT based
hydrogen sensor with platinum nano-network gate electrode, Current Applied
Physics, vol.13,n0.8, pp.1746-1750 (2013), Copyright (2013), with permission
from Elsevier.
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Song et.al proved experimentally that the best sensing response was
obtained at V, equal to threshold voltage and the sensing response
improved with temperature rise [105]. It was shown that the sensing
response and logarithm of hydrogen concentration for certain values,
are linearly related. For 10 times change in hydrogen concentration, the
sensor showed response variation of 25.8% at 130 °C.

Ryger et al. grew an undoped SAW GaN/AlGaN/GaN heterostructure
to evaluate sensory characteristic [110]. The sensor exhibited very good
stability for observing hydrogen leakage at ambient temperature. GaN’s
PE coefficient makes it suitable for on wafer integration with SAW
sensors for multi-sensing array digital signal processing.

K. H. Baik et al. [111] applied Pt nanonetworks on active gate area of
HEMT to improve the conventional GaN based hydrogen sensor devices
as shown in Fig. 27(b). With changes in the conventional Pt GaN HEMT,
Baik reported maximum change in current percentage 3.3x1 0% % at Vgg
of —3.3 V. Later, they demonstrated an AlGaN/GaN-based hydrogen gas
sensor set with a modest heat compensation assembly to make the
hydrogen sensing ability independent of the ambient temperature. The
hydrogen molecules decomposed only on the Pt diode of the device
assembly when it was exposed to Hy ambient. Thus, the ambient tem-
perature effect on the output signal was compensated. The sensor
demonstrated a stable output voltage change of 0.635 V for the tem-
perature variation from 25 °C to 200 °C at the 5 V constant input bias.
The serially connected diode pair, displayed delicate voltage response to
500-5000 ppm hydrogen exposure at 25 °C [112].

S. Jung et al fabricated HEMT with polymethyl methacrylate
(PMMA) membrane layer for investigation of hydrogen in dry and wet
environment [113]. They found highest sensitivity of 2.6 x 10°% for
500 ppm hydrogen.

Choi et al. fabricated a Pd-functionalized H; sensor on an AlGaN/
GaN-on-Si heterostructure platform [114]. The sensor response was
augmented by low standby current level due to the AlGaN layer under
the Pd catalyst area, partially recessed by plasma etching. Operating
condition dependent sensor stability and power consumption were
cautiously explored with two separate bias modes viz. constant voltage
and constant current. The authors inferred that the constant current bias
operation resulted in stable operation with lesser standby power
expenditure. The fabricated AlGaN/GaN-on-Si Hj sensor displayed a
response of 120% with a response time of less than 0.4 s at 200 °C and a
standby power spending of 0.54 W/cm?. The schematic and the details
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Fig. 27. Schematic diagram of (a) Pt film with nano-networks AlGaN/GaN diode, (b) Pt nanonetwork gated AlGaN/GaN HEMT for Hydrogen Sensor.

of the device fabricated by Choi et al. are shown in Fig. 28 (a) and (b).
We observe from Fig. 28 (c), that the effect of hydrogen gas on the
Schottky barrier height affects the current response.

G. H. Chung demonstrated a hydrogen sensor with SiNy passivation
layered HEMT in extreme environment like high temperature and en-
ergetic irradiation [115].

4.4.2. O, sensor

Oximetery- the current technology for O measurement, is suitable
for medical use. However, it does not completely gauge the respiratory
adequacy. A patient suffering from poor gas exchange in the lungs i.e.
hypoventilation, if given 100% oxygen shall have superb blood oxygen
levels but may still be ailing due to excessive CO. The O measurement
is also not a full evaluation of circulatory adequacy.

Presently available ZrO; or the semiconductor metal oxide (TiOo,
Nb,Os, SrTiO3, CeO5) based O, sensors can function at extreme tem-
peratures from 400 to 700 °C [22]. Development of a small, low cost Oy
sensor with operation at low temperature and with high sensitivity for
biomedical applications is need of the hour [104]. The conductivity
mechanism of most metal oxides based semiconductors is attributed to
electron hopping from intrinsic defects in the oxide layer. Intrinsic de-
fects are associated with the oxygen vacancies created during oxide
growth. Characteristically, the conductivity is directly proportion to the
concentration of oxygen vacancies in the oxide coating. The

In-situ smfbtc’
i-GaN/buffer

(a)

(b)

conductivity of the InZnO (IZO) is found to depend on the oxygen partial
pressure during oxidation. IZO is a potential contender for O detection.
Fig. 29 (a) shows the schematic of Oy detector. Fig. 29 (b) and (c) depict
the device response when tested at 120 °C in pure nitrogen and pure
oxygen alternately at Vqs = 3 V. The current Iy is reduced when the
device is exposed to oxygen. However, the current increased when the
device is exposed to nitrogen. Since the IZO film can supply a lot of
oxygen vacancies, it can sense oxygen and thus can generate a potential
on the gate region of the AlIGaN/GaN HEMT. IZO based oxygen detector
with high sensitivity can operate at a comparatively lower temperature
than many oxide-based oxygen sensors [104].

4.4.3. NO, sensor

Nitrogen dioxide (NOs) is a harmful air pollutant gas which is
associated with daily-need combustion sources. In long-term, it can lead
to development of asthma and hamper lung growth of users and thus
warrants development of sensors for detecting even low concentration of
NO,. AlGaN/GaN HEMT is one good option. Relative humidity helps in
sensing of NO, when exposed to AlGaN. Positive surface charge is
formed by water molecules on AlGaN, thus increasing the conductivity
of channel upon gas contact. This positive charge is counterbalanced by
NO,, causing reduction in the charge carrier density (CCD). Conse-
quently, current through 2DEG channel decreases. This concept is put to
use in continuous ultra-low-power air pollution checking, at an ambient

(c)

Fig. 28. (a) Hydrogen sensor based on Pd- AlGaN/GaN schematic, (b) Fabricated sensor’s microscopic view and (c) Energy band structure with hydrogen absorption.
Reprinted from J.-H. Choi, et al., “Investigation of Stability and Power Consumption of an AlGaN/GaN Heterostructure Hydrogen Gas Sensor Using Different Bias
Conditions,” Sensors, 19, 5549, (2019) under the conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/license

s/by/4.0/) [114].
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Fig. 29. (a) Schematic of O sensor HEMT, current response of Ny and O, (b) at 50 °C, (c¢) 120 °C. Reprinted with permission from Y-L. Wang, et al., “Oxygen gas
sensing at low temperature using indium zinc oxide-gated AlGaN/GaN high electron mobility transistors,” Journal of Vacuum Science & Technology B 28, 376 (2010)

Copyright [2010], American Vacuum Society [104].

temperature and at varied humidity range of 10% [116].

Fig. 30 shows the schematic of interdigitated two-terminal AlGaN/
GaN sensor for NOy where chemically stable GaN is prepared to permit
ultra-low power, low ppb level sensing sans warmers.

Y. Halfaya reported AlIGaN/GaN HEMT with Pt catalyst for NO, NOy

2DEG
&«

GaN

Transition

Fig. 30. Interdigitated two-terminal AlGaN/GaN sensor for NOy.
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and NHj gas sensing in harsh environment of diesel exhaust system
[117]. They have demonstrated that their devices can trace miniscule
variations in the gas concentrations, even for contact duration as low as
1 s. Fig. 31 shows fabrication details and the schematic of one of the
device with two different sized gate areas. They have reported higher
sensitivity at 600 °C than that at 300 °C and lower responsivity at higher
temperature as shown in Fig. 32.

Ranjan et al. demonstrated low concentration sensing of NO, at
temperature range of 30 °C-300 °C and relative humidity from 0% to
90% by GaN HEMT-based gas detectors having interdigitated electrodes
and a platinum (Pt) functionalization layer [118]. The sensors revealed
by them displayed a change in current of 0.5 mA with sensitivity of 1.2%
for 10 ppm of NO,. They have investigated influence of humidity on NO2
sensitivity at room temperature and found that the sensitivity is directly
proportionate to relative humidity.

Sun et al. used a tungsten trioxide (WO3) nano-film modified gate of a
GaN HEMT based sensor for NO; sensing. The sensor had a hanging
round film arrangement and incorporated a micro-heater. For a 1 ppm
NO,, gas, a sensitivity of 1.1% and a response time of 88 s were obtained.
The dependence on relative humidity and temperature on the response
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Fig. 31. (a) Fabricated device (b) Schematic of HEMT with different sensing area dimensions. Reprinted from Y. Halfaya et al., Investigation of the performance of
HEMT-based NO, NO, and NHj3 exhaust gas sensors for automotive antipollution systems. Sensors, 16(3), p. 273 (2016) [117], under the Creative Commons

Attribution License.
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Fig. 32. (a) Sensitivity and (b) Responsivity reported by Halfaya et al. at different temperatures for NO, NO, and NHs. Reprinted from Y. Halfaya et al., Investigation
of the performance of HEMT-based NO, NO, and NH3 exhaust gas sensors for automotive antipollution systems. Sensors, 16(3), p.273 (2016), under the Creative

Commons Attribution License.

characteristics of the gas detector were taken into consideration. The
device was found suitable for constant environment measuring under
elevated temperatures [119].

The authors later micro fabricated and characterized a similar
structure for ppm-level acetone gas sensing. High operating temperature
of 300 °C augmented the sensitivity to 25.7% and drain current changed
to 0.31 mA for 1000-ppm acetone in dry air. [120]

When the sensors are bared to NO2 gas, chemisorption reaction on
the WO3 surface cause gas ions to rapidly diffuse at the surface. NO, gas
gets adsorbed on the surface of WOj3 layer and reacts with adsorbed O™
ions as per the reaction shown below [121]

NO,(gas) + e~ NO; (ads) (16)
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NOj (ads) + O™ (ads)+2e”NO(gas) +20*" (ads) a7

The surface states are transformed by the polar NO, molecules,
which influence the 2DEG concentration, causing deviation of the drain
current of the HEMT device. The modified surface potential may be
expressed by the Helmholtz model as follows [81]:

_ Ngp(cosh)
T eg

AV 18)

where Ng is the dipole density per unit area, p is the dipole moment, 6 is
the angle between the dipole and the normal surface, ¢ is the relative
permittivity of the material, and ¢ is the free space permittivity. The
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value of £ of the polar molecules mainly governs the surface potential.

Nguyen et al. investigated the performance of AlGaN/GaN HEMT
based NO, gas sensors with 10 nm AlGaN barrier. Their sensors, as
shown in Fig. 33, were planned to operate in pA range to give good
sensing performance with reduced power expenditure. The Pd and Pt
catalyst layer were used to functionalize the gate region of the HEMT
sensor for NOy sensing. Pd-functionalized sensors depict superior
sensing properties as compared to the Pt-functionalized sensors. The
sensors when exposed to 100 ppm of NO5 at 300 °C, measured relative
sensitivity of 53% with the response and recovery times of 136 s and
196 s respectively. In addition, there was a considerable change in the
drain current in different concentrations of 10 to 100 ppm NO for 30 s
exposure duration. The authors inferred that the Pd-AlGaN/GaN HEM
sensors with a thin barrier were able to detect NO, gas and they could be
used in the harsh environment in real-time condition [122].

4.4.4. Carbon monoxide (CO) sensor

Silent Killer- is another name for Carbon monoxide (CO). It is a
poisonous and deadly gas generated by fuel burning. It has no colour, no
taste and no smell. Hence, it is barely discernible by humans. It can be
fatal within no time at concentrations above 6000 ppm. On contact, CO
gas restrains the attachment of oxygen with carboxyhaemoglobin
(COHD) of the red blood cells (RBC) due to its higher affinity (~200
times) towards COHb in contrast to the oxygen. It lessens the valuable
oxygen transfer and causes oxygen deficiency in the person leading to
fatal histo-toxic hypoxia. Hence, the development of a low-cost, reliable
and stable CO detector sensing between 70 and 100 ppm concentrations
within 2-5 min of exposure can be a life saving tool for many.

Characteristics properties of GaN allow its potential application in
the field of developing toxic-gas detectors operable under harsh cir-
cumstances over the traditional metal oxide based gas sensors [123-
125]. In addition, the biocompatibility of these materials makes them
environment friendly. GaN based CO sensors operating at temperatures
above 300 °C, with performance enhancing Pt catalysts, have been re-
ported in references [126-129]. Fig. 34 represent the change in the
barrier height ¢gco, the interfacial polarization, the SCR width W¢o
when CO gets absorbed in Pt. The working requirements at high-
temperature and prerequisite of expensive Pt catalyst remain difficult
hindrances in the progress of GaN based CO sensors. Hence, a catalyst-
free low temperature operating CO sensor is desired for advancement
in the future of GaN based technology. Mishra et al. fabricated catalyst-
free CO sensors operating at lower temperature developed by nano-
structured AlGaN/GaN heterostructures using their remarkable surface
and interfacial properties. Catalyst-free sensing operation is represented
in Fig. 35. The measurements revealed a sensitivity of 33% at 100 °C
with response and recovery times of 94 s and 44 s respectively. Their in-
depth investigation divulged that nanostructured surfaces with lower
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Fig. 33. Schematic of NO, gas sensing mechanism in AlGaN/GaN HEMT.
Reprint permission from C. V. Nguyen and H. Kim, “High Performance NO, Gas
Sensor Based on Pd-AlGaN/GaN High Electron Mobility Transistors with Thin
AlGaN Barrier,” Journal Of Semiconductor Technology And Science, Vol.20,
No.2, (2020), under the terms of the Creative Commons Attribution Non-
Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) [122].

Materials Science & Engineering B 263 (2021) 114849

barrier height, charge buildup and higher amount of surface native
oxide increase CO adsorption and give effective and optimal sensing.
Alternatively, hydroxyl species (OH ") associated with water vapours act
as electron donor and thus cause an unfavorable outcome of CO detec-
tion [130]. Hence, the CO detection can be improved in dry environment
with least quantity of the adsorbed hydroxyl species. The change in
resistance AR associated with CO sensing is measured and considered in
computing of sensitivity of the designed sensor.

4.4.4.1. Sensing mechanism. The performance of gas sensors is ruled by
the chemical states of chemisorbed oxide. Formation of amorphous
oxide (Ga-O) films happens when the GaN layer is exposed to atmo-
spheric oxygen.

1 :
EmOZ + (vacantsite) + e~ 5 o, 19

The chemisorbed oxygen present in O, 02~ and 0% bonding state
are the essential components at the back of CO sensing system. When
GaN surface with 0% species contacts the CO molecule, the CO
adsorption causes transfer of electron to chemisorbed oxygen which
releases the e occupied from the GaN layer. The released electron be-
comes a part of conduction band resulting in a reduction in resistance
across the surface as shown in following equation [130]:

0> 4+ CO—=CO, + e (20)

4.4.5. H,S gas sensors

Harsh industrial environment requires high temperature compatible
HS sensor. Sokolovskij et al. designed and fabricated a HyS gas sensors
based on Pt- AlGaN HEMT [131]. They have tested their device in
concentration of HyS from 80 ppm to 0.5 ppm and reported high
sensitivity order of 10% at ppm level of H,S gas concentration.

Devices fabricated by Zhang et al. demonstrated sensing signal
saturation at 30 ppm HsS exposure. They reported the response of gas
sensor with and without Hy, pre-treatment at 250 °C, as shown in Fig. 36.
The Hj treated HS gas sensor sensed an elevated HyS concentration of
90 ppm without complete saturation at 250 °C [132].

Shahbaz et al. investigated GaN/GaInN QWs as optical transducers
for the HyS sensing. The QW photoluminescence (PL) is sensitive to
changes in the sensor surface potential. A rise in the quantum confined
Stark effect in the QW is caused by near-surface band bending as a result
of the adsorption of HyS on the Au cover layer. This rise leads to a red
shift in its luminescence. This phenomenon is expected to distinguish
presence of small amounts of H,S in a person’s breath for early disease
diagnosis. The authors detected a concentration of 0.01 ppm of HsS in
nitrogen [133].

4.4.5.1. Sensing mechanism. The likely reaction mechanism of HjS
adsorption in air ambient is as follows [132]:

H3S8(ad) + SH (aa) + H (aa) 21D
SH (ad)=S(ad) + H(aa) (22)
S(ad) + O2(ad)=>SO2(gas) (23)

The S-H bonds are broken sequentially as illustrated by eq. (21) and
eq. (22). The residual sulphur reacts with Oy near the Pt surface and
forms SO,. The hydrogen ions rapidly diffuse through the Pt to the M—S
interface. Interfacial oxide layer present on the GaN surface provides
bonding sites for the diffused H resulting in a dipole layer at the junc-
tion. The layer reduces metal work function ¢,, and lowers the barrierg,,
leading to the changed AV, and increase in drain current in HoS ambient.
To assess the performance of the Pt-HEMT based H,S sensor, the sensing
response is taken as:
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Fig. 34. The Change in interfacial polarization, the barrier height, ¢psco, and the SCR width, W¢o, When CO adsorbs on the surface of Pt [127].“Reprinted from
Publication B.K. Duan, P.W. Bohn, Response of nanostructured Pt/GaN Schottky barriers to carbon monoxide, Sensors Actuators A,vol. 194, p. 220, (2013).,

Copyright (2013), with permission from Elsevier.
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Fig. 35. Schematic diagram representing sensing mechanism at GaN surface [130]. Reprinted from Publication M. Mishra, N. K. Bhalla, A. Dashd, G. Gupta,
Nanostructured GaN and AlGaN/GaN heterostructure for catalyst-free low temperature CO sensing, Applied Surface Science ,vol.481, pp.379-384, (2019), Copyright

(2019), with permission from Elsevier.
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where Alps = Ips u,s —Ips,qir is the drain current variation between HyS
and air ambient.

4.5. Chemical sensors

4.5.1. Polar liquids

When a solid surface is exposed to a polar liquid, an adsorption layer
is built at the solid/liquid interface. The interaction of the liquid mol-
ecules with the solid causes a drop in the surface potential. To determine
this change, the Helmholtz condenser model is used by assuming that
the dipoles of the liquid molecules are oriented in two separated layers
like a condenser [13,134].

Putting a polar liquid on the HEMT’s surface, changes the surface
charge density of the transistor, which reduces the surface potential.
This drop changes the original gate and threshold potentials, affecting
the interface charge concentration and finally I3. This means that the
change in the transistor surface charge due to its interaction with the
liquid is compensated by the charge of the conducting channel.
Mehandru et al. deduced that the forward current reduces when gate
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area is brought in contact with solvents like H,O or acids like HCI [23].

N. Chaturvedi et al. designed an interdigital electrode based AlGaN/
GaN HEMT sensor for polar liquid sensing (as shown in Fig. 37). The
sensor showed characteristic Iy of 21.2 mA at 3.3 V. It also showed an
alteration of 1.78%, 2.18% and 6.3% in I4 for mercury chloride, copper
chloride and sodium chloride respectively with respect to the I of un-
contaminated water. The device arrangement detected different polar
liquids and readout an amendment of 0.15, 0.20 and 0.34 mA in I4 for
acetone, water and methanol respectively. A sensitivity of 5.98 mA/
mm/Debye at a Vg = 3.3 V was observed. Alteration in the dipole
moment of the liquid causes a variation in surface potential at the gate
detecting area [135].

4.5.2. Ion-selective FET sensors

Heavy metals have been put to use in since old times, though the
health hazards created by them are known to humans. The heavy metals
get ingested in us by water pollution and our sustained exposure to
goods that contain them. Some metals like Iron (Fe), Cobalt (Co),
Manganese (Mn), Zinc (Zn), etc. form the micronutrients essential for
human well being. But, many other heavy metals such as Mercury (Hg),
Lead (Pb), Nickel (Ni), Arsenic (As), Cadmium (Cd), Tin (Sn), Chromium
(Cr), etc. are not only toxic in nature but also are carcinogenic and can
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Fig. 36. (a) Gas responses for sensors, (b) Output curves for sensors, (c) Transfer and gy, curves for sensors with and without H, pre-treatment, (d) influence on Ipg
shift and threshold voltage shift With H; pre-treatment the measurement temperature. [132] Reprinted from Publication J. Zhang, R. Sokolovskij, G. Chen, Y. Zhu, Y.
Qi, X Lin, W Li, G. Q. Zhang, Y-L. Jiang, H. Yu, Impact of high temperature H, pre- treatment on Pt-AlGaN/GaN HEMT sensor for H,S detection, Sensors and amp;
Actuators: B.Chemical, vol.280, pp.138-143,(2018), Copyright (2018), with permission from Elsevier.
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Fig. 37. Inter digital electrode based GaN HEMT. Reprinted from N. Chaturvedi, et al., “AlGaN/GaN HEMT based sensor and system for polar liquid detection,”
Sensors and Actuators A 302, 111799, (2020), Copyright (2020), with permission from Elsevier [135].

cause neuro-degenerative diseases. These metals can affect liver and
kidney functions too. Our liver cannot metabolize or decompose heavy
metals. The heavy metals thus get accumulated in various organs like
brain, liver and kidney resulting in severe health problems.

Pb is the most common heavy metal that exists in our routine life
through polluted air, drinking water, eatables, fertilizer, dyes etc. As

humans consume lead-contaminated foods, it hoards in bones as levels
larger than the natural metabolizing rate of 300 pg per day. Thus,
checking Pb concentration in water bodies is vital for minimizing the
health threats.

Chen et al. presented Lead ion selective membrane (Pb-ISM) coated
AlGaN/GaN HEMT for ion-selective FET sensors with sensitivity of — 36
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mV/log [Pb?*]. The ideal sensitivity in a typical Nernst equation for lead
ion is — 29.58 mV/log [Pb2+]. Fig. 38 shows schematic of HEMT the
transient response without and with the ion selective membrane (ISM).
The hugely enhanced sensitivity immensely reduced the detection limit
of 1071% M compared to typical ion-selective electrode (ISE) limit of
1077 M. The elevated sensitivity was acquired by generating a strong
field between the gate electrode and the channel. They combined the
ISM with a high sensitivity EDL gated FET to overcome the shortcomings
of the traditional technique and improve the device usefulness [136].

Following semi-empirical model integrates the sensor response
dependence on the electric field strength Ep, jsppur :

Epy_isizur = ¢ +0.02958710g[PH*] (25)
where 1 is V; dependent parameter with value greater than 1 in linear or
high field region; and equal to 1 in saturation region.

Cadmium is another toxic metal that is carcinogenic and occurs from
mining and rubber industries, electroplated parts, batteries, and
engraving processes. Cd accumulation can lead to fatigue, bone damage,
kidney failure, loss of weight, respiratory fibrosis, hypertension etc.
Nigam et al. demonstrated a GaN HEMT-based cadmium ion (Cd 2*)
detector by means of mercapto propionic acid (MPA) and glutathione
(GSH) functionalization. The sensing response of the sensor was
analyzed by sensing Cd 2* ions at different concentrations. Their sensor
exhibited a sensitivity of 0.241 pA/ppb, a quick response time of around
35, and a lesser sensing limit of 0.255 ppb. The detected lower detection
limit was noticeably lower than the WHO suggested limit for Cd 2* ions
in potable water. The results indicated that the sensitivity of 2DEG
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toward the variation of charges at the gate region make the device
highly sensitive with rapid detection of Cd 2* ions [137].

The limit of detection (LoD) and sensitivity are the important pa-
rameters to evaluate the performance of a sensor. The LoD is detected by
3-sigma method given by [138]:

LoD :3—6
m

(26)

Here, o is the Standard Deviation of the least concentration and m is
the slope of the calibration curve.

AlInN/GaN sensor by X. L. Jia et al, exhibited an ultrasensitive
response and touched a sensing limit below 0.02 mg/L level for
detecting phosphate anion [139]. Asadnia et al. presented the first
polymer approach to detect metal ions using GaN HEMT-based sensor by
functionalising the gate region with a polyvinyl chloride (PVC) based
ion selective membrane. Sensors based on this technology are conve-
nient, sturdy and extremely sensitive to the target analyte viz. Hgop. This
detector demonstrated a rapid, stable response when it was open to the
solutions of varying Hgsp concentrations, as depicted in Fig. 39 (a).
Fig. 39 (b) shows accumulation of Hg ions at gate area. AtapHof 2.8 ina
102 M KNOj3 ion buffer, a detection limit below 10® M and a linear
response in the range of 10 M to 10™ M were achieved [140]

4.5.2.1. Pollution monitoring platforms. With suitable relocation pro-
cedure, AlGaN/GaN sensors can be incorporated into wearables. The
handy and transportable air pollutant measuring systems may
constantly collect data related to air pollutant types and their concen-
tration levels. Such systems require low-cost, miniaturized, fast

(@
2.30
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2.20 T T T T T
0 1 2 3 4
Time (ms)

Fig. 38. Schematic of High field gated AlGaN/GaN HEMT sensor (a) without ISM (b) with ISM (c) Transient response without ISM, (d) with ISM. Reprint from Y.
Chen, et.al, “High-field modulated ion-selective field-effect-transistor (FET) sensors with sensitivity higher than the ideal Nernst sensitivity,” Sci Rep 8, 8300 (2018)

under a Creative Commons Attribution 4.0 International License. [136].
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Fig. 39. (a) Mercury sensor response with respect to concentration, (b) Schematic of device with mercury ions. Reprinted from M. Asadnia, et al., “Mercury (II)
selective sensors based on AlGaN/GaN transistors,” Analytica Chimica Acta, Volume 943, Pages 1-7, (2016). Copyright (2016), with permission from Elsevier [140].

responding and greatly sensitive gas sensors that can be functional on
flexible and low-weight substrates. T. Ayari et al. fabricated 2-inch wafer
scale AlGaN/GaN gas sensors on 2D nano-layered h-BN devoid of any
cracks and then transferred sensors to an acrylic surface on metallic foil.
The sensitivity to NO3 gas was doubled using this technique. A 6 times
faster response time was achieved by modifying the relevant device
properties. This new approach for GaN-based sensor design is promising
for new-gen optoelectronic wearables [141].

AlGaN/GaN HEMT devices do not require a reference electrode
because of their high gain and always-on channel. This makes them
easier to scale down. Zhao et al. developed a differential extended gate
(DEG) AlGaN/GaN HEMT sensor for the real-time sensing of ionic pol-
lutants. They corroborated the DEG design by effective sensing of Fe>*
in a solution. 2-Mercaptosuccinic acid was used to form a self-assembled
monolayer on the EG of the measuring unit to selectively bind Fe3*.
DEG-AlGaN/GaN HEMT sensors can efficiently diminish the influence of
noise factors; hence can achieve sensing limits as low as 10 fM. The
sensor also showed a broad-ranging detection of 10 fM to 100 uM for
Fe3" with enhanced linearity of RZ = 0.9955[142].

4.5.3. Other chemical sensors

Strong PE effect of GaN HEMTs can be used to realize highly sensitive
PE microbalances. Furthermore, because of weak temperature depen-
dence of the PE constants at temperatures upto 800 °C, temperature
independent SAW based chemical sensors operating at GHz frequencies
can be fabricated and embedded in wireless remote sensing electronics.
The velocity-change and the phase-change of the acoustic wave trav-
eling laterally with the embedded chemical captivating sheet sand-
wiched between the input and output electro-mechanical inter digital
transducers — IDTs is used for sensing by the SAW detectors [144]. The
direct interaction of SAW with free 2DEG in AlGaN/GaN channel pre-
vents further insertion losses. It is common to put an array of SAW de-
tectors, with different coatings, for identifying explicit chemicals or bio-
reagents for improved selectivity [144].

Ethanol is one of most widely used chemical in food and biomedical
industries. Excess of ethanol can spoil the carbohydrate food prema-
turely. Employment of ethanol gas sensors is requisite in electronic
products like refrigerator and mobile devices to cut down the cons of
ethanol. S. Jung introduced a Schottky diode based on GaN HEMT using
silver as sensing material [145]. Ethanol tends to reduce the potential
energy barrier at reasonably high temperature of 250 °C resulting in
reduction of diode current.
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4.6. Time of flight sensor

The time-of-flight (ToF) principle is used to determine the distance
between a sensor and an object and build 3-D images by detecting the
time or the phase difference between emission of a signal and its return
to the sensor, after being reflected by an object. A number of applica-
tions such as light ranging and detection (LiDAR), machine vision and
biomedical engineering employ ToF principle. Nonetheless, the bulky
system requirement and sluggish switching has stalled the extensive use
of ToF methodology so far. To alleviate these issues, Park et al
demonstrated hetero-integration of GaN- HEMTs and GaAs-based ver-
tical cavity surface emitting lasers (VCSELSs) by the use of a cold-welding
process. The superior rise and fall time of the GaN HEMTs enables fast
—switching devices. The hetero-integrated HEMTS with VDSELSs operate
in compatible voltage and current levels for a ToF operation. ToF sensors
show higher switching performance as compared to the conventional Si-
based arrangements, miniaturizing dimension and exhibiting stable
ranging and high-resolution depth-imaging with reduced parasitic
connection. This hetero-integrated system of dissimilar materials sug-
gests a new pathway towards enabling high-resolution 3D imaging via
higher degree of scalability and compatibility [146].

4.6.1. Sensing mechanism
Direct ToF ranging is calculated using following equation

dy, = 0.5¢ X Trop 27)

whered,, is the distance between a sensor and the object, c is the speed of
light, and 7z.p is the time difference between transmitted and received
signals. The 77,r may be calculated by the phase difference between the
transmitter and receiver signals as

@ = 2nfTror (28)
where f is the modulation frequency, and ¢ is the phase difference be-
tween illumination and reflection. The intensity of received signal at
four different points is used to calculate the phase difference, as follows:

arctan A4
= 1C

P A A, A,
where A1, Az, Asnd A4 are the measurements at four different phases i.e.
0°, 90°, 180° and 270° respectively. Owing to its high accuracy in the

range of millimeters, the phase-shift-based ToF model is generally used
to build 3D image.

(29)
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4.7. High temperature Hall-effect sensors

There have been substantial efforts to develop GaN devices operating
at temperatures above 600 °C [147], 800 °C [148], 900 °C [149] and
1000 °C [150].

Recently, Hassan et al. proposed a fully-integrated data transmission
system based on GaN transistors. This system targeted aerospace ap-
plications involving pressure and temperature sensors where the
ambient temperature goes beyond 350 °C. A new demodulator archi-
tecture based on digital circuits was proposed to retrieve the data. The
performance of the whole system was validated by simulation over the
wide operating temperature range of 25 to 350 °C [151].

Hall-effect sensors are widely used in the power electronics, and in
the automotive industry for direction-finding and location detection.
Hall-effect sensors that can operate in harsh environments such as deep
underground and aerospace are in demand. Aerospace applications
comprise current checking in power modules, hybrid rocket motors and
spacecraft motor control units.

Conventionally, Hall-effect sensors are fabricated using Si due to its
ease of cheap manufacturing, and compatibility with ICs. However, Si-
based modules behave erratically at temperatures beyond 200 °C. On
the other hand, electronic components made of wide bandgap materials
such as GaN and AIN can operate at extreme temperatures (up to
1000 °C in vacuum) without need of additional cooling equipment
[152]. Thus, III- nitrides are prime candidates for space electronics.

GaN-based Hall-effect sensors have shown room temperature sensi-
tivity and reliable operation up to 400 °C [153-155] for short durations
of time. The thermal stability of Hall-effect sensors based on materials
like NiFe [156,157], InGaSb [158] and GaAs [159-161] has been pre-
sented in literature. These studies focused on sensitivity performance at
low temperatures not exceeding 300 °C.

Alpert et al. measured the magnetic sensitivity of Hall-effect sensors
made of InAIN/GaN and AlGaN/GaN heterostructures between 25 °C
and 576 °C [162]. The two devices demonstrated decreasing voltage-
scaled magnetic sensitivity at elevated temperatures, declining from
53 mV/V/T to 8.3 mV/V/T for the InAIN/GaN sample and from 89 mV/
V/T to 8.5 mV/V/T for the AlGaN/GaN sample. Electron mobility de-
creases due to scattering effects at elevated temperatures. Because of the
insignificant temperature dependence of the 2DEG, current-scaled

Bond Metal
S

Ohmic Contact

AlGaN or InAIN
GaN

Buffer
Silicon

(a)
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sensitivity stayed stable over the temperature range. An AlGaN/GaN
sample held at 576 °C for 12 h illustrated near full recovery at 25 °C,
signifying that the potential of GaN-based Hall-effect sensor for high
temperature applications. The schematic and the principle of operation
are depicted in Fig. 40.

4.7.1. Principle of operation

Determining the sensitivity of a Hall-effect sensor requires measuring
the Hall voltageVy, defined as
_ IBr,Gy
o

Vy (30)

where I is the applied current, B is the external magnetic field. The two
proportionality constants: r, (~1.1) and Gy are material-based and
geometry-dependent respectively. The sensitivity of a Hall-effect device
with respect to supply current S; is given as

\Z

~IB @D

Sy
Reducing the 2DEG leads to an increase in the sheet resistance; a
constant supply voltage causes poorer supply current, thereby,
enhancing the current-scaled sensitivity of the device.
The sensitivitySy, proportional to electron mobility (pH), is related
to the supply voltage as

VH _ rnGH _ MHrnGH

VB Ren, (L/W), (32)

Sy

where V; is the supply voltage, R is the device resistance, and (L/W),g is
the effective number of squares.

5. Summary and future outlook

III-N wide bandgap semiconductors are established as most suitable
constituents for high power and high frequency electronics, optoelec-
tronics and sensors. The most popular III-N material being the Gallium
Nitride, which is able to operate at much higher voltage, higher fre-
quency and elevated temperatures, as compared to the conventional Si.

A comprehensive review of recent developments in fabrication and
range of sensor applications of AlGaN/GaN based sensors has been

(b)

Fig. 40. (a) Schematic of Hall Effect sensor, (b) Principle of working. Reprinted from H. S. Alpert, C. A. Chapin, K. M. Dowling, S. R. Benbroo, H. Kock, U. Aus-
serlechner and D. G. Senesky, “Sensitivity of 2DEG-based Hall-effect sensors at high temperatures,” Rev. Sci. Instrum. 91, 025,003 (2020), with the permission of AIP

Publishing. [162].
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carried out in this paper. We observe that new generation AlGaN/GaN
based effective sensors are used for a number of sensing applications like
gas sensing, liquid, biochemical, pressure, ultra violet rays, optical,
stress and strain sensing etc. Predominantly, the responses of sensors are
determined by variation in 2DEG formed at AlGaN/GaN interface.
Surface alteration with sensing receptors can help in removing draw-
backs like lack of selectivity of HEMTs to different analytes.

As demand escalates for components that can operate at high tem-
perature, high frequency, high chemical resistance, high power capacity
and high electron saturation velocity, GaN-heterostructure based sen-
sors are expected to have much wider outreach. However, threshold
voltage instability issues, material problems, lack of Ohmic contact
know-how do still exist. In the last few years, the scientific discoveries
have produced GaN fabrication and technological innovations for new
identifying architecture opportunities. These may progress the funda-
mental considerations of the bio-chemical sensing tools and produce
light weight and compact wearable detectors, ambient temperature
sensors with innovative architectures. These innovations will definitely
have a long term bearing on significant areas of concern such as defense,
space-exploration, agriculture, healthcare, productivity, and
environment.
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