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ABSTRACT

With the commendable progress in science and technology, miniaturized, highly
sensitive and reliable biosensors have turned into a reality. Still the requirement for
cost-effective, sophisticated, dependable, robust biosensors that can be utilized to

detect various kinds of biomolecules continues a technological issue to be solved.

GaN-based high electron mobility transistor (HEMT) possess remarkable properties
like wide bandgap (3.4 eV), high breakdown voltage (3 MV/cm), high operating
temperature  (750°C) low toxicity, chemical stability, chemical inertness,
biocompatibility and superior thermal conductivity provides the high saturation
velocity, high mobility, and high sheet carrier concentration of the two-dimensional
electron gas (2DEG) layer in the AlGaN/GaN heterostructure have drawn a great
interest of researchers in recent years. Based on all these fascinating properties, GaN-
based HEMT devices excelled over their silicon counterparts and emerged as a
potential candidate for power electronics, optoelectronics, bioelectronics, gas,
chemical, and biosensing applications. Therefore, our objective in this study was to
investigate the potentiality of GaN-based HEMT for biosensing devices that can be

very useful in a variety of biomedical applications.

This work presents a systematic study of simulation, fabrication, and characterization
of AlGaN/GaN HEMTSs and their application in pH detection and as salinity sensor.
First, electrical properties of AlGaN/GaN HEMT device have been studied using
ATLAS device simulator from Silvaco international so that the performance of the
device can be optimized over the tool itself with reduced fabrication cost and efforts.
This simulation study presents a systematic investigation on various important device
parameters such as electric field distribution, electron concentration, electron
mobility, output drain current, transconductance, transfer characteristics, energy band
diagram and gate leakage current. Effect of parameter variations (such as AlGaN
thickness, GaN Cap layer thickness, gate length, source-gate length and source-drain
length) followed by a closer look at the high temperature and trapping effects on the
performance of the HEMT device has also been studied. Then, HEMT devices have
been fabricated on AlGaN/GaN epitaxial structure grown by metal organic chemical
vapor deposition (MOCVD) technique. Various device processing steps such as mesa
isolation, the formation of ohmic and schottky contact have been optimized in order to

achieve high-performance HEMT devices. AlGaN/GaN heterostructures have been

Vii



characterized to determine the electrical characteristics and surface properties using
Keithley 4200-SCS semiconductor characterization system and Scanning Electron
Microscopy (SEM) respectively. Subsequently, the fabricated devices have been
tested for the potential applications as pH sensor.

AlGaN/GaN HEMTs based pH sensor was fabricated and characterized. We observe
the linear change of current when devices were exposed to the PBS solution of
different pH values. The sensitivity of GaN HEMT in different pH solutions has been
investigated. These GaN HEMT structures demonstrated a quick response to the pH
changes. Finally, we also fabricated AlGaN/GaN HEMT based salinity sensor and
evaluate the change in output current while changing molar concentrations of the
aqueous salt solution (NaCl + DI). These devices also show the change in current with
the very small concentration (Femotolevel Molar concentration) of NaCl present in
water. On the basis of obtained outcomes, we proposed a model of surface chemical
reaction associated with the difference in H" and OH" ions concentration and their

interaction with AlGaN surface.

In this work, demonstration of high sensitivity AlGaN/GaN HEMT based sensor
suggest that GaN heterostructure based devices and technologies do have a promising

potential to get extended from research labs to commercial future market.
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CHAPTER 1

Introduction

In this chapter, general background of contributed work has been presented. The
fundamental structural and electrical properties of GaN as a semiconductor material and
AlGaN/GaN HEMTs have been explained. The different applications of GaN HEMTSs in
high power electronics and electrochemical biosensing have been presented. The

objectives and organization of the thesis have been elaborated at the end.

1.1  General Background

The interest for detection and screening of chemical substances along with biomolecular
analytes are expanding step by step. High-speed, consistent, susceptible, compact sensor
frameworks are of most extreme significance for distinguishing these analytes. Mainly,
electrochemical biosensors exhibit relative simplicity, convey ability, compactness,
minimal expense and minimal power requisite which make them an outstanding
contender for distinguishing an extensive variety of genus counting proteins, nucleic
acids, viruses and different liquids. In light of the current pattern of the purpose of bio-
care application, this category of biosensors is quickly turning into a vital analytic device.
With the assistance of integrated systems, optimally improved functionality of sensor
could be sustained through allied electronics, fluidics and separation technology. The
prospect for a massive achievement of electrochemical biosensor technology is a

substantial probability.

Sensors employing semiconducting material can be developed by means of established
practices from the Si commerce as well as new nanotechnology methods. In 1991,

another span of biosensing was propelled by the incorporation of field effect transistor
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(FET) as a sensing component rather than the earlier employed basic metal electrodes [1].
In the beginning, Si-based field effect transistors were utilized for chemical sensing. From
the time when Bergveld in 1970 [2] initiated the concept of Si-based ISFET the area
related to solid state sensing resoluted by material excerption to enhance the
accomplishment of ISFETSs in support of pH and specific ion detecting applications. A
standout amid the most used pH measurement electrochemical sensor is the ISFET based
sensors [3], [4]. A historical overview, which is additionally, underlines potential
challenges and outcomes, which is given by Bergveld [5]. The Si-based biosensing
ISFETSs are also named as BioFETs. The detection was acknowledged via conductivity
modulation in the channel area because of chemical sensitivity of the metal-oxide gate
contact. Regrettably, devices fabricated from Si material were experienced chemical
instability and reaction when in contact with fluid. Likewise, ideally outlined Si devices
are normally-off, that is why it’s necessary to supply reference electrode. It facilitates
gate biasing above of threshold voltage to enable minority carriers to move in the
conductive channel. In spite of the fact that Si-based transistor is able to work excluding
reference terminal while fabricated on highly doped Si wafers (normally-on), such
substantial doping cause diminished device outcomes (e.g., low electron mobility) and
amplifies production costs. As a consequence, the majority of Si-basedsISFETS utilizes a
reference anode, a portion of the sensor which introduces cumbersomeness and delicacy
within the framework. Nevertheless, these sensing devices are not suitable for function in
severe conditions. For example, high temperature, high pressure or destructive ambient
deteriorate the sensor performance. Si gets etched from the portion come into the contact
of acidic or basic aqueous solutions for biological detection. These challenges triggered
the search for novel material, and together with passivating layers these are fulfilling the
requirement for commercially accessible devices utilizing BioFETs. Due to differences
from Si, GaN material isn‘t etched by any chemicals at temperatures below a couple of
hundred degrees. For that reason, wide band-gap Il1I-Nitride semiconductors are elective
choices to complement Si in applications as mentioned earlier on account of chemical
resistance, high temperature/high power capability, high electron saturation velocity and
simple incorporation through existing GaN-based UV light-emitting diode, UV detectors,
and wireless communication chips. A potential electrochemical biosensing technology



has employed using GaN-based high electron mobility transistors (HEMTS) as a sensing
device. AlGaN/GaN-based high electron mobility transistor (HEMT) has been
enormously proficient for chemical, gas, liquid and biosensing application [6]-[8]
because of its remarkable properties like low toxicity, chemical stability, and superior
conductivity on account of the high saturation velocity and high sheet carrier
concentration of the two-dimensional electron gas (2DEG) layer in the AlGaN/GaN
heterostructure [9]-[12]. GaN-based wide band semiconductors can be used at an
elevated temperature of 750°C without degradation in performance. These devices have
an ability to detect even lower current values than traditional Si-based devices. Moreover,
electrochemical biosensors fabricated from the GaN material are mainly of great
importance in various biomedical applications where pure DI and salt-free water is
required [13].

This chapter discuss the overview, motivation and objective of the research and give a

brief statement of the outline of thesis.
1.2 Motivation of Research

All the applications of GaN HEMTs mentioned in above section originate from its

material properties.
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Figure 1.1: Factors influencing the performance of the AlGaN/GaN HEMT
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Therefore, it is vital to discuss the material and electrical properties of GaN. This section
explains the various features of GaN and device structure that makes it a favorite
candidate for a variety of applications. Fig. 1.1 describes the key factors influencing the
performance of the AlGaN/GaN HEMT.

1.2.1. Material Properties of 111-N Semiconductors

GaN possess exceptionally large band-gap 3.4 eV in contrast to Silicon (Si) having
bandgap 1.12 eV, and Gallium Arsenide (GaAs) has 1.42 eV, provide significantly high

breakdown voltage about 3 MV/cm.

Table 1.1: Semiconductor material properties

Material properties Si GaAs | SiC GaN AIN
Band gap (eV) 1.1 1.4 3.25 3.4 6.2
Electron mobility (cm 2/Vs) 1500 8500 | 500 1300 300
Breakdown voltage (MV/cm) 0.3 0.4 2.0 3.0 11.7
Saturation velocity (x10" cm /s) 1.0 0.8 2.0 2.7 2.0
Thermal conductivity (W/cm-K) | 1.5 0.5 3.5 1.3 2.5
Operating temperature (°C) 300 300 > 500 750 > 500
Melting temperature (°K) 1690 1510 |>2100 |>1700 | 3000
Johnson figure of 1 11 400 760 5100
merit(apEp V)




GaN-based devices attained high speed owing to high carrier velocity. These devices are
capable of withstanding at very high temperatures (750°C) because GaN material possess
high thermal conductivity (1.3 W/cm-K) [9], [14]-[16], which makes these devices
thermally stable. All these factors altogether make GaN a solid contender in the field of
applications such as satellite communication, mobile base stations, radars, missiles,
communication networks, and biosensing. The material properties of GaN along with its

other counterparts are listed in Table 1.1.

1.2.1.1 Structure

I11-Nitride semiconductor crystallized in wurtzite and zinc blende phase as shown in Fig.
1.2. Both aspects are epitaxially grown, as a thin film [17], [18]. Wurtzite phase is the

thermodynamically stable state.

Zinc Blende (Cubic) Wurtzite (Hexagonal)

Figure 1.2: Example diagrams of both Zinc Blende and Wurtzite structures seen in Il1-

nitride compounds [19]

a) Zinc Blende Structure

Zinc blende structures consist of two interpenetrating f.c.c. lattices, one displaced from
another by a translation along the body diagonal (a/4 a/4 a/4). Lattice constant (a) for zinc
blende GaN is 4.5 A and the bandgap is 3.2 eV at room temperature [20]. Zinc blende

structure of I11-Nitride semiconductors is readily cleaved and etched.



b) Wurtzite Structure

Wurtzite is the thermodynamically steady structure of IlI-Nitride semiconductor
materials. It compose of two interpenetrating hexagonal close-packed lattices, offset in
relation to each other by 3/8c. Lattices are defined by a, ¢ and u (u=b/c, and b is the bond
length in c direction) parameters. Lattice constant (c) describes the distance between two
indistinguishable hexagonal lattice planes, and the lattice parameter (a) illustrates the
range of atoms in the hexagonal lattice plane. u characterize the bond length alongside the
c-axis, and provide details of the deformation of the element cell. Miller’s index of
wurtzite materials is generally written as (h k i I), where h, k and | are normal miller index

terms and i (= -h-K) is called redundant index [19].

1.2.1.2 Band Gap

New measurements show a much smaller band gap of InN which varies from 0.65 to 0.9
eV [21], earlier it was taken as 1.89 eV. Fig. 1.3 illustrates the bandgap versus lattice
parameter (a) for IlI-Nitride material systems. The bandgap of IlI-Nitride materials is
continuously varied as of 6.2 eV (AIN) to 0.7 eV (InN).
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Figure 1.3: Bandgap of I11-Nitride semiconductor versus lattice constant



a) Band offset

In 111-Nitride materials band alignment of Type-1 are found, as shown in Fig 1.4.
Conduction band offset (AE;), and valence band offset (AE,) is related to band gap
different (AEy) as,

AE, = AEyy + AE,, = AE, + AE, (1.1)
3
AE,
! !
AE,, Ak,
! !
AE,

Figure 1.4: Type-1 band alignment in 111-Nitride semiconductors

There are considerable disagreements in the value of conduction band offsets and valence
band offsets, between AlGaN/GaN [22].

1.2.1.3 Polarity

Waurtzite 111-Nitride materials don’t have inversion symmetry by the side of the c-axis. So
there are two different patterns of atomic layers, in two opposite direction parallel x-axis
(illustrated in Fig. 1.5). With regard to GaN, if the nitrogen particles are put over the
group 11 atoms, the film is labeled as Ga-or [0001] polar. The group Ill atoms are over N

particles, the film is termed as N-or [0001] polar.



N-face crystal can be etched chemically and has low threading dislocations [23], whereas
Ga-face I11-Material shows better transport properties [24].GaN epitaxial layer developed
with Molecular Beam Epitaxy (MBE) technique over c-plane sapphire are N-faced [25],
and with the help of Metal Organic Chemical Vapour deposition (MOCVD) technique,
the Ga-faced epitaxial layer is obtained [26].

Ga-face N-face

Substrate Substrate

Figure 1.5: Ga-face and N-face Wurtzite GaN structure [9]

1.2.1.4 Ideality

The ideal c/a ratio and u parameter of wurtzite structures are 1.633 A and 0375 A
respectively. Waurtzite structures with c/a proportion less than the ideal value are stable.
The lattice parameters of wurtzite 111-Nitride materials are given in Table 1.2 [27].



Table 1.2: Lattice and other parameters of wurtzite InN, GaN and AIN

Parameter Units AIN GaN InN Ideal Case
Lattice A 3.112 3.189 3.540 Na
constant, a

Lattice A 4.982 5.185 5.705 Na
constant, ¢

cla 1.601 1.625 1.611 1.633
ratio

Cell A 0.380 0.376 0.377 0.375
Parameter, u

Band gap, eV 6.180 3.400 0.700 Na
Eg

If c/a declines, at that point u increments such that the four tetrahedral separations stay
almost constant and in that case the tetrahedral inclines get deformed. The lattice
constants a(x) and c(x) of ternary wurtzite Nitride materials are calculated by Vegard’s

laws.

1.2.1.5 Polarization

The deflection of the unit cell is commencing the standard hexagonal wurtzite structure.
The robust ionic nature of the I11-N bond results in a strong polarization field in wurtzite
I11-Nitride semiconductor materials. There are two kinds of polarization fields exist in

Nitride materials: Spontaneous polarization and piezoelectric polarization.



a) Spontaneous Polarization

Due to large electro-negativity of the nitrogen atom, the electron in 111-N bond is strongly
attracted to the substantial coulomb potential of nitrogen nuclei. So in IlI-Nitride
materials, covalent bond comprises a preferred measure of ionicity in contrast to other I1I-
V covalent bonds. These materials don’t retain inversion symmetry along the c-axis.
Hence, strong ionicity of the I11-N bonding causes significant polarization along the
[0001] crystal direction, termed as spontaneous polarization (Psp). The extent of non-
ideality of crystal lattice regulates the intensity of spontaneous polarization. As the c/a
ratio decreases, the three back bond angle gets broader with respect to the c-axis.
Consequently, the inherent polarization reduces and providing augmentation to
macroscopic Ps,. As non-ideality in lattice increases the magnitude of P, step up, that is
start with GaN to InN then to AIN as given in Table 1.3.

b) Piezoelectric Polarization

If, the c/a ratio changes externally, the further added polarization in I11-Nitride materials
is known as piezoelectric polarization (Pp,). The piezoelectric constants of Il1-Nitride
materials are 5 to 20 times larger than InAs, GaAs and AlAs materials. During or after
pseudo-morphic growth, the lattice constant of top layer increases or go down to
complement the in-plane lattice constants of the underneath layer. Under bi-axial
compressive stress, lattice constant (a) within a plane in wurtzite crystal decreases. The
c/a ratio increases concerning the ideal lattice, so net polarization in crystal
decreases.Conversely, if the epitaxial layers are in tensile stress, the in-plane constant
escalates and lowers c/a fraction different as of the standard value. These factors boost the
net polarization in crystal, in this case, the P,, and the Pg, proceed onto the similar path.

Strength of Piezoelectric polarization for both cases is given by [27], [28]:

P, =E;; ® Ey
(1.2)

Where, Ejj is piezoelectric tensor and E is strain sensor. The above equation for wurtzite

symmetry reduces to,
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Table 1.3: Polarizations in I11-Nitride semiconductors [29], [30]

Parameter Units | AIN | GaN | AlkGa;«N

Lattice Constant, a A 3.112 | 3.189 | 3.189-0.077x

Lattice Constant, ¢ A 4,982 |5.185 |5.185-0.232x

Cell Parameter, u 0.382 | 0.377 | 0.382x + 0.377(1-x) —

0.0032x(1-X)

Energy Gap, Eg (300 K) eV 6.28 |3.42 |6.28x +3.42(1-x)—
1.00x(1-x)
Dielectric Constant, g, 9 9.5 -0.5x+9.5

Spontaneous Polarization, C/m? | -0.090 | -0.034 | -0.090x — 0.034(1-x) +

Psp 0.021x(1-X)

Piezoelectric Coefficients, E3; | C/m? | -0.60 |-0.49 |-0.11x-0.49

Piezoelectric Coefficients, Ez3 | C/m? | 1.46 | 0.73 | 0.73x+0.73

Elastic Constant, Ci3 GPa | 108 103 5x+103

Elastic constant, Cs;3 GPa | 373 405 -32x+405
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P, =2 as—ag (E31 _ E33C13) (1.3)

ap C33

Where, ap is the equilibrium lattice constant, as is the actual lattice constant, E3; and Ess

are the piezoelectric coefficients, and Cy3 and Cs3 are the elastic constants.
For wurtzite

Es1 is—ve

Ess is +ve

Cizis +ve

Cazis +ve

E33Cy3

So, E;3 — (K) is—Ve.

Ppz in 111-Nitride materials indicates negative biasing for layers under the tensile stress
(a > ap) and positive in support of layers having compressive stress (a < ap). So in Ga-face
polarization Ps, vector is pointing toward the substrate while in N-face GaN this vector
point upward. For ternary and quaternary spontaneous polarization is calculated by

Vegard law.

1.3 Basics of AlGaN/GaN HEMT Devices

1.3.1 AlGaN/GaN HEMT Structure

A typical GaN HEMT structure shown in Fig. 1.6 consists of a Sapphire semi-insulating
substrate, AIN nucleation, undoped GaN buffer, undoped AlGaN spacer, doped AlGaN
donor with doping ng = 5x10™ cm™ and undoped AlGaN barrier layer.

1.3.2 Two Dimensional Electron Gas (2-DEG)

I11-Nitride semiconductors have a unique material property that distinguishes it from SiC,

is the formation of heterostructures.
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AIN Nucleation
 SapphireSubstrate

Figure 1.6: Schematic of AlIGaN/GaN HEMT on sapphire

When a high band gap material is deposited on low bandgap material, due to the
difference in electron affinities, an inversion layer (Quantum Well) is formed at hetero-
junction, in low band gap material. Electrons are able to travel liberally in this plane of
the hetero-interface, whereas the movement in the perpendicular direction is constrained
to a limited region with characteristic energy levels, momentum, and wave function
quantization. Thus an electron in the inversion layer are said to form a two-dimensional
electron gas (2-DEG). The thickness of inversion layer is of the order of of 2-3 nm.
Silicon-doped aluminum gallium nitride (AlGaN-Supply) is grown over the GaN buffer
layer at an exceptionally high doping level. High doping in AlIGaN/GaN HEMTs provides
high sheet charge density across channel area. AlGaN has a significantly larger energy
gap than GaN. The silicon impurities bestow electrons to the crystal having tendency to
amass in the region of lowest potential — forming a quantum well underneath the
AlGaN/GaN crossing point where the electrons can move quickly and freely. This creates
a channel of highly mobile electrons with very high concentration. This channel confines
electrons in a triangular quantum well. This develops a sheet of electrons, which
comprises two-dimensional electron gas (2DEG). Besides, owing to modulation doping,

carriers in the un-doped hetero-interface (GaN-Buffer) are spatially separated from the

13



originally doped region or AlGaN-Supply layer by undoped AlGaN-Spacer and have
enormously high mobility since there is no impurity scattering. The AlGaN barrier
spatially separates the supply layer from schottky gate metal to prevent conduction.
Undoped GaN buffer is primarily used to provide high mobility by reducing scattering in
this region. This layer also provides fine isolation between devices due to high resistivity.
In AlGaN/GaN HEMT there is a thin layer of (~ 1-3 nm) of AIN amid the AlGaN and
GaN layers. The idea behind this version of a HEMT structure is to minimize a scattering

phenomenon called alloy scattering.

Thin Barrier Critical thickness
—> < >
I AE.  —
Ec AE. Ec
T S s EF =it e s e / ________________ EF
/ ™
® Surface donors 2DEG
Partiallyfilled

\I E,  surface donors \ E,

Figure 1.7: Schematic outline demonstrating the expansion of barrier thickness and the
relating vitality of the trapping state levels [31].

As said beforehand, the materials which grow these heterostructures are undoped thus the
starting point of the “free' electrons that compenste the positive charge along the interface
like was anticipated in [9]. Hence, the 2DEG is formed and possibly will emerge from
surface trap levels [31]. These appeared traps perhaps the cause of formation of 2DEG
and the previously mentioned positive charge that compensate the negative polarization-
stimulated charge over the surface of AlGaN layer. Traps allude to energy states within
bandgap of the semiconductor, arising from crystal imperfections, separation and the

nearness of contaminations. As shown in Fig. 1.7 we can say that these traps are donor
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like surface states (i.e. unbiased when charged and positive when discharge) and are
found somewhere down in the AlGaN bandgap The site of the conduction band regarding

Fermi level ought to be recorded for every situation.

In case of thin AlGaN barrier, the surface traps are beneath the Fermi level and the
complete states would be engaged with electrons that are neutral in consequence. Since
the AlGaN boundary thickness builds, the Fermi level on the surface lowers down
moving toward the innate donor sites. About a specific critical thickness t.; the electrons
get sufficient energy to depart the traps thus presence of free electrons impelled by solid
polarization-instigated electric fields in the AlGaN layer to develop the 2DEG. These
traps become vacant and turn out to be positively charged. The observed trapping energy
levels are 1.65 eV (through MBE growth technique) [31] and 1.42 eV [32] (by MOCVD
growth technique) beneath the conduction band edge (Ec) all together for a 2DEG
formation. An additional increment in AlIGaN barrier causes dense electrons in the 2DEG,
in spite of the fact that this will immerse as the estimation of the polarization-induced

charge is revived.

1.3.3 AIlGaN/GaN Heterostructures

The spontaneous polarizations in Ga-face I11-Nitride materials are always negative, so
Psp vector points towards the substrate in relaxed AlGaN and GaN materials as depicted
in Fig 1.8 (a). As a result of lattice mismatch, strained AlGaN epitaxial layer on GaN
experienced tensile stress. Under tensile stress, Py, vector in AlGaN layer is —ve. In this
case tve (+o) charge, are stimulated at the boundary, as a result of difference in
polarization values at the interface. If the polarity turn from Ga-face to N-face, Ps, and Py,
change sign as expressed in Fig 1.8 (d) and Fig 1.8 (e) and a —ve (-o) is induced at the
interface. If strained GaN is grown on relaxed AlGaN layer, then the GaN layer

experiences compressive stress.

The charges caused at the interface, in this case depend upon the polarity. For Ga-face
+ve charge is induced at the interface while in N-face —ve charge is induced at the
interface as shown in Fig.1.8 (c) and Fig. 1.8 (f).
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Figure 1.8: (a)-(f) Spontaneous and piezoelectric polarization bound interface charges[9]

The polarization-induced charge density is determined by [9]:

o = P(AlGaN) - P(GaN) = PSP(AlGaN) + sz(AlGaN) - PSP(GG.N)

(1.4)

Where, Psp is the spontaneous polarizations and Ppg is the piezoelectric polarizations.
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According to Gauss’s law, this polarization induced charges at the interface will give rise
to the field. Electrons and holes present in the material will try to rearrange themselves to
cancel these fields. For Ga-face AIGaN/GaN heterostructure the bounded charge at the
interface is +ve. This +ve bounded charge attracts equal numbers of electrons from
AlGaN/surface traps to an interface. Hence, a 2-DEG is developed at the interface. The
carrier density in 2-DEG (ns) is ordered of 10*%/cm? for AIGaN/GaN structures. In N-face
AlGaN/GaN heterostructures the bounded charge is —ve, so same no of holes is attracted
towards the interface and 2 Dimensional Hole Gas (2-DHG) is created at the interface.

1.3.4 Device Operation

The fundamental motivation behind a HEMT is to either turn on the electrical signals or
to open up them (as an independent device or an element of bigger amplifier circuit). The
drain current versus drain voltage characteristics for depletion mode HEMT is
demonstrated in Fig.1.9. It is intended for descriptive objectives and utilized as a guide
for portraying the HEMT operation. In depletion mode, turning off necessitates the use of
a negative bias to diminish the charge carrier in channel causes an exceptionally resistive
channel area and this is acknowledged as “pinch-off'. The representation concerns the
quantity of electrons present in channel to the employed bias voltage is specified by
(modelling of 2DEG - metal gate as a capacitor) [33]:

_ €aAlgan _
s = q(daigan+Ad) Ves = Vr) (1.5)

where ng express charge density per unit area of the 2DEG, ¢ is the electronic charge,
eaican IS relative permittivity of AlGaN, dacan Shows thickness of the AlGaN barrier
layer, Ad represent the effective distance of the 2DEG from the hetero interface, Vs is the
gate voltage and V7, is the threshold voltage, is the negative value of gate voltage at
which device initiates to conduction of current. At the point while Vs is equal to V7 it
bringing about ns to be zero and the device goes turned off. As Vg become zero the
channel heavily occupied by electrons and the implication of a drain voltage will prompt

flow of current amid source and drain.
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Figure 1.9: Depiction of I-V characteristic of AlGaN/GaN HEMTs

Relating to Fig. 1.9 and Eqn. (1.4), for Vp < Vg - V1 the device is thought to work in the
linear region. The electron velocity in the channel region is corresponding to the
employed electric field. Thus the current will increment with the electric field. The

current in between the source and drain now is specified by:
Ip = qngVersWs (1.6)

where, q is the charge of electron, ns is sheet carrier density, Vet IS the effective velocity
of the electrons in the channel and W is the width of the gate. The velocity of the
electrons in the channel relies upon their mobility and the electric field applied and is

given by the relationship [34]:
v =u,E 2.7)

where, W, is the electron mobility and E is the applied electric field. The mobility of the
charge carriers within 2DEG of an AIGaN/GaN HEMT is influenced via carrier scattering
due to defects and dislocations within semiconductor crystal and alloy disorder scattering
[35]. As per Eqn. (1.7) the electron velocity raises linearly with the applied field and thus

utilizing this value in Eqn. (1.6) the current is appeared to increment linearly for Vp < Vs
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- V1 . Expanding the applied field with the goal that the drain bias is Vp > Vg - V7, the

electron rate starts to saturate and turn out to be not dependent on the applied field.

Since the drain voltage goes up likewise Vp > Vs - V1, the lateral voltage below gate
contact (because of the drain voltage) starts to pinch the channel off towards the drain
side of the gate. This proceeds till to the extent where the carrier flow within the channel
is narrower and restrains the measure of carrier flow to the drain terminal. Now the
devices tend to shifts in saturation region and additional increment in the drain voltage
not result any improvement in drain current (as shown in Fig. 2.5). Here, the output drain
current can be communicated by:

_ €alGaNVsatWe _
IDS - (dAlGaN+Ad) (VGS VT) (1'8)

where, Vg, IS the saturated electron velocity. Any changes in the gate width W¢ would
straightforwardly affect the variation in current.

1.3.5 Surface States

Carrier density (ng) in GaN buffer is ordered of 10*° cm™, and for 2 pm GaN buffer, total
carriers in GaN buffer are 2 x 10" cm™. These values are less than the observed value of
ns (= 10*° cm™), so what are sources of the carrier at the interface (2-DEG). Ibbetson et al.
predicted that the surface donor like traps is the basis of the carrier in 2-DEG at the

interface [31]. Some assumptions for characterizing surface states are:

1) Surface states are characterized by a charge neutrality level (®cny), State above
®cy are acceptor and below are donor states.

2) Occupations of the surface state are defined by Fermi level.

3) Surface states are negatively charged if they are occupied and positively charged
if they are empty.

4) Density function is constant, and at zero Kelvin it is used to calculate the electron

distribution over the states as,

0ss = Ds(Dcny, — EF) (1.9)
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If surface states are very large, then ®¢cy. lie closer to Fermi level, and in that case the
Fermi level gets pinned (Fermi level pinning) to ®cn. [36]. In that situation, all metal
contacts to the semiconductor show same contact properties independent to work
function. At AlGaN/GaN interface the polarization charge (+qoiy) is shielded by
accumulated electron (-gozpeg). At Air/AlGaN interface, the surface charge (-qosur) IS
larger than +qoiy. Hence, a compensating positive charge at the surface is needed, to
maintain the distinction in the charges as shown in Fig. 1.10. This indicates that electrons

are transferred from the surface to the interface.

Quantum well
«— formed at interface

Eo
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+ Ve
AlGaN GaN

O2pEG
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Figure 1.10: Charges at AIGaN/GaN hetero-interface
1.3.6 Surface State Passivation

In AlGaAs/GaAs system surface passivation is done, to reduce surface state density. The
maximum channel current of the device degrades with surface passivation. But in
AlGaN/GaN system, the performance of the device significantly improves by surface
passivation [37]. A lot of view points, concerning the physical mechanism due to which
surface passivation advances AlGaN/GaN HFET performance are proposed, but the main

theme is that the surface passivation,

1. It lessens the density of dynamic surface states, as well as,
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2. It diminishes the negative charge density at the surface, instigating 2-DEG to rise,

and a surface barrier to drop off.

1.3.7 Electron Mobility

Mobility in semiconductor materials depends on various scattering mechanisms and
mainly limited by different scattering mechanism and defects in the structure.

Mathematically, mobility is defined as,

Vy=ppy XE (1.10)

In semiconductor devices, doping is done, to achieve higher charge carriers, for better
current transport. High doping in semiconductor materials results in high ionized impurity
scattering and thus reduces the carrier mobility. In 1978 Dingle et al., proposed
modulation doping in semiconductors to improve the carrier densities and motilities
simultaneously [38]. In this, carriers are separated from the ionized doped region [38].
Coulomb scattering from ionized donor atoms can further decrease by using an un-doped
spacer layer, which is sandwiched in between the un-doped channel layer and the doped

barrier layer.

1.3.8 Degradation of HEMT Performance

The theoretical maximum output power extracted from a HEMT could be evaluated via |-
V characteristics [39]:

1
Poyr = gIMAX X (Vgr — Vkneg) (1.11)

Where, Iyax is the maximum drain current, Vgg is the breakdown voltage of the device
and Vknee IS the knee voltage at which the I-V curves changeover from the linear to the

saturation region.

It is demonstrated through experimentation, nevertheless, that in RF or pulsed settings;
for the time being drain current is lessened [39] (see Fig. 1.9). The reduction in output

current is an immediate after-effect of traps which present near the surface and in deep
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sites which decrease the quantity of electrons accessible in the channel [40]. This impact
likewise commence outcome of expanding the knee voltage as shown in Fig. 1.9 while
the effective on-resistance is rising in channel. This occurrence is usually named as

dispersion or current collapse.

Referring to Fig. 1.11, Current collapse falls originates with the implication of
considerable negative gate voltage. Electrons can spill as of gate contact and pile up
trapping sites beneath in between gate and drain zones forming a “virtual gate' - basically
a region of negative charge over the exercised surface. The “virtual gate' has the impact
of regulating the depletion regime and thusly moderately diminishes the channel similarly
like the actual gate carry out after applying negative voltage. This heads to decrease in
whole output current of the device. This is commonly believed that the charge carrier
would trap in donor states over the surface and their transient time constant relies on the
trapping energy levels [41]. To limit the effect of the surface states growing this virtual
gate, passivation with silicon nitride (SizN4) has been appeared as a blocking method [39]
(shown in Fig. 1.12). The SisN4 blocks the virtual gate by present verifies the surface
states are certainly accountable for its development. The SisNs perform exceptionally
sound in comparison to other dielectrics due to the presence of Si atoms as shallow

donors in trapping locations over the surface of the AlGaN.

O Empty Trap GND -ve V +ve V

@ Filled Tra Electrons leak from

p gate and fill traps

Surface Traps H Surface Traps

S G OQO0O0O0O000O0 D S G 00000000 D
AlGaN AlGaN Depletion
++++++++++++++ ++ ++|+ Region | + 4+ +

GaN (a) GaN (b)

Figure 1.11: a) AlGaN/GaN HEMT device without biasing, b) AlGaN/GaN HEMT with
biasing (negative voltage on the gate)
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Figure 1.12: Passivation of HEMT device using SisN4 blocks formation of virtual gate

This showed combat outcomes of reducing the impact of electrons leaking from the gate
and growing the virtual gate and additionally allows to improve the 2DEG and

consequently allows high drain currents.
1.4  AlGaN/GaN HEMT based Sensor

A biosensor is basically a chemical sensing device in which a biologically derived
recognition entity is coupled to a transducer, to allow the quantitative development of

some complex biochemical parameter.

1.4.1 Basic Concept of Biosensor

Biosensor is an arrangement of two sections: Bioelement and a sensor component. A
particular bioelement, for example, a chemical, perceives a particular analyte and the
sensor component transduces the adjustment in the biomolecule which converted in
electrical flag. The bioelement is certain to the analyte to which it is delicate or sensitive.
It doesn't perceive different analytes. Particular communications between the objective
analyte and the correlative biorecognition layer create a physico-chemical change which
is distinguished and might be estimated by the transducer. The bioelement and the sensor
components can be joined together utilizing immobilization strategy. (as shown in Fig.
1.13). These devices are incorporated with physicochemical transducers (optical,

electrochemical, piezoelectric, thermometric), a predetermined organic receptor layer
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(proteins, microorganisms, immunogents, chemo receptors, tissue, organelles, biomimetic
impetuses, cells or partiality based mixes (antibodies, DNA, synthetic or common
receptors)) and a keen signal assessment. The main aim of a biosensor is to produce
discrete or continual automated electronic signals that corresponds to a solitary analyte or
a related gathering of analytes (see figure 1.14) [41], [42].

Bio- rs; :
Analyte 5 Dlo-receptors; Physical Transducer ‘Mca.surablc
Bioelement Signal
Biosensor
A 4 b 4
‘_ *Enzymes slon/pH Change === Elcctrode, Optical
" ’ e *Micro-Organism :> *EICCIO-aCtiVE ey Electrochemical
O l" Substance )
' ° *Cells sSurface Plasmon == Optical Electronics
0O . *Antibodies :> Resonance Electrical
[ } ‘— »Temperature me Thermal Sensors Sienal
*Nucleic Acids Change &
O e "' *Tissues, Organelles :> "Fluorescence,  mmmmm LXcitation Radiation,
Y ’ 0 Luminescence Fiber Optics
° O- *Immunoagents sMass, Density, e Piczoclectric (Surface
O :> Viscosity Ch Acoustic Wave Sensors)
*Chemoreceptors 1scosity Change
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Figure 1.13: Components of a biosensor

These devices are incorporated with physicochemical transducers (optical,
electrochemical, piezoelectric, thermometric), a predetermined organic receptor layer
(proteins, microorganisms, immunogents, chemo receptors, tissue, organelles, biomimetic
impetuses, cells or partiality based mixes (antibodies, DNA, synthetic or common
receptors)) and a keen signal assessment. The biological sensory system employed in
biosensor development is the centre component of the sensor as the novel organic
identification framework can be utilized for investigative purposes to enhance selectivity
and sensitivity. Biosensors can be classified in various ways: it is feasible to cluster
biosensors as indicated by the method of data used for transduction (e.g., optical,
thermometric, piezoelectric and electrochemical) or as per the biomolecule utilized (e.g.
biocatalytic or liking based) [43].
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Figure 1.14: Types of biosensor

In optical biosensors, the yield is transduced signal that is estimated in light. A biosensor
could be constructed in light of optical diffraction or electrochemiluminescence. Optical-
diffraction sensors designe includes silicon wafer covered via protein through covalent
bonds. The wafer is presented to UV light utilizing a mask, and the antibodies end up idle
in the uncovered areas. At the point when the diced wafer chips are brooded in an analyte,
antigen-antibody acting agent ties are shaped in the dynamic districts, in this manner
making a diffraction grating. This grating generates a diffraction flag when enlightened
with a light source, for example, a laser. The subsequent flag can be estimated or
additionally opened up before estimating for enhanced affectability.

In thermometric biosensors, the yield transduced data that is estimated is light. Thermal
exposure biosensors misuse one of the essential attributes of biological responses,
specifically ingestion or generation of heat, which thus alters the temperature of the
transitional in which the response happens. These biosensors are developed by joining
immobilized protein atoms with temperature sensors. At the point when the analyte
interacts with the protein, the warmth response of the chemical is estimated and adjusted
against the analyte fixation. The aggregate warmth delivered or ingested is relative to the
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molar enthalpy and the aggregate number of molecules in the response. The estimation of
the temperature is regularly proficient by means of a thermistor, and such gadgets are
known as chemical thermistors. Their high sensitivity to thermal variations formulates
thermistors perfect for such applications. Not at all like different transducers, thermal
biosensors don't require visit recalibration and are uncaring to the optical and
electrochemical properties of the example. General uses of this kind of biosensor

incorporate the recognition of pesticides and pathogenic microbes.

In piezoelectric biosensors, the generated transduced signal which is estimation of
variation in frequency relative to the mass alteration Piezo-electric crystals (e.g. quartz)
tremble affected by an electric field. The frequency of this oscillation (f) relies upon their
thickness and cut, every crystal having a trademark resonant frequency. This frequency
varies as particles adsorb or desorbs from the surface of the crystal, complying with the

connections[44] :

af =Com (1.12)
Where f is the change in resonant frequency (Hz), m is the adjustment in mass of
adsorbed material (g), K is a constant for the specific crystal subject to such factors as its
thickness and cut, and A is the adsorbing surface area (cm?). For any piezoelectric crystal,
the adjustment in frequency is corresponding to the mass of consumed material, up to
around a 2% variation. This frequency variation is effortlessly recognized by generally
unsophisticated electronic circuits. A straightforward utilization of such a transducer is a
formaldehyde biosensor, using a formaldehyde dehydrogenase covering immobilized to a

quartz crystal and sensitive to vaporous formaldehyde.

In electrochemical biosensors, the estimated transduced signal is current, voltage or
impedance. The basic rule for this category of biosensors is that numerous chemical
responses create or consume particles or electrons, causing some modification in the
electrical properties of the solution that can be detected out and utilized as an estimating
parameter. Electrochemical biosensors can be categorized in view of the estimating

electrical parameters as shown in Table 1.4 [43]:

26



a. Conductimetric (Computed constraint is electrical conductance or resistance) -
When electrochemical responses deliver particles or electrons, the general
conductivity or resistivity of the solution alters. This variation is estimated and
adjusted to a legitimate scale. Conductance estimations have moderately low
sensitivity. The electric field is caused utilizing a sinusoidal voltage, which assists
in limiting bothersome impacts, for example, Faradaic forms, double layer
charging, and concentration polarization.

b. Amperometric (Estimated constraint is current) - Amperometric is a high
sensitivity biosensor that can recognize electroactive species display in organic
test investigation. Since the organic test trials may not be characteristically electro
dynamic, chemicals are expected to catalyze the creation of radioactive species.
For this situation, the deliberate parameter is present. Amperometric Biosensors
deliver a current corresponding to the grouping of the substance to be identified.
The most well-known amperometric biosensors utilize the Clark Oxygen anode.

c. Potentiometric (Estimated constraint is potential) - In the potentiometric kind of
sensor, the deliberate parameter is the oxidation or decrease capability of an
electrochemical response. The working guideline depends on the way that when a
slope voltage is connected to a terminal in solution, a current stream happens in
view of electrochemical responses. The voltage at which these responses happen
shows a specific response and specific species. Kinds of potentiometric: ISEs,
FETs, ISFETs, m-electrodes.

Electrochemical biosensors are mainly used for the detection of hybridized DNA,
DNA-binding drugs, pH and glucose concentration. Electrochemical-based biosensors
offer favorable position in the zones of sensitivity and quantization. They experience
the ill effects of the drawback that it is important to give intends to electron exchange
between the biomolecule and the electrode whereupon they are upheld, for the most
part by giving an electrically conducting substrate to the biomolecule, for example, a
metal or carbon, their utilize is restricted to a fluid, by and large watery, condition.
Different issues are obstructions, identified with electrochemical response of species

other than the one(s) of intrigue, and fouling.
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Table 1.4: Different electrochemical sensing characteristics

Electrochemical Sensing

Conductimetric Amperometric Potentiometric
Measured | Conductance/Resistance | Current Potential/Voltage
Parameter
Applied Sinusidal (AC) Constant Potential | Ramp Voltage
Voltage (DC)
Sensitivity | Low High

Governing | Incremental Resistance | Cottrell Equation Nernst Equation

Equation

Fabrication | FET+Enzyme FET+Enzyme FET+Enzyme

2 electrodes Oxide electrodes

The inherent points of interest of electrochemical biosensors are their strength, simple
scaling down, phenomenal detection limits, additionally with small analyte volumes, and
capacity to be utilized as a part of turbid biofluids with optically absorbing and

fluorescing compounds.
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1.4.2 Characteristics of Biosensor

With respect to any sensor in view of molecular recognition [45], it is critical to portray a
biosensor response: it is significantly more essential here since working parameters may
demonstrate the idea of the rate-constraining advances (transport or reaction) and
encourage biosensor improvement in a given framework. This section will briefly list
principle execution criteria and talk about their connection to properties of the receptor
and transducer parts of the electrochemical biosensors. At the point when execution
criteria are not specific to biosensors but rather regular to most sorts of chemical sensors
or scientific strategies, e.g. accuracy, precision, inter laboratory and interpersonal
reproducibility, it is suggested that standard IUPAC definitions be followed [46]. The fast
expansion of biosensors and their assorted variety has prompted an absence of
meticulousness in defining execution criteria. While every sensor can just really be
assessed for a specific application, it is as yet helpful to build up standard conventions for

assessment of execution criteria, as per standard IUPAC conventions or definitions [46].

a. Linearity of a sensor defined as unit of its capability to follow rapid

transformations in the input parameter

b. Sensitivity can be expresse as minimum input of physical parameter that causes a

measurable output change.

c. Response time: Sensors do not alter output state instantly with variation in input
parameter. However, it will modify to the new state over a period of time,
expressed as response time. The response time is describe as the time requisite for
a sensor outcome to transform from its previous state to a final settled value

within a tolerance band of the correct new value.

d. Reproducibility is a measure of the scatter or the drift in a series of observations
or results performed over a period of time. It is generally determined for the

analyte concentrations within the usable range.
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e. Selectivity is expressed as the ratio of the signal output with the analyte alone to
that with the interfering substance alone, at the same concentration as that of the

analyte.

f. Reliability of biosensors for given samples depends both on their selectivity and
their reproducibility. It has to be determined under actual operating conditions, i.e.
in the presence of possible interfering substances. In order to be reliable for an
analyst, the biosensor response should be directly related to the analyte
concentration and should not vary with fluctuations of concentrations of

interfering substances within the sample matrix.

g. Limits of detection (LOD) and of quantification (LOQ) take into account the

blank and the signal fluctuation (noise).

h. Steady-state response time is calculated for each analyte addition to
experimental unit. Also determined as time taken to attain 90% of the steady-state
value [47].

i. Transient response time corresponds to the time needed for the first derivative of
the output signal to attain its maximum value (dR/dt)max following the analyte

addition.

j. Lifetime (t_), as the storage or operational time necessary for the sensitivity,
within the linear concentration range, to decrease by a factor of 10% (t_10) or 50%
(tLs0).

k. Stability may also be quantified as the drift, when the sensitivity evolution is

monitored during either storage or operational conditions.

Calibration characteristics of a sensor is sensitivity, working and linear concentration

range, detection and quantitative determination limits.
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1.5 HEMT-based Sensor and Its Representative Fabrication Process

The HEMT-based sensor (Fig. 1.15) comprises the HEMT structure and the
functionalization layer to make it selective to specific species or parameters. The HEMT
structure [48], [49] typically consists of a sapphire (or silicon or 4H-SiC) substrate, an
undoped GaN buffer layer (typically 2-3 um thick), an AlGaN spacer layer (20 A°
thickness), and a Si-doped GaN cap layer (200 A° thickness). The cap layer, not shown in
the figure, reduces the surface states and provides a homogeneous surface chemistry for
functionalization, as well as improves the ohmic contacts for source and drain without

adversely affecting the Schottky contact.

Surface
Analyte functionalization

\ layer

Passivation

Two- Dimensional
Electron Gas
(2 DEG)

Substrate

Figure 1.15: Schematic view of AIGaN/GaN HEMT Sensor

The epitaxial layers are developed by means of molecular beam epitaxy (MBE) or metal-
organic chemical vapour deposition (MOCVD). Mesa isolation is performed via
inductively-coupled plasma etching. For ohmic contacts, Ti/Al/Pt/Au metallization is
done using electron- beam evaporation with the pattern defined by lift-off process. The
contacts are annealed at 850°C for 45 s. For Schottky contact, Ni/Au is deposited by
sputtering. The source and drain regions are encapsulated using polymethyl methacrylate

(PMMA). Only the gate area is left exposed for interaction with the analyte.
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Polydimethylsiloxane (PDMS) and polyimide are also used as encapsulants. The exposed
gate area may be either gold-coated or left unmetallized. It is subsequently coated with

the appropriate functionalization layer, depending on the intended application.

1.6 Applications of AlIGaN/GaN HEMT Devices

The sudden increase of the web interactive media interchanges has quickly widened
around the world, which critically calls for the expansion of transmission network limit.
GaN HEMTSs devices considered as the mainly appealing alternatives for getting through
speed bounds, high gain, and low noise system. Distinctive organizations overall create
and produce HEMT devices, and numerous conceivable areas have been proposed for
these devices. Electronic biosensors exploration has lately strengthened owing to
significant development in growth and fabrication of semiconductors, in addition to
approaches for the surface functionalization [50], [51]. Several reports have revealed that
the complexity of the bioanalytes with clinical significance can be most excellently
addressed by HEMT devices composed of compound semiconductors. Agreed to their
remarkable steadiness in the air, water, and blood environments; exceptional
biocompatibility [52]; and fine control of electrical, structural, and surface properties, I11-
nitride-based HEMTs demonstrate the potential candidate for compound semiconductor
biosensors [53]. Without taking into account those conceivable outcomes, some major
applications are outlined in this segment, also depicted in Fig.1.16.

a) Power Electronics and Microwave Monolithic Integrated Circuits (MMICs)
Applications

GaN HEMTSs operated at high voltages are a very promising device in support of high
power, high temperature and microwave applications. In mobile communication as the
numbers of users are increasing daily, so more base-stations and sub-stations are needed
[54]. To increase the power density from base- or sub-station, large no of power amplifier
units will be required. The GaN HEMT was initially produced for high-speed

applications.
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GaN HEMT Device Application Areas
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Figure 1.16: Application areas of GaN-based HEMT devices

The innovative points of interest of GaN/AIGaN HEMT result from the combined
attributes of the wide bandgap of IlI-Nitride and the accessibility of AlGaN/GaN
heterostructure where high voltage, high current and low on-resistance can be all the
while accomplished, bringing about high power-high effectiveness operation. Besides, the
wide-bandgap presents a robust and reliable innovation prepared to drive at high voltage
and high-temperature functions. These points of interest proclaim numerous commercial,
automotive and aircraft functioning areas similar to high power voltage rectifiers -
converters. GaN HEMT devices are utilized as a part of an extensive variety of RF
applications together with cellular communications, direct broadcast receivers - DBS,
radar, radio stargazing, and RF attention that need a blend of low noise and high-
frequency operation. HEMTs are produced through numerous semiconductor device
developers over the globe. They might be as discrete transistors, yet these days they are
all the more customarily fused into incorporated circuits. The particular Monolithic
Microwave Integrated Circuit (MMICs) are generally utilized for RF plan applications.
The HEMT based MMICs are broadly employed to give the requisite amount of
execution in numerous fields. As regards the production of integrated devices, the

monolithic integration of chemical sensors with Ill-nitride materials in support of
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collective spectroscopic investigation, HEMTSs representing on-chip signal handling, and
surface acoustic wave devices [55] in favor of similar signal filtering are feasible.
Wireless sensor networks by means of radio frequency identification (RFID) have
additionally recommended [56].

b) Radar, Broadband and Space Applications

Mobile communication comprises the major vital nonmilitary uses of HEMT devices
through substituting Si transistors. In favor of such broadband/multiband communication
usage, we acquire a considerable measure of points of interest. The expansion in
comparative transmission capacity intended to a specified power limit is one of those
innovative circuit and framework ideas give transfer speed with expanded efficiency.
Linearity has been enhanced for a similar yield control. The decrease of memory impacts
is likewise found by utilizing GaN HEMT devices [57]. High gain and low noise
amplifiers are the fundamental attributes for producing radar parts. GaN HEMTSs are the
primary alternatives for such module. Active electronic sensor arrays are worked from
GaN HEMTSs, which are utilized for airborne radars, ground-based air safeguard radars,
and maritime radars [58]. Ka-band rocket applications at 35 GHz are additionally being
examined in writings [59]. Discrete HEMTSs are quite often utilized as the preamplifier in
a conventional DBS receiver, trailed by at least one GaAs MESFET monolithic
microwave integrated circuits (MMICs) because of their amazing low-noise attributes.
The utilization of low-noise HEMT preamplifier has brought about considerable
enhancements in framework execution at a minimal extra cost [60]. Microwave hardware
utilized in space applications are exceptionally costly since they require additional
safeguard as of severe condition in space to outlive. Additionally, rocket might be
propelled, and this suggests the hardware ought to likewise manage without harm at
elevated amounts of vibrations and stuns. HEMTs can be fabricated to outlast this

situation and have been widely utilized as a part of different fields.
c) Sensor Applications

A less observed promising usage of the GaN HEMT structure is sensors. A short while

ago, electrochemical sensors have picked up significance for utilization that incorporates
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land security, medicinal and environmental observing, and food well-being. The attractive
objective is the ability to concurrently investigate a broad range of environmental,
biological gases and liquids in the area possess the capacity to selectively distinguish an
intended analyte through eminent specificity and sensitivity. In the HEMTSs, 2DEG region
provides conducting path near the interface which is extremely sensitive to a chemical
constituent that is undergoing analysis. Subsequently, HEMT sensors could be a decent
option for identifying gases, ions, and chemicals [61]. Benefitting from distinction to the
exploration of HEMTs using the essential HEMT structure, electrochemical sensors for
gases and liquids are fabricated which got expanded consideration over the most recent
time [56], [62]. Because of their wide bandgap and robust bond qualities, GaN material
has decent chemical stability while found in resistance from wet etching methods [12],
[63], and their biocompatibility [64], [65]. IllI-nitrides are anticipated as a standout
amongst the utmost encouraging materials used for biosensing gadgets because of wide
bandgap [66], low noise and high sensitivity towards variation in the surface charge [67],
[68]. In addition, the straightforwardness in the visible range of light drives the likelihood

to join typical optical and electrical estimations.

1.7 Outline of Research

The fundamental objective of this thesis is to make a systematic investigation of GaN-
based HEMT devices for electrochemical sensing for space and biomedical applications.
First, the comprehensive simulation study of AlGaN/GaN HEMTSs incorporating
optimization of AlGaN and GaN Cap thicknesses, high temperature and trapping effects
on the device performance has been presented via SILVACO-ATLAS. These simulation
studies can be beneficial to reduce the fabrication cost and efforts by optimizing various
device parameters over the simulation tool itself before moving for the actual device
fabrication. Then, GaN HEMTs were fabricated over MOCVD grown HEMT epitaxies
on a sapphire substrate. Various physical and design parameters were optimized during
the fabrication to achieve high-performance HEMT devices. A detailed investigation of
electrical properties of GaN HEMTSs has been done, and the output characteristics of these

fabricated HEMT devices after dicing and packaging at room temperature has also been

35



tested. The scope of the work has further been extended to characterize the pH, and salt
detection properties of these GaN-based HEMT sensors for a various biomedical and
space applications. The thesis consists of six chapters including the present one entitled as

“Introduction”. The remaining chapters are organized as follows:

Chapter -2 compiles some important state-of-the-art work in this area. The major work
done in this field by various research groups is presented in brief. A detailed review of
latest trends in the field of IlI-Nitride semiconductors, GaN-based HEMTSs, and their
applications in electrochemical sensing has been presented. Based on the literature
survey, various research gaps in this area have been identified. Finally, the motivation

behind this study has been outlined at the end of the chapter.

Chapter-3 presents simulation course and performance examination of AlGaN/GaN
HEMTs using simulation software ATLAS™ from SILVACO International. Different
electrical parameters for example, electric field distribution, electron concentration,
electron mobility, energy band diagram, output characteristics, transfer curve,
transconductance and leakage current of GaN-based HEMTs have been simulated. A
detailed simulation of GaN HEMT devices for the optimization of AlGaN and GaN Cap
layer thicknesses, followed by a closer look at the high temperature and trapping effects

on the device performance is also executed.

Chapter-4 is devoted to the fabrication and characterization of GaN HEMTSs devices on
the 2 inch wafer. Device processing includes wafer cleaning, device isolation, the
formation of ohmic and schottky contacts, metal interconnects, surface passivation, dicing
and device packaging. Different isolation techniques including Mesa etching and lon
implantation is also investigated Optimization of Ohmic contacts on both thin (18 nm)
and thick (25 nm) AlGaN/GaN HEMTs devices has been examined in detail so that high-
quality ohmic contacts along with low contact resistance and smooth surface morphology
can be achieved. We also performed a comparative study of AlGaN/GaN with and
without passivated HEMT devices with two different dielectrics, SiO, and Si3sNy .In this
study, we used similar device dimensions on the identical epi-layer configuration with

similar fabrication techniques. The methods used for dicing and packaging of HEMT
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devices have been discussed. Finally, the AlGaN/GaN heterostructures have been
characterized to calculate the electrical characteristics and surface properties using
Keithley 4200-SCS Semiconductor Characterization System and Scanning Electron
Microscopy (SEM) respectively.

Chapter-5 deals with fabrication and characterization of GaN HEMT based
electrochemical biosensor for pH and salinity sensing. . We examined the linear change
of current when devices are exposed to the PBS solution of different pH values and the
aqueous salt solution of NaCl + DI water. The sensitivity of GaN HEMT in different pH
solutions and various molar concentrations of aqueous solution have been investigated.
On account of obtained outcomes, a model has been proposed to explain surface chemical
reaction associated with the difference in H* and OH" ions concentration and their
interaction with AlGaN surface.

Chapter-6 concludes some major findings and outcomes of the thesis. The chapter
summarizes all the results presented in previous chapters of the thesis. Finally, the future

scope of the work is outlined in the end.
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CHAPTER 2

AlGaN/GaN HEMTs for sensing applications: A General

Review

This chapter builds the background and context for the research addressed in this thesis
and presents state-of-the-art work reported by various research institutions in the area of
GaN HEMTSs based electrochemical sensors.

21 Introduction

Literature survey plays a significant role in any kind of research. A thorough knowledge
of the state of the art work in any research area can only be predicted by the future trends
in that particular research area. Therefore, this chapter is dedicated to present some
important state of the art work addressed by various research experts in the area of
AlGaN/GaN HEMTSs. This chapter primarily focuses on some important investigations
that have been done in the area of GaN based HEMT devices over the last decade.
Simulation and fabrication of AlGaN/GaN HEMTs and their applications as a biosensor

has been reviewed in detail.

Due to the constraint of the Silicon MOSFET (Metal-Oxide-Semiconductor Field-Effect
Transistor) and 1ll1-V  forerunner MESFET (Metal-Semiconductor Field-Effect
Transistor) are advances as the stimulus for the HEMT (High Electron Mobility
Transistor). The steadfast functioning of wide-bandgap HEMT devices at elevated
temperatures up to 400°C, alongside their less susceptibility to thermal or optical
stimulation, together with the more noteworthy protection from chemical deterioration
using acids and soluble bases, has urged scientists to make attempts concerning the
advancement of a group of sensors in severe situations, a field where traditional silicon
MOSFET and ISFET (lon-Sensitive Field-Effect Transistor) devices are found to be
ineffectual. Also, the closeness of the conducting 2DEG (two-dimensional electron gas)
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HEMT channel to the surface gives improved sensitivity to adsorption of substances,
while the scaling down and high-recurrence activity ability of HEMT-based micro-
sensors empowers their consistent reconciliation into remote sensor systems for remote
checking of patient's wellbeing through bedside or handheld instrumentation.The word
'HEMT" infers the prospect of a high-frequency and high-power device utilized as a part
of microwave media communications. An additional utilization of HEMT, which is no
less vital, however regularly neglected, is 'sensing operation'. This key uses of HEMT
frame an extension, connecting the patient at home with the specialist in a far away centre
or doctor's facility, or other comparative modern computerization tool. An extra quill in
the top of HEMT device is its capacity to endure in harsh or unpleasant circumstances.
The previously mentioned attributes of HEMTSs, alongside their non-toxicity to living
cells, have empowered HEMT-based sensors to carve out an exceptional role for
themselves, finding their ways into areas where Si-based devices have until now unable to

make the grade.

2.2 GaN HEMT TCAD Simulation

Computer simulation has turned out to be a flexible and important apparatus for
engineering design and investigation. Up till now, the Silvaco software applications draw
closer to the front line of design and investigation of semiconductor devices. Instead of
this, GaN-based devices necessitate unusual interest for computer modelling and
simulation because of their innate piezoelectric (PZ) and spontaneous (PS) polarization,
characteristics. Extensive research concentration has been given toward these nitride-
based devices, to develop accurate model for the various properties and other associated
impacts. Device simulation and modelling are vital in the advancement of any innovation
enabling researchers to optimise device designs and process flows prior to placing them
into fabrication. This is especially valid for GaN based devices while concerning about

the expansive cost of the material.

In this work, Silvaco International device simulation software was used for the device
simulation. Silvaco-ATLAS™ tool carried out the general device simulation[69].
Whereas BLAZE™, GIGA™, and C-INTERPRETER™ executed specific capacities
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requisite for I11-V heterojunction devices, thermal counts, and user defined equations,
respectively. To control and adjust the models, Silvaco’s VWF Interactive Tools
(particularly DECKBUILD™, TONYPLOT™, and DEVEDIT™) were used. The
Silvaco programming utilizes physically based simulation as opposed to empirical
modelling. While empirical modelling generates formulas that agree with present
information, while physically based simulation calculate device execution in view of
physical structure and predisposition conditions. The Silvaco programming symbolize a
device on a two dimensional mesh. At each meshing point the program simulate carrier
transport by methods for differential equations got from Maxwell’s laws. To accomplish

exactness, the program must fuse the fitting material physics through numerical methods.

This section presents some recent state-of-the-art work regarding different issues related
to device design and technology while simulating the devices.

Eimers et al. [70] gave theory to consolidate piezoelectric (PZ) conditions in the Silvaco
Atlas programming for demonstrating GaN/AlGaN structures. The PZ impact improves
2DEG at the GaN/AIlGaN interface because of stress instigated polarization. This impact
brings about an anticipated measure of electron sheet charge at the heterojunction giving
outstanding conductivity of electron current. The software changes utilize that outcome
and recreate embedding a proper measure of donor concentration influences in the best 10

nanometers of GaN material that positioned specifically underneath the AlGaN layer.

Holmes et al. [71] endeavoured to include the impacts of piezoelectric and spontaneous
polarization onto the HEMT display using a C-interpreter strategy. This work gets a
satisfactory I-V curve for a HEMT device using a C- interpreter schedule. Nevertheless,
this model should have been rectified to all the more intently coordinate the general task
of the HEMT device.

Salm et al. [72] modelled the impact with an interface charge with the piezoelectric
model, and his outcomes were satisfactory and all the more precisely demonstrated the
coveted qualities of a HEMT device. His proposal likewise examined the thermal
characteristics of the device using the GIGA™ module. The GIGA™ module is equipped

for giving a numerical, and in addition illustrative, portrayal of device heating. Salm's
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outcomes demonstrated a significant change in device heating because of an adjustment

in substrate material.

Albrecht et al. [73] investigated that the minor irregularity in the lateral temperature
distribution amid contacts might be originated by variations in the electrical field
distribution and charge trapping and infusion in GaN based high power devices. Analysis

of thermal profile in HEMT provided improved consideration of local variations.

Littlejohn et al. [74] was first time reported on the Monte Carlo simulation of the
electron transport in GaN with repect to electric field at different temperatures and doping
concentration in 1976. Authors considered a two valley model and included scattering by
acoustic phonons, polar optical phonons, ionized impurities, and piezoelectric charge to
predict a peak in the electron drift velocity of ~2 x 10’ ms™ at a field of ~ 2 x 10°> Vcm™
for an electron concentration of 10*® cm™, which is considerably larger than that found in
Si or GaAs.

Karmalkar et al. [75] research the breakdown upgrade capability of the field plate (FP)
method with regards to GaN power HEMTs. A deliberate methodology was given by the
authors for outlining a FP device, utilizing two dimensional (2-D) simulations, to get the
most extreme frequency response. The FPs more equally scatters the electric field in the
channel. The procedure of this paper can be extended to the outline of FP structures in
other FETS, for example, MESFETs and LD-MOSFETSs.

Smith et al. [76] performed two-dimensional hydrodynamic simulations. This electron
transport model attained maximum accuracy together with computational efficiency. The
charge transport models were typically achieved by employing approximations and
improvements to the Boltzmann Transport Equation. Since the drift-diffusion turned out
to be less exact for smaller component sizes, the hydrodynamic arrangement was attained
by captivating the following two higher instants of the Boltzmann condition over that in
support of the drift-diffusion elucidation. Thus, the hydrodynamic reproduction gives a

feasible trade off flanked by these two strategies.
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Russo et al. [77] demonstrated that a reduction the source—gate separation could enhance
device operations, upgrading the output current furthermore, the device transconductance.
The primary explanation behind this impact is identified with the unusual dynamic of
electrons in the GaN-based HEMTSs, which prompts a non-saturated speed routine in the

source entry area, notwithstanding for high drain voltages.

Miller et al. [78] examined broadly the gate leakage current estimations through 2D
computations demonstrate that vertical tunnelling is the predominant component for gate
leakage current in the typical barrier HFET and with the aim to improve barrier structure
blocking this system so as to accomplish a lessened leakage current. An analytical
representation of vertical tunnelling in a reverse-biased HFET gate-drain diode is created

to assess the credibility of this accomplishment.

Pérez-Tomés et al. [79] addressed a frequency based on conductance examination to
describe the gate traps and demonstrated an profusion of surface states and interface traps
in the Schottky gate AlGaN/GaN HEMTSs.

Sathaiya et al. [80] addressed the reliability issues included non-linear source resistance
which degrades the device performance under high RF drive and DC/RF breakdown due

to impact ionization in the 2DEG channel.

Glasstone et al. [81] investigated the gate leakage, an essential reliability concern which
restrains the device performance by affecting the DC characteristics of the device. The
surface of the device in the drain access region facilitates leakage current flow due to the

presence of shallow traps.

Kuang et al. [82] explored traps in the AlIGaN barrier which assists in the trap assisted
tunnelling mechanism from the gate to the 2DEG which forms a secondary path for the
gate leakage current flow. The gate leakage current degrades the performance of the
device by increasing the pinchoff current and by degrading the sub-threshold

characteristic.
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2.3 GaN HEMT Device Fabrication

Khan et al. [83] were among the first few investigators to fabricate GaN MESFETS
developed on sapphire utilizing low-pressure MOCVD. A thin film AIN buffer layer was
utilized to upgrade the nature of GaN films. The gate length and width for the MESFETS
were 4 and 100 pum, respectively. The reverse leakage current density at a gate bias of -5
V was measured to be ~1 mA/cm? For such MESFET the transconductance was 23
mS/mm at gate bias of - 1V. The calculated carrier density and low-field mobility for a
channel of thickness 0.6 pm thicknesses were 10*" cm™ and 350 cm?/V/s respectively. The

extracted drift velocity of carriers commencing these values was 5 x 10% cm?/s.

Dingle et al. [38] proposed the n-type modulation doped semiconductor heterostructure in
1978, to simultaneously improve the carrier density and the mobility, and spatially isolate

the carriers to the ionized scatter.

Khan et al. [84] reported an exciting development, establishment of a 2DEG in the
quantum wells at the interface of an AlGaN/GaN heterostructure. It was formed by
depositing 3000 A thick unintentionally doped GaN on AIN buffer, capped by 500 A°
undoped Alg0sGapeiN. The sheet carrier density in the quantum well was 5 x 10" cm,
and the carrier mobility was 620 cm?/Vs at 300 K, 1600 cm?/Vs at 77 K.

Takeshi et al. [85], in their device a 2 DEG mobility 12000 cm?/Vs with a sheet carrier
density of 2.8 x 10' cm™ was observed at 8.9 K. The recessed gate HEMT structure
demonstrated maximum extrinsic transconductance of 181 mS/mm and drain-source
current 1120 mA/mm for a gate length 1.5 um at 25 °C with a recess depth of 30 nm and
a recess width of 6 nm. The observed transconductance of this recessed device is much

larger in comparison to basic HEMTSs as expected.

Wang et al. [86] provides a comparative study between recessed and conventional
AlGaN/GaN HEMTSs. The use of n-GaN cap layer considerably reduced the contact and
channel resistance and increased the RF and microwave power performance of the device.

A lower knee voltage, a higher transconductance (223 mS/mm), a higher current density
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(1.104 A/mm), and a higher microwave output power (4 W/mm) was accomplished in
recessed AlGaN/GaN HEMTs.

Farahmand et al. [11] worked on to accomplish a high sheet carrier density with high
carrier mobility with the designs concerning a high Al content of gating layer. The
subsequent higher band discontinuity ought to advance the carrier confinement, and
stronger spontaneous polarization and the piezoelectric effects caused a improved sheet
charge density in the channel. Additionally, a higher band gap of the AlGaN layer
provides a higher composite breakdown field. Transport attributes of nitride

semiconductor are concisely reported by the authors.

Mishra et al. [87] anticipated the impact of the gate width on the power performance
utilzing AlosGagsN HEMTs with 0.25 um gate length. Expanding the gate width from
100 to 500 um, a consistent increment of aggregate output from 0.35 to IW at 8GHz was
examined, though the power density reduced from 3.3 to 2 W/mm, individually. This

conduct was credited to self-heating impact for bigger devices.

Kumar et al. [88] reported on the high performance 0.25 um gate length Al1GaN/GaN
HEMT on sapphire substrate with transconductance of over 400mS/mm with fr of 85
GHz and fay of 151 GHz.

Wau et al. [89] proposed the devices on SiC substrate with 0.12 um displayed an extrinsic
transconductance of 217 mS/mm and current drive capability 1.19mA/mm and a record
high unity current gain cut-off frequency of 101 GHz and maximum oscillation frequency
of 155 GHz.

Han et al. [90] and Wu et al. [91] compared the surface morphology of GaN/AlGaN
heterostructures after Cl, /H,, Cl, /Ar, and Cl, /BCl3 ICP etching, and concluded that the
surface morphology could be improved by the addition of BCl; to chlorine plasmas. But
their etch conditions are not favourable to the fabrication of optoelectronic devices due to

the lower etch rate and selective etching of GaN over AlGaN.

Jenkins et al. [92] and Scheitz et al. [93] are supposed that TiN be able to simply
develop Ohmic contact to the wide band gap GaN or AlGaN. In the situation where TiN
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development is instigated, the rest of the layer has N-deficient n-type doping at the
metal/GaN interface which is adequately large enough for tunnelling contact mechanism
to be influenced. Ti additionally perform the function of oxide getter from the surface of
the epilayer. Consequently, when it is combined with metals with high conductivity, for

example Al, it can facilitate direct Ohmic contact deposition.

Ruvimov et al. [94] reported that amid the numerous contact metallization methods
reported in the literature, Ti/Al-based contacts are the most widely utilized. Ti based
metallization schemes reduce contact resistance by forming an inter-metallic alloy with a

low work function on GaN and AlGaN surfaces.

Hilsenbeck et al. [95] found that, it is usually easier to get low contact resistance using
the more conventional high temperature sintering approach and WSIN cap can help to
improve the morphology of the Ohmic contacts after high temperature sintering

significantly.

Chaturvedi et al. [96] stated some edge non-uniformity in the Ti/Al/Ti/Au/WSIN Ohmic
contact metalization. The fundamental cause of this edge non-uniformity is correlated
with the way that the Ohmic contacts were developed through a lift-off method and
Ti/Al/Ti/ Au was deposited by electron beam evaporation however WSIN deposited using
sputtering procedure. Amid WSIN sputtering, there is some WSIN deposited on the
photoresist sidewall. While liftoff, the WSIN film may break in a non-uniform manner
doe to non-uniform WSIN film thickness on the photoresist sidewall, ensuing in edge
non-uniformity. Hence there is a solid motivation to improve the basic Ti/Al/Ti/Au

Ohmic contact process without using WSIN.

2.4 GaN HEMT based Sensors

241 HEMT based Chemical Sensors

Since the first demonstration of a fluid monitoring sensor based on AlGaN/GaN hetero
structures by Neuberger[97], the application of AlGaN/GaN HEMTSs as liquid sensors has

been a subject of intense research. Neuberger et al. have expressed that the sensing
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mechanism for chemical absorbates originated from the compensation of the polarization
induced bound surface charge by interaction with polar molecules in the fluids. The time
dependence of changes in source-drain current of gateless HEMTs exposed to polar
liquids (isopropanol, acetone, methanol) with different dipole moments using
GaN/AlGaN hetero-interfaces was also reported. In particular, it was possible to
distinguish liquids with different polarities. The HEMT sensors at a glance are shown in
Table 2.1.

Mercury (I1) lon Sensor

Wang et al. [98] detected Hg?* ions in as low as 107 M concentrations using bare Au-
gated and thioglycolic acid functionalized AlIGaN/GaN HEMTSs. The latter sensors had
2.5 times larger sensitivity than the former, and also responded in <5 s. Selectivity of

mercury detection over sodium or magnesium ions was >100.

Potassium lon CHEM HEMT

Alifragis et al. [99] proposed the Valinomycin-doped PVC membrane build upon the
non-metallized gate of AlGaN/GaN HEMT helped in achieving a K*-ion sensitivity of
52.4 mV/pK* in the concentration range 10™ to 10 M of a lesser exposure boundary of

3.1x10® M. The drain-source current increased linearly with log [K*].

pH Sensor

Kang et al. [100] Ungated AlGaN/GaN HEMTSs using Sc,03 gate dielectric illustrate a
change in drain-source current of 37 pA for each decade pH variation in the pH range 3 to
8, with a resolution of 0.1 pH.

Abidin et al. [101] investigated the sensing response of an open-gated pH sensor
fabricated on AlGaN/GaN HEMT configuration. High sensitivity of 1.9 mA/pH at drain-

source voltage =5 V was obtained.

Steinhoff et al. [102] suggested that the native oxide on the nitride surface was
responsible for the pH sensitivity of the response of gateless GaN based heterostructure

transistors to electrolyte solutions. The linear response of nonmetallized GaN gate region
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using different pH valued electrolyte solutions and sensitivity with a resolution better than
0.05 pH from pH = 2 to pH = 12 were shown.

Ammonium lon Sensor

Alifragis et al. [103] proposed the HEMT device with non-metallized gate and coated
with nonactin-enriched PVC membrane showed sensitivity of 55.5 mV/p NH;" mm
ammonium ions in the range 10-5 to 10-2 M.

Oxygen Sensor

Wang et al. [104] studied that the Indium zinc oxide (1Z0)-gated AlGaN/GaN HEMTs
showed a strong response to the oxygen gas at 120°C; in addition, 1ZO was deposited by

cosputtering from ZnO and In,O; targets.

Hung et al. [105] suggested that the Hydrothermally-grown SnO, gate electrode with
AlGaN/GaN HEMT sensor provided detection of 1% oxygen in nitrogen at 100°C.
Chloride lon Sensor

Chu et al. [61] proposed the AgClI thin film on ZnO-nanorod gated AIGaN/GaN HEMT
could detect up to 10® M concentration.

Nitrate lon Sensor

Myers et al. [106] explored that a plasticized PVC-based membrane containing a nitrate—
selective ionophore was deposited on the HEMT gate, resulting in a nitrate ion sensor

with a working range from 1x107° to 1x10 M, and a lower detection limit of 1x10 M.

Hydrogen Sensor

Cheng et al. [107] studied Pd/Oxide/Aly24Gag76As HEMT-based sensor which showed
low hydrogen detection limit (4.3 ppm Hy/air) with a short response time.

Hung et al. [108] investigated synthesized SnO, dispersion by hydrothermal method,
deposited it selectively on Au gate of HEMT by photolithography, and annealed it at 200-
400°C. They studied the time dependence of the sensitivity on cycling between 1% H; in
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N, and pure N, gas at temperatures of 150°C, 200°C and 300°C. Fast and reversible

hydrogen sensing was observed at low temperature.

Guo et al. [109] reported an AlGaN/GaN HEMT-based hydrogen sensor which showed
response variation of 25.8 % upon 10-fold change of hydrogen concentration at 130°C.

Cl, gas and HCI Vapor Sensor

Son et al. [110] addressed the HEMTs for detecting corrosive and caustic chemicals.
Exposure of Pt-gated HEMT to an oxidizing gas (1% Cl, gas) resulted in an increase in
drain-source current Ips whereas its exposure to a reducing gas (1% HCI vapour) caused a
decrease in drain-source current, showing the ability of HEMT to differentiate between
oxidizing and reducing agents. Cl, gas withdraws electrons from the Pt-gate leading to a
less negative effective gate voltage and producing a larger Ips. The HCI vapour has the

opposite effect.

2.4.2 HEMT based Physical Sensors
Strain Sensor

Yilmazoglu et al. [111] Piezoresistance of Aly3Gap7N/GaN HEMT channel was
investigated, who measured a gauge factor between 19 and 350 under defined biasing

conditions. Thus HEMTSs are employed as strain sensing elements.

Eliza et al. [112] analytically modelled and studied the performance of GaN HEMT

device for the induced strain.

Pressure Sensor

Kang et al. [113] determined the variations in the capacitance of the channel of an
AlGaN/GaN HEMT membrane formation developed over the Si substrate.

Hung et al. [114] coated the gate area of AlIGaN/GaN HEMT with PVDF film using an
inkjet plotter, polarized the PVDF film by the appliance of a high voltage (10 kV at 70°C)
between a copper electrode positioned 2 mm over the film and the grounded chuck on
which the HEMT was mounted, and subjected the polarized PVDF-gated HEMT to
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pressure changes of 1 atm to 1 psi. They observed appreciable variations in channel

conductance of HEMT, indicating its usability to measure pressure differences ~ 1 psi.

Edwards et al. [115] studied the electromechanical behaviour of a sapphire/GaN-based
diaphragm structure.

Brezeanu et al. [116] revealed a HEMT sensor for measuring pressures in harsh

environments.

Hall Magnetic Field Sensor

Koide et al. [117] AlGaN/GaN HEMT-based micro HEMT-based sensors exhibit stable
operation from room temperature to 400°C with current-related magnetic sensitivity of 77
VAT,

Terahertz Sensor

Lu and Shur et al. [118] demonstrated AlGaAs/GaAs terahertz HEMT sensor derived at
2.5 THz and reported a system of activity of such HEMT terahertz indicators which

enabled them to build the responsivity in excess of a order of extent.

Fatimy et al. [119] fabricated ultra-short-gate (50 nm) InGaAs/InP devices and observed
efficient THz detection.

Watanabe et al. [120] investigated dual-grating-gate (DGG)-HEMT structures for
broadband detection of THz radiations, and showed ultra-sensitive THz imaging with the
InP-based asymmetric DGG-HEMTS.

Esfhani et al. [121] reported changes in channel conductance for potential applications in

chip-scale frequency-agile detectors, scalable to mid-THz frequencies.

2.4.3 HEMT based Biosensors

Prostate specific Antigen (Prostate Cancer Marker) Sensor

Kang et al. [122] explored PSA antibody was fixed to Au-gated HEMT through
carboxylate succinimdyl ester bonds with immobilized thioglycolic acid. After PSA
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incubation, the drain-source current decreased with detection limit of 10 pg/ml. The PSA

concentrations up to 1 pg/ml were measured, and the response time was less than 5 s.
KIM-1 (Kidney Injury Disease Biomarker) Sensor

Wang et al. [48] proposed a self-assembled monolayer of thioglycolic acid which was
absorbed on the Au gate of the HEMT. Kidney injury molecule-1 (KIM-1) antibody was
immobilized through reaction between amine group of the antibody and carboxyl group
of thioglycolic acid. On exposure to KIM-1, the drain-source current changed, and the
change was nonlinearly proportional to KIM-1 concentration. The detection limit was 1
ng/ml in PBS buffer.

Botulinum Toxin Sensor

Wang et al. [123] detected Botulinum toxin in the range from 1 to 10 ng/ml by botulinum
antibody functionalized Au-gated HEMT.

Lactic Acid Sensor

Chu et al. [124] was grown the ZnO nanorods on the gate of the HEMT to provide a
large surface area with a high surface-area-to volume ratio. Lactate oxidase enzyme was

immobilized on the nanorod array. The biosensor could detect lactic acid from 167 nM to
139 uM.

c-erb-2 (Breast Cancer Marker) Sensor

Chen et al. [125] was attached the antibody to the Au-gated HEMT through immobilized
thioglycolic acid. When c-erb-2 antigen was introduced, the drain-source current
decreased in <5 s. The change was nonlinearly related to the antigen concentration. The

detection range was from 16.7 to 0.25 pg/ml.
Perkisus Marinus Sensor

Wang et al. [126] explained the antibody coating of the protozoan pathogen was applied
on the thioglycolic acid immobilized on Au-gated HEMT. The presence of P. Marinus in

water was seen through drain-source current changes within 5-20 s.
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Glucose Sensor

Chu et al. [127] investigated the Glucose oxidase enzyme which was immobilized on
zinc oxide nanorod-gated HEMT. The sensor could detect glucose concentrations from
0.5 nM to 125 uM in pH=7.4 buffer in <5 s.

Uric Acid Sensor

Song et al. [128] constructed uric acid biosensor by uniformly distributing ZnO
nanotetrapods on the HEMT gate and immobilizing uricase enzyme upon it. This sensor
could detect uric acid concentrations from 0.2 nM to 0.2mM with the detection limit of
0.2 nM.

DNA Sensor

Thapa et al. [49] fabricated a highly specific HEMT DNA sensor by immobilizing
amine-modified single strand DNA upon the self-assembled monolayers of 11-
mercaptoundecanoic acid on the Au gate. The drain-source current decreased by about

100 pA at 1 V bias, when hybridization with complementary DNA took place.

Makowski et al. [129] developed Au nanoparticle/HEMT sensors for detection of
analytes such as specific DNA sequences, proteins, or other metabolites. Au NPs provide

a proven system for detection of such analyte-receptor interactions.

2.5  Summary and Concluding Remarks

This chapter presents some important state-of-the-art research on I11-V semiconductor,
AlGaN/GaN HEMTs and their application in sensing. The literature survey presented in

the above sections can be summarized as follows:

e These devices do extremely well over their silicon correspondent as a
consequence of their innate properties for example chemically stable bulk and
surface properties and the availability of high-density two-dimensional electron
gas (2DEG) at the hetero-interface which let a highly sensitive detection of the

surface charge related phenomena.
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Table 2.1: GaN HEMT-based sensors at a glance

Sensor Sensgd Gate Surface S“”?‘CE Transduction mechanism References
Category quantity coating
Mercury ion Au Thloa?cli):jcollc Chelation [98]
H in_ . . + .
Potassium ion GaN cap Valinomycin- | Selective binding of K™ ions [99]
doped PVC to valinomycin
Action between polarization-
pH AlGaN Sc203 induced surface charges and [100]
ions in the electrolyte
HEMT- ive bindi
Ammonium PVC enriched Selectlv_e bln_dlng of
based . Gan cap ith " ammonium ions by [103]
Chemical ion with nonactin ionophore
Sensors i i
Oxygen gas GaN Indgj(rirzi;mc Oxidation [104]
Chloride ion | ZnO nanorods | AgCI thin film Anodization [61]
Nitrate S .
Nitrate ion GaN Cap ionophore in Selegtlve bln_dlng of nitrate [106]
ions by ionophore
PVC
Pd-MOS [107]
Hydrogen gas Schottky None Catalytic dissociation [108]’
structure
ClI2 gas and Actions of oxidizing and
HCI vapor Pt None reducing gases on Pt-gate [49]
Variation in 2DEG channel
Strain | e | e conduction by external [111]
forces
HEMT- . Changes in the charge of
based Pressure PVDF film None polarized PVDF film [114]
Physical Cross pattern Hall voltage generation from
Sensors oF:‘ magnetic field between
Magnetic field Ti/AINI/Au None probes on AIGaN/QaN [117]
electrodes heterostructure havmg
2DEG at the heterointerface.
Terahertz (| Rectification of plasma [[11128(}i
waves waves
PSA Au Ab-PSA Ab-Ag binding [122]
. [48]
KIM-1 Au Ab-KIM-1 Ab-Ag binding
HEMT Botulinum Au Ab-Botulinum Ab-Ag binding [123]
base d_ Lactic acid Zn0O nanorods LOx Enzyme promoted reaction [124]
; Antibody . .
Biosensors c-erb-2 Al (Ab)- Antibody (t,)A_\b)-_Antlgen (AQ) [125]
inding
c-eb-2
P. Marinus Au Ab-P.Marinus Ab-Ag binding [126]
Glucose ZnO nanorods Gox Enzyme promoted reaction [127]
Uric acid Zn0 Uricase Enzyme promoted reaction [128]
nanotetrapods
Thiolated e .
DNA Au SSDNA Hybridization [49]
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An extensive discussion on the fundamental device structure, semiconductor
material parameters and the simulation set-up is much needed. It reduces time as
well as cut down the improvement cost required in extensive development and
handling steps and furthermore helped in understanding the fundamental material
science engaged with the device and create new insights and logics. Very few
reports are available on the simulation and modelling of the HEMT device design
for the biosensing applications. There is plenty of room for the researchers to
investigate in this domain.

Benefitting from the study on HEMT devices and using the fundamental HEMT
structure, chemical sensors for gases and liquids was product which got extended
consideration over the most recent couple of years. Inferable from their wide band
gaps and strong bond strengths, GaN material system has an improved chemical
stability as found in their resistance to wet etching methods and their
biocompatibility.

Difficulty in achieving reliable, small, robust, reliable and compatible with on-
chip development of GaN HEMT sensor has made an unsolved problem. In order
to put a superior comprehension of the chemical processes, which happen near the
sensor surface and a more profound chemical analysis of the sensor active area
while each estimation, encourage alignment analyzes in characterized electrolytes
are vital. By functionalization the ionic species, which add to the signal
generation ought to be recognized explicitly. Many efforts are going on by various
research groups to improve the performance of GaN HEMT based sensors.
However, a little work is available on GaN HEMT based sensors in literature. The
ungated HEMTSs with Sc,03 in the gate region exhibited a linear change in current
between pH 3-10 of 37uA/pH were reported by Kang et al. Could be the best
performing HEMT sensor till date[100]. To the best of our knowledge GaN
HEMT based Salinity Sensor has been reported to date. It is important to
investigate the sensitivity and response time of GaN HEMT based sensor devices
so that the usability of these structures can be ensured in variety of biomedical
applications. It is apparent that there is enough scope left for the researchers to

work in this area.
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Finally, the literature survey presented in this chapter concludes that there is enough
scope to study IlI-Nitrides, GaN HEMTs and its application in electrochemical

sensing. All these research gaps have motivated us to study AlGaN/GaN HEMT

devices for pH and salinity detection applications.
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CHAPTER 3

Performance Analysis of AlGaN/GaN HEMT: A Simulation
Study

In this chapter, we are reporting the simulation results obtained by ATLAS for
AlGaN/GaN HEMT devices, specifically to validate our simulation results with the

reported ones.

3.1 Introduction

An accurate simulation of the AlGaN/GaN HEMT entails a good comprehension of the
underlying material physics as well as a precise knowledge of the material parameters
used for the simulation. To adapt with current rivalry in semiconductor enterprises,
Computer Aided Design (TCAD) tools are widely utilized for the device design and
expedite the device development and optimization process for new technology. TCAD is
a profitable system for investigating semiconductor device structures. It spares time as
well as diminishes the improvement cost required in extensive development and handling
steps and furthermore helped in understanding the fundamental material science engaged
with the device and create new thoughts and logic. A few inquiries amid operation of the
device can be tended to by CAD tools. Computer-aided design tools are actively utilized

for foreseeing the attributes of devices from numerous years.

Till now, several softwares have come into the picture for the cutting edge engineering
design and investigation of semiconductor devices and processes. Different commercial
accessible simulation software like ATLAS (Silvaco) [69], MEDICI (Synopsis) [130],
SEANTAURUS (Synopsis) [131], DESIS (ISE Integrated System Engineering) [132],
APSYS (Crosslight) [133], BIPOLE3 (Bipsim) [134], and G-PISCES (Gateway
Modeling) [135] are accessible. Many simulators designed by universities like PISCES
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(Stanford University) [136], MINIMOS [137], FLOODS [138], GALENE, DEVICE
[139], Nextnano3 [140] and PROSA [141] are also utilized as device simulators. The
TCAD tool utilized in this work was ATLAS, a PISCES based two-dimensional
numerical device simulator from Silvaco [69]. Silvaco-ATLAS is a widely used for IlI-
Nitride semiconductor devices and utilized for tending to various issues in IlI-Nitride
HEMTs [142], [143]. It is a physical two-dimensional or three-dimensional device
simulator, which foresees the electrical attributes related to predefined physical structures
and bias conditions, by approximating the functionality of a device onto the 2D/3D
framework, comprising of various mesh points. Using differential equations, resulting via
Maxwell's equations, onto this framework electrical characteristic of indicated

semiconductor structures can be anticipated.

In this chapter, the TCAD simulation results for the AIGaN/GaN HEMTSs are presented.
The chapter starts off with a discussion of the fundamental device structure,
semiconductor material parameters and the simulation set-up. Next, we simulated GaN
HEMT devices for the optimization of AlGaN and GaN Cap thicknesses, followed by a
closer look at the high temperature and trapping effects on the performance of
AlGaN/GaN HEMTSs.

3.2  Device Description Under Investigation and Simulation Setup

A single gate finger device of 100 um unit gate width was used for simulation. The
epitaxial structure comprised of a 25 nm Alg25Gag7sN layer, 2.7 um GaN buffer and an
AIN layer with sapphire as a substrate. The gate length (Lg), source-to-gate length (Lsg),
and gate-to-drain length (Lgp) parameters that were set for the device are 1 pum, 1 pum,
and 2 pm respectively as shown in Fig. 3.1.

3.2.1 Input Material Parameter

In the AlGaN/GaN HEMTSs, a high-density 2DEG was formed at the interface, as a
consequence of spontaneous and piezoelectric polarization effects with no intentional
doping in the AlGaN barrier layer. In order to account for the 2DEG in the TCAD model,
a simple approach can be used where a layer of fixed positive sheet charge is defined at
the AIGaN/GaN interface.

56



Substrate

Figure 3.1: Schematic representation of simulated device

Nevertheless, this simple method can even now be utilized to prompt a precise measure of
channel electrons and effectively anticipate the drain current characteristics of the device.

Many input parameters are taken from ATLAS library. However, polarization values in
GaN and AlGaN are considered by the interface charge density. High field electron
mobility is incorporated through C-interpreter. Input material parameters used for
AlGaN/GaN HEMT in the study are given in Table 3.1.

3.2.2 Material Model Specification

In order to accomplish more realistic outcomes, several models were initiated in
simulations. Similar device dimension were used by Treidel et al. for high power
application [144]. AUGER, SRH and CONSRH models of recombination mechanism
have been taken into account for drain current evaluation. Material properties, such as
band energies, carrier mobility, carrier relaxation times, and densities of polarization
charges at the channel/barrier interface were accurately modeled. Parallel field dependent
electron mobility model (FLDMOB) accounted for velocity saturation.
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Table 3.1: Input material parameters used in simulation of AlIGaN/GaN HEMTs

Parameters Units AlGaN | GaN
Band gap (300 K), Eg eV 3.96 3.4
Permittivity 9.5 9.5
Betan 2 2

Betap 1 1
Saturation Velocity for electron, Ve cm/s 1x10’ 1x10’
Saturation Velocity for hole, Vi cm/s 1x10’ 1x10’
Conduction band density of states, NC300 | cm™ 3.3x10% | 2.3x10"®
Valence band density of states, N300 cm? 1.5x10%° | 0.4x10%°
Align 0.65 0.65
Thermal Conductivity, TCON.CONST W/cm.K 2.85 1.5
Richardson constant for electron, ARICHN | A/cm?/K? 24
Richardson constant for holes, ARICHP Alcm?/K? 96
Donor energy level, Edb eV 0.025
Acceptor energy level, Eab eV 0.160
Piezeoelectric Constant c/m? -0.729 -1.0
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The concentration dependent analytical model (CONMOB) has been used for mobility
calculation. Shockley-Read-Hall model (SRH), Fermi-Dirac model (FERMI), polarization
model (SPONTANEOUS) and (PIEZOELECTRIC) also used for device modelling. Band
to band tunnelling model has been considered for tunnelling mechanism. Low ohmic
distributed contact resistivity of 1.6 x 10° Q-cm? is considered. Uniform doping of the
regions has been taken into account for the simulation. We performed two-dimensional
hydrodynamic electro thermal Simulations [76], [145]. Our selection of electron transport
model aimed to attain most extreme precision alongside computational effectiveness. The
current density equations or charge transport models were typically attained through
employing approximations and simplifications to the Boltzmann Transport Equation.
Since the drift-diffusion estimation became less accurate for smaller feature sizes, the
hydrodynamic solution was obtained by taking the next two higher moments of the
Boltzmann equation over the drift-diffusion solution. As a result, the hydrodynamic
simulation provided a practical compromise between these two methods [146]. Self-
heating effects were represented the lattice heat flow equation. It was acquired by the
stationary energy flux balance resulting as of the second moment solving the Boltzmann

transport equation and the carrier continuity equation.

3.3  Optimization of AlGaN/GaN HEMT Performance

By optimizing the device dimensions like GaN Cap layer thicknesses, AlGaN thicknesses
and the gate length (Lg), source to gate length (Lsg), gate to drain length (Lcp) one can

enhance the performance of the device.

3.3.1 GaN Cap Layer Thickness

A single gate finger device of 100umum unit gate width was used for simulation (shown
in Fig. 3.2 (a) and (b)). In order to study the effects of variation of GaN cap layer and
AlGaN layer thicknesses on the device electrical characteristics, we performed two sets of
simulations. The first set consisted of a GaN/Aly5Gag 75N/GaN heterostructure with a 25
nm thick AlGaN barrier, 2.7um GaN buffer and a GaN capping layer that varied in

thickness from 0 to 100 nm. The second set comprised of an Alg25Gag7sN/GaN
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heterostructure with a 2.7um GaN buffer and an AlGaN layer that differed in thickness

from 5 to 30 nm.

L L ‘LG : 1
L mum Lo B — - By
‘ - ' ‘ . Source . : rain
Source SIN SiN Drain SIN SiN
AlGaN AlGaN
GaN GaN
AIN Nucleation AIN Nucleation
Sapphire Sapphire
(a) (b)

Figure 3.2: Schematic representation of (a) standard and (b) GaN capped HEMT device

The output characteristics as a function of GaN capping layer thickness had been
estimated for the above first set of heterostructures, which are accessible in Fig. 3.3. It
demonstrates the resulting depth distribution of electron concentration and drain current
(lgs), as a function of the GaN cap layer thickness. Drain current was increased rapidly
from 0.39 A/mm to 1.83 A/mm for cap layer thickness varied from 1 nm to 20 nm which
later got saturated after 20 nm. The peak in the profile corresponds to the position of
hetero interface, indicating the confinement of electrons, which was the formation of
2DEG. The occurrence of the GaN cap layer resulted in a decrement of the peak electron
concentration, from 1.30 x 10™° cm™ with no GaN cap, down to 6.84 x 10*® cm™ with a 2
nm cap layer. Between 1 nm and 20 nm, the electron concentration increased rapidly from
1.8 x 10" cm™ to 1.48 x 10" cm™. However, beyond 20 nm, the electron concentration
increased slowly, reaching 1.56 x 10'° cm™ for a thickness of 50 nm and after that

decreased and saturated at 1.4 x 10'° cm™ for cap layer thickness more than 70 nm.
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Figure 3.3: An impact of GaN cap layer thickness on drain current and profile of electron
concentration, for a GaN/AlGaN/GaN heterostructure with a fixed AlGaN layer thickness
of 25 nm at Vgs=+10 V and Vg = +2 V

Results obtained for the effect of cap layer thickness on AlGaN/GaN heterostructure were
in good agreement with the results stated by S. Heikman et al [147]. The decline in 2DEG
sheet density with expanding distance between the 2DEG carriers and the AlGaN/GaN
interface causes an adjustment of the electron scattering mechanisms and also on the 2D-
electron mobility. The electron mobility indicated an opposite trend to the electron
concentration, for the cap layer thickness above 10 nm, with magnitude falling from 1200
cm?/Vs at 10 nm, down to 770 cm?Vs at 100 nm. Fig. 3.4 displays the subsequent
electron mobility, as a function of the GaN cap layer thickness. To understand the
observed trends in detail, the electric field distributions, and band bending of all the
structures were simulated. Introduction of GaN cap layer at HEMT structure created a
negative polarization charge over the upper hetero interface, causing increased electric
fields in the AlGaN.
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Figure 3.4: An impact of GaN cap layer thickness on electron mobility, for a
GaN/AlGaN/GaN heterostructure with a fixed AlGaN layer thickness of 25 nm.

Density of electric field fringes at the upper hetero interface increased with the cap layer
thickness. For thick cap layers, electric field fringes became denser in the spacer region.
The order of the electric field used for the calculation of the mobility is 2.0 MV/cm.
Electron mobility decreases with increase in GaN Cap Layer and as the GaN cap layer
thickness increases, the valence-band shifts upward, eventually reaching the Fermi level.
At this point, a 2DHG formed at the upper GaN/AlGaN interface, pinning the valence

band, hindering any further increase of the electric field in the AlGaN layer.

As an effect of which scattering could be high in this region and thus mobility was
reduced. We also simulated band bending at the hetero interface of the GaN capped
structures (illustrated in Fig. 3.5) to investigate the carrier confinement in quantum well.
GaN capped designs showed higher carrier concentrations and deeper band bending due
to which they delivered higher lg. Thick capped design had a higher band bending and

conduction band minimum values in comparison to thin Capped design. AlGaN/GaN
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HEMTSs devices required low gate leakage current for low noise and improved reliability
[78].
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Figure 3.5: Energy band bending of GaN HEMTSs at the heterointerfaces: AlGaN/GaN
(No Cap layer) and GaN/AlGaN/GaN (5 nm, 30 nm) GaN Cap layer

3.3.2 AlGaN Thickness

In the second series of simulations, single Aly25Gag7sN layers were deposited on semi-
insulating GaN base layers and the AlGaN thickness varied between 5 nm and 30 nm.
Fig. 3.6 demonstrates the resulting output characteristics as an element of the AlGaN
thickness. Drain current was somewhat decreased in between AlGaN thickness of 5 nm
and 7 nm and then bit increased for 10 nm. However, beyond 10nm, there was a rapid
increase in drain current from 0.298 A/mm to 1.106 A/mm.. To analyze these results, we
studied peak electron concentration, band bending and electron mobility distribution in
detail, which can be seen in Fig. 3.7 (a), (b), and Fig. 3.8.
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Figure 3.6: An impact of variation in AlGaN layer thickness on drain current at Vgs =
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Figure 3.7: (a) and (b) An impact of variation in AlGaN layer thickness on electron
mobility at Vgs =+10 V and Vg = +2 V

Between 5 nm and 10 nm, the peak electron concentration confinement decreased from 1
x 10" cm™ to 6.65 x 10 cm™. However, beyond 10 nm, the electron concentration

increased rapidly reaching 1.57 x 10*° cm-* for a thickness of 40 nm.
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Figure. 3.8: Energy band bending of GaN HEMTSs at the hetero interface: for different
AlGaN thickness

In the electron mobility an opposite trend has been noticed to the electron concentration
for AlGaN thicknesses above 5 nm, with values decreasing from 1354 cm?/V/s at 5 nm,
down to 1076.5 cm?/Vs at 30 nm. To analyze these results in more depth, we simulated
band bending at hetero interface and electric field distributions. AlGaN layer thickness
greater than 10 nm indicated higher carrier concentrations and deeper band bending
(shown in Fig. 3.8) due to which they delivered higher drain current. Electric field
distributions under the gate edge of drain side were increased with the AlGaN layer

thickness.

Peak of electric field under the gate was 4.2 x 10° VV/cm for the AlGaN thickness layer of
30 nm and lowest 3.2 x 10° V/cm for the 10 nm AlGaN thickness. These trends were
similar to the variation in drain current with AlGaN thickness. Reverse tunnelling of
electrons from the gate to semiconductor surface was resulting in high gate leakage
current. That could have happened due to high electric field at the gate edge of drain side.
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Figure 3.9: Comparison of leakage current with different AlGaN thickness

Gate leakage current was increased with the AlGaN layer thickness as shown in Fig. 3.9.
Thin AlGaN layer was reduced gate leakage current component because electric field was
also lesser at the gate edge of drain side. An increment in the gate to channel length with
an AlGaN layer thickness could have been a probable reason for high gate leakage current
in the thick AlGaN layer.

3.3.3 Gate Length, Source to Gate Length and Source to Drain Length

Scaling of gate length and source to gate length played a key role in the performance of
biosensor as it directly influences the device transconductance and hence the sensitivity
and response time of biosensors. Transconductance (gm) in these devices strongly
influenced the sensitivity of a biosensor. In a biosensor, it is required to have a large gate
area as well as area between source-gate to immobilize bio-functional units uniformly for
bio-chemical reactions to occur. However, increasing gate length adversely affects the
device performance, but it is beneficial for bio-functionalization. In this work, we
investigated the effect of variations in gate length (1um to 5um) and source to gate length
(1pum to 3um) to choose the most suitable one for bio sensing applications. Downscaling
of gate length (Lg) and source to gate length (Lsg) improved the device performance,
enhancing the drain-current (lg) and device transconductance. In order to study the
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effects of downscaling the contact distances the sensitivity and response time of bio
sensing device, we performed two sets of simulations. In the first set of simulation, Lsp
and Lg were kept constant to the value of 7.0 um and 1.0 um respectively with Lsg varied
from 1 pm to 3 um. In the second case, Lsp and Lsg were kept constant to the value of 7.0
pm and 1.0 pum respectively and Lg varied from 1 um to 5 pum. Downscaling of gate
length (Lg) and source to gate length (Lsg) enhanced the drain-current and
transconductance. Therefore, firstly we checked the value of electric field under the gate
region. Output current for Lsg=1pm, Lg=1pum was higher (1.01 A/mm) due to highest
recorded electric field (4.36 x 10° V/cm), where as it was lowest for Lsp7pm Lg
5um_Lsglum configuration as shown in Fig. 3.10. These results fitted to the relationship

of lgmax @and Lsg +Lg, that could be expressed by Igmax o (Ls +Lg) % [148].
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Figure 3.10: Comparison of drain current with different Lsg and Lg

In the first set of simulation, g, decreases from (211mS/mm to 135mS/mm) with
increased Lsg 1 to 3 um. In order to know the reasons behind these results, we checked
mobility and parasitic capacitances. Here, the mobility reduced from 1151.5cm?/V-s
745.63 cm?#V-s with up scaling of Lsg. To extract parasitic capacitances, a small signal
parameter extraction was done at 50GHz with method adopted in [149], which showed an
increment in source to gate capacitance Cgs (10.210pF - 7.393 pF) with downscaling of
Lsc.
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Figure 3.11: Comparison of (a) transconductance and (b) leakage current with different
Le.

Fig. 3.11 (a) shows corresponding changes in gn, characteristics for the second set of
simulation which follows the same trend as in case of first set. Here g, decreases from
(211 mS/mm-48 mS/mm) with increased Lg from 1um to 5um due to decrement in the
gate capacitance. An increment in Lg resulted in drain current reduction irrespective of
any variations in the Lsg value. Reduction in Lg was more effective than the reduction in
Lsc to influence the Biosensors performance. Fig. 3.11 (b) shows the comparison of gate
leakage current. Lowest value of gate leakage current was found with a decrement in L.
Different configurations related to Lg and Lsg variations were simulated and compared to
choose the most suitable design for GaN HEMTs based bio-sensors. Iy and gm values
were notably decease with increase in Lg and Lss. An increment in Lg was resulted in
drain current reduction irrespective of any variations in the Lsg value. Configuration
Lsp7pum_Lglpm_Lsclpm was chosen as the best combination due to highest attainable
value of gm (211 mS/mm) and Igs (1.01 A/mm). That was the result of highest extracted
value of Cgs (10.210 pF), mobility (1151.5 cm?/Vs) and electric field (4.36 x 10° V/cm)
with lowest value of gate leakage current among all these simulated designs. However,
the high value of parasitic capacitances may adversely affect the response time, though
they could be good for the sensitivity. Hence a compromise must be made in between
response time and sensitivity while selecting gate lengths and hence the resulting
capacitances.
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3.4  High-Temperature Effects on the Performance of AIGaN/GaN HEMTSs

As various working domains necessitate the GaN devices to be operated at elevated
temperatures, a systematic investigation of temperature dependences of the device
parameter is vital. In comparison to others I11-V semiconductor material, GaN material
devices can operate at much higher temperature (750°C), without degradation in
performance. The capability to operate at high-temperature facilitate the device to be
effective in the applications at extreme environments [150]. An assortment of chemical,
gas and biosensor in view of HEMT technology has been operated at elevated
temperatures [151]-[153]. Long term stability and high-temperature operation are the
significant prerequisite for a gas sensor. For instance, in a hydrogen gas sensor
hydrocarbons are dissociated by catalytic metals merely at elevated temperatures. The Si
based gas sensor has a point of confinement to be operated underneath 250°C, prohibiting
them from being utilized as hydrocarbon detectors or for other applications requiring a
high-temperature operation. Therefore, semiconductor devices based on AlGaN/GaN
heterostructure have a great potential for sensor application in harsh environments.
Various simulations were conducted on different mechanisms of GaN-based HEMTs such
as transport and mobility properties [154], [155], self- heating effects [156], carrier
lifetime, etc. Temperature dependent models for some physical characteristics have been
stated by Islam and Hug [157]. An integrated simulation study of GaN-based devices was
greatly required for their performance at high temperatures. This section deals with
performance evaluation of the AlGaN/GaN HEMTSs at higher ambient temperatures,
between 300 K and 600 K. The device was analyzed by means of two-dimensional
hydrodynamic simulations [76], [145] using Silvaco-ATLAS to characterize the various
electrical properties of the instrument [69]. Further, we evaluated the temperature
dependence of the drain current and transconductance on the source to gate length, gate
length and gate recessing structures.An extensive theoretical outline was done to attain
the most overall values for GaN and AlGaN properties. Energy band gap, the density of
states, saturation velocities, surface traps, polarization effects, carrier lifetime and
mobility, permittivity, effective Richardson’s constant donor, and acceptor energy levels

were considered as critical parameters for predicting the temperature effects in
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AlGaN/GaN HEMTs. The three differential equations have material-specific parameters,
such as band gap energy, electron mobility, thermal conductivity, etc. The dependence of
these parameters on temperature was expressed through models which are discussed in
the following.

1) Band Gap Energy

The most significant parameter of any semiconductor material is bandgap. Temperature
dependence of the energy bandgap (Eg) of a semiconductor can be articulated by the
following empirical Varshni equation [158]:

agTLz

Eg = Ego = 5

3.1)

where, Egy o is the energy band gap at 0 K, ag and Bq are empirical varshni constants.
Energy band gap for ternary semiconductor was estimated via the magnitude of binary

compounds and their mole fraction in accordance with given equation:
EFI6aN = EfMNy + ESON (1 — x) 4+ C4(1 — x)x (3.2)

here Cq is the bowing parameter, x is the Al composition. These fitting parameters were
calculated commencing various empirical calculations. The typical values employed in

this analysis for GaN and AIN are sum up in Table 3.2.

Table 3.2: Fitting parameters for temperature dependent energy band gap calculation

Material Ego (eV) ag(eV/IK) By(K)
GaN 3.4 9.09x 10™ 830 [44]
AIN 6.2 18x 10™ 1462 [45]

The effect of variation in energy bandgap for GaN, AIN and AlGaN with temperature
could be explained by Fig. 3.12.
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Figure. 3.12: Energy bandgap as a function of temperature

2) Thermal Conductivity

The thermal conductivity is modelled by a power law [159]:

KT = koo (5055) (33)

300K

where, ksoo is the value at 300 K, T, is the lattice temperature and o is the fitting
parameter. For bulk GaN k300=130 W/mK was extracted [160] from earlier experiments.
GaN was grown over the sapphire substrate by the method of vapor phase epitaxial
growth technique. However, later experiments of epitaxial structures gave higher values
of kspo= 220W/mK and strong dependence on dislocation density using hybrid vapor
phase epitaxy growth technique [161]. From two studies [160], [161]we extracted two
parameter material model sets for GaN summarizes in Table 3.3. Fig. 3.13 compares the

two model sets of analytical as well as ATLAS simulations (model setl was used for the

simulations).
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Table 3.3: Fitting parameter for thermal conductivity

Material K300 (W/m K) A

GaN Model set 1 130 -0.43 [160]
GaN Model set 2 220 -1.2 [161]
AIN 350 -1.7 [162]

In case of AIN, the deviation of the extracted digits of the thermal conductivity as a
component of temperature is expressed in Fig. 3.14. We assume a ksgo0f 350 W/mK,
which was near enough the value stated by [162]. The parameter a, which modeled the
decline with temperature, was calibrated alongside calculated data [162]-[164].

240
1 Thermal Conductivity of GaN
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Figure. 3.13: The comparison between the analytical approximation and ATLAS
simulation outcomes of the GaN thermal conductivity as a function of Temp from T=300
K to 600 K
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Figure 3.14: The comparison between the analytical approximation and ATLAS
simulation outcomes of the AIN thermal conductivity as a function of Temp from T=300
K to 600 K.

3) Electron Mobility

The low-field mobility can be modelled by an expression [165]

e
T max— Hmin/\ 359
1o (T, N) = tmin () 00 (34)

N

1+|——————%3
B
[Nref(%

(k)
) l

where, T is the temperature, N is the total doping density, and a, B1, B2, B3, P4, Hmin, Hmax,
and Ny are parameters that can be determined either from experiment or Monte Carlo
simulation. Table 3.4 Summarizes low-field mobility model parameters for GaN.

Table 3. 4: Summary of low-field mobility model parameters for GaN

Hmin Mmax a B1 B2 B3 B4

312.1 1401.3 0.74 -6.51 -2.31 7.07 -0.86 [165]
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Figure 3.15: Comparison between the analytical approximation and ATLAS simulation
of the Low-field bulk mobility in GaN as a function of Temp from T=300 K to 600 K

The electron mobility dropped monotonically with rising in temperature because of the
improved scattering rate, as shown in Fig. 3.15. Results obtained from analytical
modelling have been compared with those obtained from ATLAS™ from SILVACO
International. A close fit between the results obtained from numerical simulation and
ATLAS software simulations have been observed. The variation in the results might be
due to the boundary conditions applied during simulation in sub nanometer region.
Hydrodynamic models has been applied which gives precise results upto 4™ order of

simulation results.

3.4.1 Temperature Dependency on Output Characteristics

The temperature dependence of the maximum current and transconductance of different
devices were also investigated. The l4s-Vgs curve for gate bias Vg= +2 V of the simulated
AlGaN/GaN HEMT is shown in Fig.3.16 (a). The drain bias was ramped from 0 V to 10
V for each of the gate biases. The peak current density reached was of Vg= +2 V, Vys=
+10 V at 300 K with a current density of 0.84 A/mm. We observed a reduction in lg (=
52%) with an increase in temperature from 300 K to 600 K. The high current density
could be attributed to the extremely high charge that was accumulated in the channel due
to the polarization effects and the high saturation and peak velocity of electrons in GaN.

The maximum drain current was reduced whereas temperature rose from 300 to 600 K.
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Figure 3.16: Comparison of (a) drain current and (b) electron concentration at different
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To understand the reason behind this, we checked for various parameters such as carrier

concentration and electron mobility as shown in Fig. 16 (b). Peak electron concentration

6

1.4x10"

1.2x10"°

1.0x10"°

8.0x10"

6.0x10"

4.0x10" 1

Electron Concentration, (/cm®)

2.0x10" 4

0.0

—a— Temp 300 K
—e— Temp 350 K
—a— Temp 400 K
—v— Temp 450 K
—— Temp 500 K
—<— Temp 550 K
~—»—Temp 600 K

—

T T
0.134 0.136 0.138

T T
0.140 0.142
Depth, (um)

(b)

T T
0.144 0.146 0.148

alongside of the channel was about 1.3x10" /cm?® at 300 K corresponding to the highest

13s=0.84 A/mm when the device was turned on. Because of phonon-scattering-induced
mobility degradation, the magnitude of

lgs in both linear and saturation regions went

down at higher temperatures [166]. Fig. 3.17 (a) illustrates that the transconductance, gm

versus gate-source voltage, Vg of AlGaN/GaN HEMT at various ambient temperatures
between 300 K and 600 K.
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temperature
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By increasing temperature calculated transconductance at Vgs= +5 V decreased from gn=
270 mS/mm at 300 K to gn= 80 mS/mm at 600K. Such effect could be explained by,
looking at the differences between the electron mobility values at different temperatures
as depicted in Fig. 3.17 (b). The electron mobility in the channel was 1181 cm?/Vs at 300
K. When the temperature was increased electron mobility degraded along with the

channel as a result of phonon and impurity scattering.

3.5  Trapping Effects on Leakage and Current Collapse in AIGaN/GaN HEMTs

The performances of these devices can be constrained by the presence of structural
imperfection, dislocations, and trap related phenomenon in HEMT structures [39], [167].
Trapping effect related issues like current collapse, high leakage current through the
buffer layer, and the reduced breakdown voltage needs to be enhanced to get long term
reliability of the HEMT structures [168], [169]. These traps/deformity levels can be
generated during the material growth or device processing and introduced deep level
acceptors. The acceptor type traps in the GaN buffer and AlGaN barrier layers are
necessary for device working, but the appropriate combination of trap density and energy
level can suppress leakage current. Herein, it is exhibited that the density of acceptor
type trap in the buffer/barrier layer and the trapping energy levels also play a crucial role
in governing the current collapse and leakage current in the HEMT devices. Current
collapse is a mutual effect of gate and drain lag, in which the deliberated output RF
power, is always lesser than anticipated from dc operation [170]. Charge carriers get
trapped at these defects levels which reduce the concentration of charge carrier accessible
for the conduction of current. Consequently, the drain current gets reduced. As the
buffer/barrier trap density or energy level rises, the current collapse became additionally
dominating whereas leakage current became drastically diminish. Moreover, the acceptor
type traps in the buffer and barrier have been anticipated to reduce current collapse during
persist in the leakage current minimal. The physical properties and input model

parameters of AlGaN and GaN employed in our modelling are concise in Table 3.5.
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Table 3. 5: Input of material parameters for AlGaN and GaN used in the simulations

Parameter Alp2sGag7sN | GaN
Band gap (eV) 3.96 3.4
Permittivity 9.5 9.5
N300 (cm™) 3.3x10'® 2.3x10'®
Ny300 (cm™®) 1.5x10% 0.4x10%°
Thermal Conductivity (W/cm.K) 2.85 15

Vsa for electrons (cm.s™) 1x10’ 1x10’

B 2 2
Piezoelectric Constant (c/m?) -0.729 -1.0

1. Poisson’s Equation

Poisson’s Equation is part of Maxwell’s equations. These equations can be correlated by

electric field towards the space charge distribution specified by [69]

div (eVy) = —p (3.5

Where, v is the electrostatic potential, € is local electrical permittivity, and p is the local
space charge density. The reference potential for ATLAS is always the intrinsic Fermi
potential ;. The space charge density in a semiconductor is given in the general case by
[69]

p=+qlp + NB —n- NK] — PTrap (3.6)
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where, n and p are the electron and hole densities and Np* and N5 are the donor and
acceptor ion densities, prrap IS the charge density contributed by the traps and fixed
charges, all of which are, in general, a function of space and time at each node in the

device structure.

2. Mobility Model

The temperature, doping, composition and field dependent electron mobility models were
employed within this work. The doping-dependent electron mobility can be modeled as
[165]:

B
T )Bl (P—max_llmin)(%) ’

300 a(L)Bd‘ (37)

p-o(T: N) = p-min(

N
B3

N
Nref(300)
where, T is the temperature, N is the total doping density, and a, B1, B2, B3, B4, Hmin, Hmaxs

N are the parameters which were interpreted by Monte Carlo simulation.

Since the charge carriers gets accelerated in the applied electric field, at that instance,
their velocity goes into saturation and the electric field turns out to be more substantial.
This impact could be used as a decrement of the mobility because the extent of the drift
velocity is the combined effect of mobility and electric field in the course of the current
flow. The parallel field dependent electron mobility model to compute velocity saturation

is shown below [165]:

EN1-1
Ko (TN )+VsatET1

n= < (3.8)

1 E\"2 E\"2
+a(s—c) +(E_C)

where Uo(T, N) is the doping dependent mobility, communicated in (3). The parameters,
Vaat, Ec, @, N; and ny are calculated by least squares fit to the outcome obtained by Monte
Carlo simulation. The estimation of these parameters obtained for both ternary

compounds with two bracketing cases of alloy scattering.
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3. Shockley-Read-Hall (SRH) Recombination

The recombination in the presence of traps in the forbidden gap is explained by the
Shockley—Read-Hall (SRH) recombination model. Shockley-Read-Hall recombination is
given by [69]:

_ pn-ng,
RSH N Tpo[n+ny]+Tno[p+Dx] (39)
(ETrap)
N, = Nee' KL (3.10)
_(ETrap)
Px = Njee * L (3.11)

where, E1rqp is the change in the trap energy level from the intrinsic Fermi level, where nje
is the effective intrinsic density, T, is the lattice temperature in Kelvin and t,, and 1, are
the electrons and hole lifetimes. To investigate the impacts of deep level acceptor traps,
physics based numerical simulations of AlGaN/GaN HEMT with different trap density
for buffer (N1 putrer), trap density for barrier (Nt parrier), trap energy for buffer (Et pufrer) and
trap energy for barrier (Et parier) Were taken into consideration. A systematic examination
of the effect of buffer and barrier trapping energies and densities on current collapse and

leakage current were summarized in the next sections.

3.5.1 Trapping Effects with Various Trap Densities
A) Buffer Trapping Effects

The Buffer trap density (Nt pufrer) Was varied at the range of 5x10™ ~5x10'® cm™. The trap
energy level (Etpurer) Was kept constant at 0.75 eV. Besides this, we included donor
doping of 5x10* cm™ in the GaN buffer layer which is accounted as a background
carrier. It should be noted that in this section, only traps in buffer layer were considered.
Fig. 3.18 shows the results of current collapse depending on the traps in the buffer and
barrier layers. The observed increase of current collapse, 6% to 89.8% in the buffer and

0.3% to 17.5% in the barrier layers has been attributed to an increased trap density.
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Fig. 3.19 (a) shows the DC current-voltage characteristics with deep trap energy, Et puffer

=0.75 eV and Nt pusrer Varies from 5x10™ ~ 5x10 cm™,
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Figure 3.19: (a) DC I-V characteristics of GaN HEMTs at Vg= +2 V, (b) Transfer
characteristics at Vgs= +5 V at trap energy (Etpufer= 0.75 €V) with variation in trap
density of buffer layer (N utter) ranging from 5x10*° ~5x10' cm™

The maximum drain current, 143s=0.75 mA/mm at Vg= 2 V and V4= 10 V, was obtained

for the N putrer= 5x10*° cm™ and provides approximate fit with the experimental data as
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depicted in Fig. 3.19 (a). The peak transconductance of 250 mS/mm at V4= 5 V was also
recorded for the N pufrer= 5X10*° cm™. The threshold voltage of the device was about 1 V
for enhancement-mode operation. The collapse could be analysed clearly from Fig. 3.19
in which output drain current and transconductance was decreased with the increase in
trap density. The off state leakage current, Iy is shown in Fig. 3.20. As discussed above,
the current collapse was dominating for HEMTSs having higher trapping densities; though,
leakage current 1 was much less for these devices, leakage current falls drastically from
80.2% to 1.76%. The peak transconductance value for the Nt pufrer= 5x10%° cm™ is not in
accordance with the experimental data because of the presence of off state leakage current

in the devices.

0.0
-0.14
<
€ 0.2
E Eq pure= 0-75 €V
% NT‘DuHev (Cm 3)
© —a— \\ithout Traps
O 0.3- a1l
—a—10'°
—y— 10"
—e—10"®
0.4 . . ; ; : ; ;
-6 -4 -2 0 2

Gate Voltage, Vgs (V)

Figure 3.20: Leakage current (lg) with variation in trap density of buffer layer (Nt putfer)
ranging from 5x10%° ~5x10* cm™ and trap energy, Et putter= 0.75 €V at Vgs= +5 V.

As the Nt purer intensifies, more electrons would be able to be confined in the trapping
sites. These trapping sites get more ionized. The ionized traps create negative bias and
block additional electrons overflow. These results provide improved electron confinement
and a smaller amount of leakage current [168]. To describe the above occurrence, ionized

acceptor trapping densities for different Nt pufrer, and Et putrer = 0.75 €V are also studied.
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It reveals that the increased acceptor ionized trap density distribution was more dense in
the buffer layer for N puser = 5x10™ in comparison to high trapping buffer density. The
more acceptor ionized traps show that introduction of additional electrons commence
more confined channel area. This results in the depletion of 2DEG density in channel area
and a consequent decline in the output drain current. Hence, the ionized trap density
towards 2 DEG acts as a more of a negative bias in the case of Nt uufter = 5x10'%. From
the above outcomes and discussions, we observed that buffer leakage current abruptly
decreases as the trap density increased and high ionized acceptor trap density results in
reduced 2DEG density. Now, Fig. 3.21(a) is a graphical representation of current flow
lines with various trap densities. The cutline is drawn in the middle of the gate contact.
The simulation results for the current flow-lines were taken at biasing condition V=2 V
and Vg= 10 V. The current flow path in the 2DEG of HEMTs with Nt pufrer= 5x10%,
5x10% and 5x10'" cm™ tends to be likely spill over through the GaN buffer layer. This
outflow of electron results in decrease in the output current and transconductance.
However, N puier= 5x10™® showed a significant reduction in leakage current and current
flow lines were limited in the AlGaN and 2DEG region. Furthermore, to affirm that
electron confinement could be obtained by improving trapping density within buffer
layer. This phenomenon could be clearly seen by evaluating band diagrams with various
trap densities in Fig. 3.21(b), where, 2DEG was completely disturbed at the critical value
of 10'®. According to above discussion, in the case of buffer trap density, N pufter=
5x10* cm™ showed a good balance between current collapse (20.3 %) and leakage

current.

B) Barrier Trapping Effects

Next, we investigated current collapse and leakage current dependency on the trapping
densities in the AlGaN barrier. The trapping density was varied for the range of 5x10%
~5x10% cm™. The energy level of the traps in barrier layer kept constant at 1.12 eV
[171]. Fig. 3.22 demonstrates the simulated DC current-voltage characteristics (lgs-Vs)
for Vg= 2 V and Vg= 10 V. It can be observed that as the trap density goes high in

AlGaN barrier layer, the collapse raised from 0.3% to 17.5%. The current collapse was
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less pronounced in the case of presence of traps in barrier due to a separation between
2DEG and AlGaN barrier layer.
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Figure 3.22: Ip-Vp characteristics at Vg= +2 V, at trap energy (Et parrier= 1.12 €V) with

variation in trap density of barrier (Nt parier) ranging from 5x10*° ~5x10* cm,

On the other hand, leakage current falls drastically from 95% to 12.6% as shown in Fig.
3.23. The reason behind this reduction was alike in the case of traps in buffer.
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Figure 3.23: Leakage current at trap energy (Etparier= 1.12 €V) with variation in trap

density of barrier layer (N parier) ranges from 5x10™ ~5x10 cmat Vgs= +5 V.
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lonized acceptor barrier trap density was observed in barrier layer only. These traps
accomplished negative biasing, which provided improved electron confinement. This
negative bias was not much affected to 2DEG because of the separation between 2DEG
and barrier layer. By analyzing current flow lines, it affirms that electron accumulation
could be acquired implementing higher trapping density in barrier. Fig. 3.24 shows
graphical representation of current flow lines. Also, the increase in ionized trap density
acted as a negative bias, repels the current flow lines. According to our analysis in the
case of barrier trap density, 10*® showed a good balance between current collapse (17.5%)

and leakage current.
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1.12 eV) with variation in trap density of barrier layer Nt parier= 5x10™ and 5x10'® cm™
3.5.2 Trapping Effect Depending on Different Trap Energy Level

In this section, various energy levels of the acceptor traps in the GaN buffer layer 0.75,
1.8 and 2.85 eV were studied. These trapping energy levels were taken from the literature
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by P. B. Klein and co-author’s [172]. We observed deep level traps in these energy levels
by a spectroscopic technique which caused current collapse. The Nt pufrer KEpt constant at
10" cm™ that were chosen from the analysis of different trap densities as discussed in
section 1. Output drain current reduces with an increment in the energy level of traps as
shown in Fig. 3.25. The high drain current of 0.81 A/mm was recorded when traps were

not present in the buffer layer.
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Figure 3.25: DC Ip-Vp characteristics of GaN HEMTs at V4= +2 V, at trap density of
buffer layer (Nt pufrer= 5x10%° cm'3) with variation in trap energy level, Et parrier 0.75, 1.8
and 2.85 eV

As we considered traps in buffer with N pufrer= 5x10*° cm™ @ Eq parier= 0.75 €V current
fall down to 0.63A/mm and it was lowest for the combination of Nt pusrer= 510 cm™ "
Et parrier= 2.85 eV for the Current collapse increases from 22% to 47% with increased trap
energy level. Fig. 3.26 presents that increment in trapping energy from 0.75 to 2.85 eV,
the leakage current reduced from 58% to 3.8%. Higher trapping energy level shows
further electrons infusion in channel area. These extra added electrons caught by the
buffer traps, following decrease in 2DEG thickness in the channel area and a consequent

reduction of the drain current.
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Figure 3.26: Leakage current at trap density of buffer layer (Nt puser= 5%10™ cm™) with
variation in trap energy level, Et parier 0.75, 1.8 and 2.85 eV

The ionized acceptor traps of high trapping energy level, (Etpufrer = 2.85 €V) in the GaN
buffer layer raise the conduction band energy of the GaN buffer layer and the electrons in
the 2DEG to enhance confinement as depicted in Fig. 3.27.
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Figure 3.27: Energy band diagrams at trap density of buffer layer (N puffer= 5x10™ cm™)

with variation in trap energy level, Ev parier =0.75, 1.8 and 2.85 eV. The cutline is drawn
in the middle of gate contact
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Consequently, electron brim over to the buffer layer was effectively underlying, and the
trapping effect was drive down more at the higher energy. We also investigated the effect
of trap energy level on the ionized acceptor density and electron distribution. lonized
acceptor traps density and electron distribution further confirm that the higher energy
levels confinement became intensified and promoted a smaller amount of electron spill-
over and hence reduced the leakage current. In the case of buffer trap energy level, 0.75
showed a good balance between current collapse (22%) and leakage current. The effect of
acceptor traps on current collapse and leakage current has been examined by employing
device simulator SILVACO ATLAS. Current collapse and leakage dependency on the
density and energy level of the acceptor like traps in buffer and barrier layer were studied.
Traps in buffer and barrier layer are necessary to prevent the dissemination of buffer
leakage and reduction in current collapse.

We demonstrated the effect of trap density and trap energy level in the buffer and barrier
layer on the DC characteristics and leakage current of the AIGaN/GaN HEMT. It is
observed that higher the trap density in the buffer layer, the higher the current collapse
and less leakage current. Trapping density, Ntuuter Was changed from 5x10 cm™
onwards to reach to the critical value 5x10*® cm? at Etputter = 0.75 €V. As a result, we
achieved a maximum drain current lgs= 0.758 A/mm and a peak transconductance, gn =
250 mS/mm from the combination of Ex pusrer = 0.75 €V and N putrer = 5x10*° cm™. Since,
trapping density lifted up, leakage current dropped abruptly from 80.2% to 1.76%.
However, current collapse increased from 6% to 89.8% with the trap density in the buffer.
These results indicate that balancing the trade-off amid diminishing current collapse and
minimizing buffer leakage current is necessary. We have perceived that higher the buffer
trapping energy, lesser the magnitude of leakage current. Finally, our observation
concludes that the trap density 5x10*° cm™ shows a good agreement concerning reduction
in current collapse 22% and lowering leakage 58%. We also observed that higher the
buffer trapping energy at constant Nt puffer= 5%10% cm™ lowers the leakage current. The
current collapse increases from 22% to 47% with the higher energy level of buffer traps

but leakage current fell down from 58% to 3.8%.
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In addition traps in barrier layer are also considered. As the trap density increases
N putrer= 5%10"°~5x10"® cm™ at Evpuiter = 1.12 €V, current collapse raised from 0.3% to
17.5% and leakage current decrease from 100% to 12.6%. Barrier collapses percentage is
not much pronounced in comparison to buffer traps. Finally, an optimum values of

current collapse 17.5% and leakage 12.6% with trap density 10'® was observed.

3.6 Summary and Concluding Remarks

In summary, we performed an extensive study of the AlGaN/GaN and GaN/AlGaN/GaN
heterostructures. The results of this study indicates that the inclusion of a GaN capping
layer in AlGaN/ GaN heterostructures increases the peak electron concentration and
decreases the 2D-electron mobility. A device with a GaN cap layer does not exhibit gate
leakage current. Devices with 10 nm GaN Cap layer gave moderate electron
mobility1050 cm?/Vs, moderate drain current 1.56 A/mm and peak electron
concentration 1.3 x 10* cm™ at the AlGaN/GaN surface. Thin AlGaN layers give lower
value of drain current together with lower value of leakage currents. Thick AlGaN layers
exhibit high drain current and the leakage current become prominent. But this layer
should be thick enough to eliminate a pure tunneling process from the channel area in the
surface states. AlGaN layer with 25nm thickness gives good drain current, electron
mobility, and peak electron concentration.

Analytical analysis and simulated study of various electrical parameters such as output
current, transconductance, electron mobility, and electron concentration have been done
and the results have been obtained by solving appropriate energy balance equations using
Silvaco-ATLAS tool. The set was validated against analytical data from a real device in a
wide temperature range. Good predictive results for the DC characteristics of various
devices were obtained. The calibrated simulation tool allows for the study, design and
optimization of down-scaled and gate recess structures for high-temperature operation.
The effect of acceptor traps on current collapse and leakage current has also been
analyzed. Current collapse and leakage dependency on the density and energy level of the
acceptor like traps in buffer and barrier layer were studied. Traps in buffer and barrier
layer are necessary to prevent the dissemination of buffer leakage and reduction in current
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collapse. AlGaN layer with 25nm thickness gives good drain current, electron mobility,
and peak electron concentration. Configuration Lsp7um_Lglum_Lsglpum was chosen as
the best combination due to highest attainable value of g (211 mS/mm) and Iy (1.01
A/mm). We have fabricated the above mentioned optimised simulated HEMT structure
(AlGaN Layer 18 to 25 nm and Lsp7pum_Lglum_Lss1lpm) with some other sets of device
dimensions for the experimental work. We have presented detail information about the

device structure and dimensions in the Chapter 4.
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CHAPTER 4

Fabrication and Characterization of AIGaN/GaN HEMTSs

In this chapter, we are reporting on the fabrication and characterization of AlGaN/GaN
HEMT devices.

4.1 Introduction

AlGaN/ GaN high electron mobility transistor (HEMT) devices are the remarkable
contenders for the cutting edge power, voltage, microwave, optoelectronics, and
biosensing devices due to the ideal composite of large band-gap, high electron mobility,
high carrier concentration and high saturation velocity with high electric field value
[173]-[176].

Epitaxial growth of AIGaN/GaN HEMTs structure encounters many problems.
AlGaN/GaN HEMT devices are generally hetero-epitaxially grown on foreign substrate
materials like Sapphire [177], [178] or Silicon Carbide (SiC) [179] or Si [180] because of
insufficiency of the native substrate. High crystal quality GaN epitaxial layers on such
substrates are obtained by using Metal Organic Chemical Vapor Deposition (MOCVD)
growth technique. Outstanding development in epitaxial material quality is reported by
implementing annealing of the substrate in Nitrogen, Fe doping [181], delta doping [182]
etc. The characteristic and quality of epitaxial growth of GaN are additionally
investigated on low-cost SiC substrates [183] and on the Diamond substrates [184]. It is
complicated to obtain crack-free AlGaN/GaN epitaxial structure along with high Al
composition [185]. There are a lot of efforts, for example, using interlayer [186]or super
lattices [187], to enlarge the crack free thickness of an active layer. The accurate
determination of strain and Al composition in AlGaN/GaN epitaxial structure is essential
for high power and frequency applications. Nevertheless, in order to get proficient usage
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of the distinct 111-Nitride hetero structure properties in HEMT technology, various device

processing steps must be expounded.

In this chapter, HEMT structures have been fabricated over AlGaN/GaN epitaxial
structure grown MOCVD technique. The sapphire substrates were favored due to high
crystal quality and its accessibility at the generally minimal expense contrasted SiC or
GaN substrates. In case of biosensors, precision and chemical stability are the foremost
decisive factors of substrate selection. Last of all sapphire is the majorly considered
substrate for group Il nitrides because the growth techniques are well established for
sapphire [15]. Finally, AlGaN/GaN HEMTs are fabricated and tested by I-V

measurements.

4.2  Device Processing

To fabricate AIGaN/GaN heterostructure limiting the channel area into an
electrochemical sensor device, the technologies which are accessible at CEERI, Pilani is
utilized. Now, the HEMT structures comprised of a 2.3 um thick unintentionally doped
GaN buffer and 18 nm thick n-type Alg25Gag7sN layer. The epi-layers were deposited on
sapphire substrate by MOCVD growth technique on GaN buffers deposited on sapphire
substrates. Processing steps for the fabrication of AIGaN/GaN HEMT on Sapphire are
expressed in Fig. 4.1.

4.2.1 Photolithography

Photolithography is a very crucial stride in the fabrication process of GaN HEMTs. To
fabricate the AlIGaN/GaN HEMT devices, chrome plated mask of size 3" x 3" is utilized.
Shipley-1818 a positive photoresist was being used for the pattern transfer. At first,
samples were mounted on the glass plate by spinning the photoresist at 1000 rpm for 10
sec. After mounting, samples were baked at 90°C for 25 min. The photoresist was coated
on the specimen by spinning the sample at 4000 rpm for 40 sec. The thickness of the
photoresist is ~ 2 um. Optical Mask Aligner (Karl Suss MJB3 UV/VIS) has been utilized

for the exposure to UV rays
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Figure 4.1: Schematic diagram of processing steps involved in the fabrication of
AlGaN/GaN HEMT on Sapphire.
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sensors, however for smaller feature sizes, electron beam lithography have to employ.
Exposure time was optimized to 20 sec. The subsequent step was developing the
structures and regulating them through optical microscopy. The development time was 60
sec in developer solution (MFCD 26). After the development process, the samples were
flushed in DI water and hard baked at 90°C for 50 minutes. Preceding any processing
step, the specimens were treated with plasma ashing process. The samples were then
exposed to oxygen plasma for 1 to 2 min, to expel the traces of photoresist from the
active/exposed area. This step was recurred for following metallic layers and dry etches,

which were requisite to develop a entire device.

4.2.2 Device Isolation

Device isolation was one of the most crucial process step attained by using mesa etching
or ion implantation technique [188]. The first lithographic step is to make an isolated area
between the adjacent devices, following the completion of organic and acid cleaning. In
this case, 18 nm of AlGaN layer and some parts of the GaN layers are etched by different
isolation techniques. Inter-device isolation in GaN HEMT was mostly exercised by
creating mesa structures utilizing dry etch process. Lamentably, the chemical inertness of
nitride material diminishes the etch rates. Due to which, the ratio combination of
chemical radicals with ions utilized as a part of dry etching technique (RIE) was by all
accounts feasible innovation to evacuate materials faster than conventional wet etching
process. Drawbacks of these mesa processes are related to mesa sidewall. This sidewall
may prompt to additional gate leakage current and least breakdown voltages [189].
Various methodologies were addressed to take out issues related to the mesa sidewall.
Authors in [190] revealed a configuration of isolation using oxide layer to cover the mesa
edge and diminish related gate leakage current [191]. Besides, planar ion implantation
(1.1) approaches to avoid the mesa sidewall and lessen step coverage problem in the gate
at mesa edge, thus reduced the gate leakage current and improved the yield and
uniformity [192]. Implant isolations can be accomplished in GaN utilizing H*, He*, N*,
F', Mg", and Ar" ions [193]-[198]. The heavy lon mass (Ar") isolation implantation
created the displacements at the shallower location with a higher concentration compared

to light atomic mass ions (i.e., H', He" or N*). A heavy ion is anticipated to cause
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additional lattice damage and disorders. Hence it is able to endure successive high
temperature processes. The lesser amount of implantation incident energy diminishes the
likelihood of surface destruction of the device. The multiple incident ion energy and
multiple ion dosage for two different ion masses were used and compared to make sure
qualitative isolation in both AlGaN and GaN buffer layers with proficient thermal
stability. To the best of author’s knowledge till date, the previous writings offer no such
direct multi-parametric performance evaluation involving these device isolation
techniques. This section addresses comparative investigation of device performance on

fabricated HEMTSs by the mesa etch and ion implantation.

Firstly exhibits the device isolation using ion implantation technique. Two different ion
species (Ar”and N*) with multiple-energy and multi-dosage are employed in this process.
Furthermore, we gave an account of electrical studies made on AlGaN/GaN HEMTSs
utilizing RIE (Model: 591, Sentech, Germany) for mesa etching. Ar* based chemistry was
used in single and double step RIE process for Mesa isolation. The AlIGaN/GaN HEMTSs
structure used for the experiment consist of 2 nm AIN nucleation layer along with 2.3 pm
unintentionally doped GaN buffer layer and 18nm thick n-type Alg2sGag7sN layer. The
epitaxial layers were deposited MOCVD growth technique on GaN buffers deposited on
sapphire substrates. Device fabrication includes ohmic contacts formation after device
isolation. Drain and source ohmic contacts with a metal stack of Ti/Al/Ni/Au were
obtained using e-beam metallization technique and then annealed in nitrogen ambient. Ni-
based Schottky contact was used as a gate finger. lon implantation and dry etch processes
were used for the device isolation. Devices were interconnected using Au interconnects.
The 2DEG carrier mobility is 1300 cm?/Vs and sheet carrier density is 10** cm™. Hall
measured sheet resistance value is 550 ohm/square. Transmission line measurement
(TLM) and meander structures were used to study the sheet resistance, contact resistance
and isolation resistance. The fabricated meander structure after isolation is depicted in
Fig. 4.2 to measure isolation resistance. Output characteristics were measured on unit gate

devices having an Lsp = 50.0 um explicitly used for the sensing applications.
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Figure 4.2: (a) Meander Structure after Isolation (b) Vander Pauw after Isolation

Fig. 4.3 demonstrates the schematic cross-section of the fabricated HEMT devices on (a)

lon-implanted (b) mesa-isolated samples.

Ar* or N*

i

Figure 4.3: Schematic cross-section of AlGaN/GaN HEMTs fabricated on (a) ion

implanted and (b) mesa-isolated samples

At first, different samples were implanted with multi-energy and multi-dose to produce an

effective damage depth. Parameters used for ion implantation (I.1) are listed in Table 4.1.
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To make a highly resistive isolation region, devices were pushed to undergo to Ar*/N* ion
implantation including three and four energies (3 E & 4 E) of (20/35/65 keV & 20/35/65/
160 keV), and doses of (4.2 x 10'%/6.3 x 10%? /1.11 x 10" cm™ & 4.2 x 10'%/6.3 x 10%
/1.11 x 10%%/ 1.11 x 10" cm™) respectively. These energies produced an effective damage
depth of 255 nm. The transport of ions in matter (TRIM) software was employed to
compute ion ranges in GaN HEMT structures [199]. Fig. 4.4 shows the displacement
profiles in AlGaN/GaN by *N* and “°Ar* ions for successive 3 E and 4 E calculated
using TRIM code

Table 4. 1: Parameters used for multiple-energy and multi-dose ion implant

Recipe lon Energy (keV) and Source

Gas
Doses (/cm?)

3 Energy | 20 35 65 ArfIN*

4.2x10%? | 6.3x10%% | 1.11x10*®

4 Energy | 20 35 65 160 ArfIN?

4.2x10%% | 6.3x10%% | 1.11x10"® | 1.11x10"

Secondly, Reactive ion etching (RIE) method was employed as a dry etch technique
employing single step and dual step etch processes. For optimization, different ratio
combinations of the flow rate of reacting gases (BCls/Cl,/Ar), RF power and pressure
were varied and investigated the impact of different mesa recipe/condition over the
electrical performance of AlGaN/GaN HEMTSs. The conventional single step BCls: Cl,
based plasma chemistry (Recipe 1) with a specific combination of gas flow (3:1), RF
power 75 W and pressure of 5 Pa was used for the mesa etching. Recipe 2 was generated
by directly adding argon (Ar) in the single step Recipe 1. Next, the Double Step Recipe
(Recipe 3) was created in which; the samples were pre-treated in BCls: Ar (2:1) plasma in
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the first step at 100 W and pressure of 1 Pa.
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Figure 4. 4: Simulated depth profiles of vacancy and ion for successive Ar* and N* ion
implantation for 3 and 4 Energies (20/35/65 keV and 20/35/65/160 keV) in AlGaN/GaN
HEMT structure by TRIM Simulator

In the second step, the sample was etched using BCls: Cl,: Ar (3:1:1) plasma chemistry.
Recipe 4 was generated by reducing the power in Recipe 3. Table 4.2 gives the typical
values of different experimental conditions, the ratio of flow rates of reacting gases,

chamber pressure, and RF powers.

4.2.2.1 Isolation Using lon Implantation Technique

This work reports on the use of multiple incident ion energies and multiple ion doses to
ensure highly resistive isolated region in AlGaN and GaN buffer. For comparison, three
energy and four energy Ar" ions with ion energies (20/35/65 keV & 20/35/65/ 160 keV),
and doses of (4.2 x 10%%/6.3 x 10'2/1.11 x 102 cm™? & 4.2 x 10'%/6.3 x 10 /1.11 x 10"/

1.11 x 10" cm™) respectively were used for implant-isolation.
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Table 4. 2: List of dry etching conditions in the RIE system to examine the effect of flow

rate of reacting gases, RF power and chamber pressure on the electrical properties of the

dry-etched surface in AIGaN/GaN heterostructures

Flow rate of (BCl3/Cl,/Ar)
RF Power and Pressure

Flow rate of (BCl3/Cl,/Ar)
RF Power and Pressure

Recipe
Step 1 Step 2
1 (Single Step) ?@C;%S \(;/1’25:3;1 -
2 (Single Step) ?@C;%S V(\;,IZS: ‘;; =3:1:1 -
3 (Dual Step) ]?@CFO (ﬁ{[ ,:1 2};211 ]?@Clli):()(\:)%]z’: 1A1£a: 3:1:1
4 (Dual Step) %%g@rfpiil lé@c;): \(7:\1121 /;ra =5:1:1

To examine electrical parameters associated with isolated regions, we analyzed -V
characteristics of TLM structures. Isolation resistance was measured by meander
structures. The recorded magnitudes of isolation resistance, specific contact resistance
and sheet resistance after lon implantation is listed in Table 4.3. The reference test sample
which is not implanted showed a resistance approximately equals to ~200 Q. After
implantation, the isolation resistance increased for both the energies (3 E and 4 E). In
these AlGaN/GaN devices, use of 3 E and 4 E resulted in a slight change in the isolation
resistance. The maximum isolation resistance value of 0.11x10° Q was recorded for 4 E.
Use of 3 E in this instance probably generated more defects near to the 2DEG area which
created leakage paths and hence the isolation resistance reduced. Sheet resistance was
increased after 3 E and 4 E ion-implantation. lon implant with 4 E has shown low sheet
resistance 579.5 Q/square as compared to 3 E. Device isolation current measured from

meander structure for 3 E and 4E Ar” implant is 1.1 pA and 0.3 pA respectively.
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Table 4. 3: Comparison of Isolation resistance and Sheet resistance obtained by 3 energy

and 4 energy Ar" ion implant sequences

Isolation Resistance Sheet Resistance Specific Contact Resistance
(MQ) (Q/Square) (Q/cm?)

3 Energy 4 Energy 3 Energy 4 Energy 3 Energy 4 Energy
0.08 0.11 623.8 579.5 6.2x10° 6.7 x10°®

Fig. 4.5 presents the recorded output characteristics treated by both the sequences of ion
implant with the source to drain length, Lsp = 50 um. We can see that the output drain-
current was lgs= 0.37 A/mm for the samples treated with 4 E ion implantation and 0.22
A/mm for the samples treated with 3E ion implantation technique at Vg= 2 V and Vgys=
25 V.
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Figure 4.5: Comparison of Output drain current obtained by 3 energy, 4 energy Ar" ion-

implant sequences for unit gate width devices with Lsp =50 pm

Lowest specific contact resistance p = 6.7x10° Qcm? and contact resistance, R. = 0.6

Q.mm was recorded on the AlGaN HEMT treated with 4 energy Ar® implant. Hence,
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output current, lgs = 0.37 A/mm was also recorded highest for this combination. These
outcomes demonstrated the remarkable device isolation attained using 4E Ar* based ion

implantation technique.

4.2.2.2 Isolation Using Mesa Etch Technique

The impact of different ratio combinations of the flow rate of reacting gases
(BCI3/Cl,/Ar), RF power and pressure on mesa isolation was investigated in view of
electrical performance in AlGaN/GaN HEMTSs. Different AlGaN/ GaN HEMT devices
were treated with the four recipes of RIE as mentioned in Table 4.2 and compared the
etch rate obtained by employing above dry etch recipes. An etch rate of around 50
nm/min and 100 nm/min was recorded on the samples etched using Recipe 1 and Recipe
3 respectively. The mix of Cl, and BCl; additionally incremented the etch rate of GaN
because of reactivity of chlorine. Fig.4.6 illustrates the scanning electron microscopy
(SEM) image of Mesa etched AlIGaN/GaN HEMTs.

o~
A

\

GaN GaN

Figure 4.6: Scanning electron microscopy (SEM) image of Mesa etched AlGaN/GaN
HEMTs

In addition, the additive gases like Ar added to BCls;, and BCIs/Cl, plasma again
improved the etch rate. Apparently the Ar plasma helped in oxide removal in combination
with BCl3 which is a slow etchant of AlGaN and it was expected to help in sputter
desorption of the etched product. These two recipes were then tested and compared to the
other HEMT structure having a thin 18 nm AlGaN layer.
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In order to increase the etch rates in these devices; Recipe 2 was generated in which the
Ar" was added in the Single Step Recipe 1. Fig. 4.7 compares the etch rate of different
mesa etching recipes on thin AlGaN (18 nm) HEMT structure. The etch rate increased
dramatically by 47 % after mixing Ar gas directly in BCl3: Cl, combination. By reducing
the RF power in double step etching (Recipe 4) reduced the etch rates from 47.8 nm/min
to 41.6 nm/min. Hence, the Ar addition in the single step etching or recipe 2 proved much

more beneficial as compared to the double step etching.

4.2.2.3 Comparison of Different Isolation Techniques

Further, we compared four different isolation techniques used for inter-device isolation on
the AlGaN (18 nm) HEMT structure as a thin barrier and which is most suitable for
biosensing application. These isolation techniques included four energy ion implantation
using Ar®, 4 energy N* implantation, single step BCls: Cly: Ar (3:1:1) at 75 W and
pressure of 5 Pa (Recipe 2), and samples were treated with both the technique mesa etch
and four energy N’ implantation simultaneously. After employing these isolation
techniques, isolation resistance and sheet resistance was measured for all the four

methods (see Fig. 4.8). The highest isolation resistance value of around 0.56x10° Q was
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recorded for RIE, whereas 4 energy Ar* implantation results in lowest isolation resistance
0.11 x10° Q. Sheet resistance value obtained for 4 E Ar* implant was 580 Q/square. For 4
E N* implantation, the sheet resistance value decreased abruptly to the value 515
Q/square. This value was highest (970 Q/square) for isolation using the 4E N* implant
with RIE. Isolation technique involving RIE as well as 4 E N* ion implantation provided
better isolation. This could be the result of incorporation of deep states in GaN [12]
suppressed by free carrier concentration and large lattice damage disorder created by N* -

ions.
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Figure 4.8: Comparison of Isolation resistance and Sheet resistance for four different
isolation techniques includes 4 energy Ar* implant and 4 energy N* implant, RIE and 4

energy N* implant together with RIE.

The increment in sheet resistivity provided decrement in carrier concentration and
mobility which will affect the output drain current. The calculated isolation current from
meander structure for 4 E Ar*, 4 E N* implant, BCI3/Cl/Ar plasma etching and 4 E N*+
RIE are 0.3 pA, 0.3 yA, 0.25 pA and 1 pA respectively. Fig. 4.9 presents the evolution of
the specific contact resistance value and output characteristics treated by all four isolation

methods.
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Figure 4.9: Comparison of (a) specific contact resistance and (b) output drain current (lgs)

for four different isolation techniques include 4 energy Ar® implant and 4 energy N*

implant, RIE and 4 energy N* implant together with RIE on the unit gate width devices

with Lsp =50 pum

Specific contact resistance was 6.71x10® ohm-cm? for 4E Ar* implant and 5.26x10° ohm-

cm? for 4E N* implant with RIE. As a result of which output drain current (0.37 A/mm)

was highest for 4E Ar" isolation method. Isolation using 4 energy N* implants resulted in

an increased value of specific contact resistance 3.87x10™° ohm-cm? and which will lower

the output drain current. Ar* based ion implantation and Ar based RIE proved to be an

improved technology for device isolation. lon implantation using 4 energy resulted in
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increased isolation resistance 0.11x10° Q as compared to 3 energy. Minimum specific
contact resistance p= 6.7x10° Q.cm? and contact resistance, R. =0.6 Q.mm values were
measured on the AlGaN HEMT devices treated with 4 energy. Consequently, output
current, lgs = 0.37 A/mm was likewise highest for this combination. In the case of RIE,
mixing of Ar in BCls: Cl, gave higher etch rate. Therefore, the Ar addition in the single

step etching proved better technique as compared to the double step etching process.

4.2.3 Formation of Ohmic Contact

After device isolation, the second lithographic step was done to realize Ohmic contacts

for source and drain terminals.

Figure 4.10: HCI: DI Pre-metalization etch

Prior to metallization, the samples were treated with HCI: DI water for 30 sec to perform
pre-metallization etches (shown in Fig. 4.10), then rinsed in DI water and dry with N,
flux. Fig.4.11 shows the ohmic contact with metal stack Ti/Al/Ni/Au deposited on the
AlGaN layer and growned TLM structures after Ohmic Contact Metallization. The
samples were again cleaned before the second lithography. Subsequent to the lithographic

step, Ashing was done to remove the traces of photoresist.

105



Figure 4. 11: Ti/Al/Ni/Au deposited on sample for Ohmic contact (a) unit gate width
device (2 finger device), (b) TLM structures after Ohmic Contact Metallization

A comparison of specific contact resistance (p¢) and surface morphology for Ni, Pt, and
Cr-based stacks is shown in Fig.4.12 and 4.13 respectively. The specific contact
resistivity and other related parameters of the ohmic contact can be evaluated by

transmission line model (TLM) between them.

30
| Thick AlGaN (25 nm)
25 —a— Specific Contact Resistance
< 204
=
()
?
£ 154
= o=
e
S 104
x
5 - =
0 T T T N T
Ti/Al/Cr/Au Ti/Al/Pt/Au Ti/Al/Ni/Au

Metal Stack (1:5:2:3)

Figure 4.12: Comparison of specific contact resistance (pc¢) for different metal stacks
Ti/Al/Cr/Au, Ti/Al/Pt/Au and Ti/Al/Ni/Au
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The aggregate resistance between the contacts is calculated by the four-point method and
represented as a component of the contact spacing. It is fitted by utilizing linear

regression as described in the given equation:
Rimeas = 2R W + dR,W (4.1)

Where, Rmess is the total calculated resistance between two contacts in (QQ), Ry is the

contact resistance in mm, Rs is the resistance of layer structure in the square, W is the

width of the contact and d is the spacing between contacts.

Ni

Figure 4.13: Ohmic contact (Ti/Al/x/Au) surface morphology SEM images where X

metal layer is replaced by Cr, Pt, and Ni metals

The lowest p.value of 5x10™° Q-cm? was measured on Cr samples. On the Pt and Ni
samples, this value increased by 2 and 4 times respectively. However, the surface
morphology of Ni was found to be better than Pt and Cr. The surface of Ni metal contact
was smooth even after annealing, and the deep protrusion of the metal was not observed.
On the contrary, the Pt and Cr surface have shown pits and hillocks. To improve the p. of
Ni contacts, the ratio of each metal in the Ti/Al/Ni/Au stack was changed. Initially a ratio
of 1:5:4:3 was used that gave a p. value of 25x10™ Q-cm? As the Ni content ratio is
reduced to half, the p. reduced. It decreased further with a diminishment in the amount of
Au as appeared in Fig. 4.14. This could be due to the reduced Ni-Au phase [200]. The
stack ratio of 1:5:2:2.5 delivered a very low p. of 6x10° ohm-cm?. As the Al and Au
ratios were increased, the p. ramped up again. At high annealing temperature, it became
difficult for Ni to block the Au [201] to get mixed into the Al to form highly resistive
purple plaque.
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Figure 4.14: Effect of metal stack ratio variation on specific contact resistance in Ni-

based recipe

The presence of Al and Au contents in the amount higher than the optimized value
brightened up the possibility of intermixing. Thus, the p. value increased. Different Ni-
based stacks were then deposited, annealed and compared on thin and thick AlGaN/GaN
HEMTs structures. For low Ni contents in the stack, the recorded p. value did not differ

much in thick and thin structures (shown in Fig.4.15).
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Figure 4.15: Comparison of p; for different ratio of Ni-based ohmic contacts (1:5:4:3,
1:5:2:3 and 1:7.5:2:2.5) over thin and thick AlGaN structures
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As the Ni content was doubled, the p. p.increased in both thick and thin AlGaN/GaN
HEMTSs structures. However, this increase was much more pronounced and dramatic in
the case of thin AIGaN/GaN structures. We believe that it was because of an increase in
the barrier height due to excessive Ni flow inward and towards AlGaN and its
accumulation over the AlGaN layer. Thin structures suffered more due to the availability
of less free charge carriers for tunneling as compared to the thick structures. Pre
metallization surface treatments were also compared for both thick and thin structures. In
this series, at first, the surface of thick structures were etched before metal deposition
using HCI: DI, HNO3: HCI and buffer oxide etchant (BOE). Fig. 4.16 shows the effect of
these treatments on p.. Best result was obtained on HCI:DI treated sample. The HNOs:
HCI treated samples spoiled the surface badly with an increased value of p.. The buffer
oxide etchant (BOE) treatment retained the smooth surface morphology but the p. value

obtained was very high as compared to HCI: DI treated sample.

Thick AlGaN (25 nm)
5 1 —a— Specific Contact Resistance

0 T v T L I
HNO3:HCI(1:3) 1 Min HCI:DI (1:1) 5 Min BOE 1 Min

Pre-metallization Treatments

Figure 4.16: Effect of different pre-metallization surface treatments on p. over thick
AlGaN structures

An effect of BOE and HCI: DI were compared on both the thick and thin structures as
shown in Fig. 4.17.
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Figure 4.17: Effect of different Pre-metallization surface treatments on p. over thick and
thin AlGaN structures

Irrespective of the type of epitaxial structure, HCI: DI treatment was found to be the best
for native oxide removal. The ohmic contact performance may also depend on isolation
technique used. To obtain good device electrical characteristics, a good isolation between
the adjacent devices are required. Device isolation was obtained by the dry etching
process and ion implantation. Both the thin (18 nm) and thick (25 nm) epitaxial designs
were treated with the reactive ion etch (RIE) and ion implantation. Thick epitaxy treated
with RIE gave better contact resistance, Rc= 0.6 Q-mm, and specific contact resistance, pc
p.= 6.8x10° Q-cm? whereas thin epitaxy treated with ion implantation gave better contact
performance. Hence, the isolation process utilizing RIE is recommended for thick AlGaN

and ion implant for thin AlGaN layers.

4.2.4 Formation of Schottky Contact

The third lithography step have used for making gate contact. For a typical HEMT design
with the gate finger in between source and drain contacts, a Schottky metal gate contact
was deposited. To establish an efficient Schottky contact a metal stack would be preferred

which has the following attributes:
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1. Good adhesion to the surface of the material.

2. High enough work function so that leakage currents are kept to a
minimum.

3. Thermally and mechanically stable while operating under high biasing

voltages.

Ni and Ti provide the best adhesive properties to create schottky contact for AlGaN/GaN
HEMT devices. Ni has higher work function (5.15 eV) compared to Ti metal (4.33 eV).
So we chose Ni as a metal layer for gate contact over Ti. The Au layer was used to

prevent oxidation of the underlying Ni and improve conductivity during operation.

The gate length for the transistors was about 1-5 um. The resolution for the above range
of gate length 1-5 um was realizable using optical contact photolithography. Oxygen
plasma Ashing was done on this sample to eliminate the traces of photoresist from the
active area of the device. No post-annealing step for Schottky contact has been done after

the metallization. The samples after Schottky metallization are shown in Fig. 4.18.

‘3:- . 3 2
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Figure 4.18: Lsp = 14.0 um, Lg=3.0 pum, Lsp=5.0 pm, ILg=1.5 pm

4.2.5 Metal Interconnects

Two or multi finger devices were connected using interconnection pads. These pads
should be adaptable with the measurements apparatus. The contact pads could play a
crucial role as the parasitic induced by them may influence the device performance.
Interconnects should be stable and mechanically resistant at higher temperatures. In this

111



work, we fabricated interconnection pads with area 50x50 umz and spacing 150 pm.

Ti/Au metal stacks have been used (shown in Fig. 4.19 and 4.20).

Figure 4.19: Fabricated samples after interconnection pads for gateless and gated
HEMTs

Figure 4.20: Fabricated HEMT devices after interconnection pads for different gate
widths
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4.2.6 Passivation

Surface passivation is the practice of depositing a thin inert film onto the surface of
microelectronic devices to significantly improve its electrical characteristics. It helps in
enhancing the performance of semiconductor devices which are susceptible to surface
area effects. Passivation reduces the various defects on the surface of the device like
surface leakage current, the inversion layer, and interfacial traps [202]. Passivation is also
utilized to protect a device from the outside world.

The passivation of the sensor structure is a significant aspect of attaining stability and
reproducibility of the device in liquids such as electrolytes. The passivation layer reduces
the probable electrochemical reactions among contact fingers and electrolyte. Thus the
passivation must be mechanically and chemically stable in both acidic and alkaline
solutions. Additionally, for biosensors the layer biocompatibility is a necessary
requirement. Among the various chemical vapor deposition methods, we used plasma
enhanced chemical vapor deposition (PECVD) method to passivate the HEMTSs surface
with dielectrics such as SiO,, SisN4. These dielectric films were patterned using Reactive

ion etching (RIE) as shown in Fig.4.21.

Passivated region

Figure 4.21: Fabricated samples after SizN4 passivation
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We performed a comparative investigation on AlGaN/GaN unpassivated HEMTs and
passivated HEMTs with two different dielectrics, SiO, and SizN, were fabricated with
identical device dimensions, on the same epi-layer structures and using the same

fabrication technologies.
(A) Deposition of SiO, Layer for Passivation

In the first set of fabrication, we have deposited a SiO, layer of thicknesses 100 and150
nm over AlGaN/GaN HEMTs by Silane: N,O based PECVD at 300°C. Then this film
was etched using RIE technique by CF4: O, plasma under a chamber holding 80 m torr
pressure and 100 W power. Parameters used for the passivation of SiO, and Si3Ny

dielectric layer are detailed in Table 4.4.
(B) Deposition of SisN4 Layer for Passivation

In the next set of fabrication, samples were passivated with 100 and 150 nm-thick SiN3H,4
layers utilizing Silane: NH3; based PECVD at 300 °C. The SisN4 was etched by CF4: O,
plasma under a chamber pressure of 80 m Torr and power of 100 W. Fig. 4.22 shows
measured output characteristics of AlIGaN/GaN HEMT before and after passivation of
SiO; and SizN4 of 100 nm and 150 nm thicknesses.
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Figure 4.22: Output characteristics of SiO, and SizN4 passivated AlGaN/GaN HEMT

devices of dimension Lsp= 50 um for 100 nm and 150 nm thickness
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Table 4. 4: Parameters used for the passivation of SiO; and SizNy4 layer

#Sample 1 #Sample 2
Passivation PECVD SiO; PECVD SiNXx
Material
Deposition Power: 80 W (RF) Power: 120 W (RF)
parameters

Pressure: 0.3 Torr
Flow SiH4: 2.5 sccm
Flow N,O: 180 sccm
Flow N2: 300 sccm
Flow Ar: 550 sccm
Temp.: 300 °C

Rate: 60-70 nm/min.

Pressure: 40 Pa (300 m Torr)

Flow SiH,: 7.2 sccm
Flow NH3;: 180 sccm
Flow N2: 300 sccm
Flow Ar: 550 sccm
Temp.: 300 °C

Rate: 13-15 nm/min.

Deposition Time 2.30 min. 11 min.
Lithography ok ok

Thickness required | 150 nm 150 nm

Thickness 130 nm 145 nm

measured (step

profiler)

Etching Flow CF4: 35 sccm, Flow CF4: 35 sccm,

Flow O2: 2sccm

Power: 100 W,

Pressure: 10 Pa (80m torr)
Time: 4 min

Etch rate: 45 nm/min

Flow O,: 2sccm

Power: 100 W,

Pressure: 10 Pa (80m torr)
Time: 2.30 min.

Etch rate: 60 nm/min.

115




The observed drain current of SiO, passivated HEMT devices were improved because of
increment in charge carrier presence in the 2DEG layer [203]. This was the result of the
deposited passivation layer that stops the introduction of electrons into the surface trap
and hence amplifies the 2DEG channel concentration. Before passivation, we observed
0.26 A/mm of drain current and this current was increased 0.29 A/mm after passivation.
Total 12 % change in drain current after passivation at V4= 10 V was recorded. Because
the use of SiO; passivation layer we can restore the lost current (current collapse). And
the increased drain current directly influences the output power. For the case of 150 nm
SiO; layers, the lgs improved by 15 % respectively. Drain current response deteriorated

slightly because of increase in the Oxide thickness.

All the details of processing parameters are given in Table 4.4. Deposition of 150 nm
SiNsH, layer resulted in the 24 % improvement in Iy at 10 V. As the Nitride thickness
reduced to 100 nm, the percentage change in the drain current degrades to 13%.
Therefore, an increase in the Nitride thickness improved the device performance. When
comparing the performance of 100 nm SiO, and SisN4 layers, the SiO, showed better
current recovery. On the other hand, for 150 nm of dielectric thickness, the SizN4 proved
to be a better dielectric material than the SiO,. The results of different dielectric constant
and thicknesses along with H passivation effects are the possible reason behind change in
fringe capacitance and electric fields. This enhancement in drain current was because of
the increment in sheet charge in the two-dimensional electron gas (2DEG) layer,
explicitly examined while a passivation of the thin film was realized over the top of
HEMT structure. The AlGaN/GaN heterostructure comprises a negative polarization
charge over the AlGaN surface which initiates depletion of the 2DEG. The rise in sheet
charge could be elucidated by the accomplishment of the passivating layer in trapping
positive charge at the interface with the AlGaN barrier thus counterbalancing the net
negative charge at the surface. Therefore, the passivation layer could eradicate the

depletion of the underlying 2DEG.

4.3 Electrical Characterization of Fabricated HEMT Device
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After fabrication, the AlGaN/GaN heterostructures were characterized to calculate its
electrical characteristics and surface properties. Foremost techniques for the surface
analysis have been atomic force microscopy (AFM) and scanning electron microscopy
(SEM). The IV measurements were used to characterize electrical properties. TLM was
employed to examine the metal contacts to the group Il nitride heterostructures. In this
chapter, the electrical investigation of the AlGaN/GaN heterostructures by TLM and 1-V
measurements will be presented in more detail and the outcomes will be discussed.
Electrical testing of the device was done by Keithley 4200-SCS Semiconductor
Characterization System. The information extracted from the DC measurements of
AlGaN/GaN HEMT was exercised to calculate the contact resistance, maximum channel

current, threshold voltage and transconductance.

4.3.1 Transmission Line Method (TLM)

The sheet resistance, specific contact resistance for the structuring of Ohmic contacts
could be measured, using transmission line method (TLM) on 100 x 100 pum? pads as

shown in Fig. 4.23 with the interspacing of 10, 20, 30, 40 and 50 pwm respectively.

Figure 4.23: TLM Pads on the fabricated AIGaN/GaN sample

At first, a graph was drawn between the resistances generated between two consecutive
pads versus distance between the pads (in microns) as shown in Fig. 4.24. In TLM,

resistance between pads is given by [204],

R(L) = (L + 2Ly) % (4.2)
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Where R(L) is resistance between pads, R is the sheet resistance, L is spacing between
pads, Lt is transfer length and W is the width of the pad.
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Figure 4. 24: Resistance versus TLM pads spacing
At L=0

R(0) = 2R, = 2L =% (4.3)

where R is the contact resistance, the above equation can be written as,

Ry, = (4.4)
Specific contact resistance, p. of contact is written as,

pc = Rnl? (4.5)
By putting the value of Ry, from Eq. 4.4 we get,

pe = RWL (4.6)

Using the method of least square, a linear fit to the experimental data is plotted, as shown

in Fig. 4.24. This gives a slope (m), intercept (c) of the line on the y axis and intercept on
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the x axis. These slopes and intercepts values were used to calculate the sheet resistance,

contact resistance and transfer length as,

Rgy =mXxW,R. =0 4.7)
Ly = %.Interceptonx — axis (4.8)
The measured values of sheet resistance (Rsn) are 203 Q per square, contact resistance

(Re) is 44Q, transfer length (Lt) is 32.5 um and the specific contact resistivity (pc) for the

source and drain Ohmic contact pads is 2.15 x 10° Q cm?.

4.3.2 DC Measurements

Output characteristics of HEMT devices were measured on the samples having unit gate

width (2 gate finger and 50 and 125 um gate width) as shown in Fig. 4.25.

Figure 4. 25: Fabricated double gate (Wg= 125 um, Lsp= 50 pm, Lg= 1 pum, and Wg¢= 50
pm Lsp= 6 um, Lg= 4 pm) AlGaN/GaN HEMTs

The maximum output drain current (lgs) of 0.53 A/mm was obtained for AlGaN/GaN
HEMT at Lsp= 6 um, Lg= 1 um, unit gate width and Vg = 0 V. As the source to drain
length (Lsp) increases, drain current start decreasing and we obtained 0.21 A/mm current
for Lsp= 50 pm, Le= 1 pum and Vg = 0 (shown in Fig. 4.26). Fig. 4.26 revealed the fact
that reduction in drain current with Lsp variation was due to the decrease in electron
concentration (ns). A reduction in Lgp led to the decrease in the on-resistance (Ron) and
hence current increased [205].
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Figure 4.26: Output characteristics of AlGaN/GaN HEMT (Unit gate width, Lg= 1 pum)

Fig. 4.27 explains variation in drain current for the two finger devices with different gate
width (Wg= 50 and 125 pm), source to drain length Lsp= 8 um and gate length Lg=1 pm.
Devices having smaller gate width produce high drain current 0.651 A/mm in comparison

to larger gate width 0.512 A/mm.
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Figure 4.27: DC Transistor characteristics of AlGaN/GaN for two different device gate
width at Lsp= 8 pm and Lg=1 pum
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The transfer characteristic of the device is shown in Fig. 4.28. The channel current was

normalized with respect to gate width which is given in terms of mA/mm gate width.
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Figure 4.28: Transconductance of AlIGaN/GaN HEMT (Wy= 125 pum device)

The maximum transconductance (gm) of 47 mS/mm was obtained for the device
dimension (Lsp= 50 pm, Leg= 1 pm, unit gate width) at Vg= 0 V. When the
transconductance of the device approached zero, the channel was completely pinched off
because the electric field below the gate had completely depleted the channel. The pinch-
off voltage of the device (V,) is— 1.7 V.

Next, we have compared the experimental data with the simulated data for output current
and transconductance at Lsp= 6 pm, Lg= 1 pm, unit gate width and Vg = 0 V which is
demonstrated in Fig. 4.29. The values obtained for output drain current and
transconductance from experimental data (0.76 A/mm and 250 mS/mm) has also shown
good aggrement with simulation data (0.81 A/mm and 275 mS/mm).
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width devices
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4.4  Summary and Concluding Remarks

The AlGaN/GaN structures grown by MOCVD technique were used for the fabrication of
AlGaN/GaN HEMT. The active region of the device was defined by two techniques. First
was mesa etching by using different ratio combination of BCl3/Cly/Ar gases based RIE.
The second technique was the isolation using ion implantation by damaging the region
using 3 and 4 energies with different ion dosage. The optimized value of sheet resistance
was highest (970 Q/square) for isolation using the 4E N* implant with RIE. Isolation
technique involving RIE as well as 4 E N* ion implantation provided better isolation. For
both 18 nm and 25 nm AIGaN structures, pre-metallization surface treatments using
HCI:DI (1:1) for 5 min and BOE for 1 min were performed. Specific contact resistance
(ro) values of 2.6 x 10° Q-cm? for HCI: DI and 4.3 x 10° Q-cm? for BOE were obtained for
18 nm AlGaN structures. For 25 nmAIGaN structures, Specific contact resistance (rc)
values of 0.8 x 10°> Q-cm? for HCI: DI and 5.2 x10° Q-cm? for BOE were achieved. Pre
metallization surface treatment done using HCI: DI gave the lowest specific contact
resistance for both the AlGaN structures. After isolation, the Ohmic contacts are formed
by evaporating Ti/Al/Ni/Au metal layers followed by annealing at 830 °C for 30 sec in
RTA. The ohmic contact stack ratio of Ti/Al/Ni/Au (1:5:2:2.5) delivered a very low p. of
6x10° Q-cm?. Irrespective of the type of epitaxial structure, HCI: DI treatment was found
to be the best for native oxide removal. The Ni/Ti/Au mettal stack have been used for the
deposition of schottky gate contacts with length Lg= 1-5 um. Interconnection pads were
formed using of Ti/Au metal layers. Devices were passivated using SiO, and SizNg4
dielectric layers of thickness 100 and 150 nm. The SisN4 (150 nm) proved to be a better

dielectric material than the SiO,.

The maximum drain current of 0.53 A/mm was obtained for the device with dimensions
Lsp= 6 pm, Lg= 1 um and at Vg = 0 V for the unit gate width device with gate length of
~1 um and source to drain spacing of 6 um. The pinch-off voltage of the device is — 1.7
V. The transconductance value of 47 mS/mm was obtained for the device ( Lsp= 50 um,

Le=2 pm, unit gate width).
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CHAPTER 5

GaN HEMT based Electrochemical Biosensor

In this chapter, we are reporting the fabrication and characterization of AlGaN/GaN

HEMT based pH and salinity sensor.

5.1 Introduction

AlGaN/GaN HEMTs has been enormously proficient for chemical, gas, liquid and
biosensing application [6]-[8], [100], [206] because of its remarkable properties like low
toxicity, chemical stability, and superior conductivity on account of the high saturation
velocity and high sheet carrier concentration of the two-dimensional electron gas (2DEG)
layer in the AlGaN/GaN heterostructure [9]-[12]. GaN-based wide band semiconductors
can be activated at elevated temperature (750° C) without degradation in performance.
These devices have an ability to detect low current levels than conventional Si-based
devices. The adequacy of high-temperature operations empowers the devices to be
advantageous in the applications in harsh environments [150]. A variety of chemical, gas,
and biosensor in perspective of HEMT technology has been worked at elevated
temperatures [151]-[153], [207]. For the gas sensor, long-term stability and high-
temperature operation are the prime necessities. For example, in a hydrogen gas sensor
hydrocarbons are dissociated by synergist metals barely at raised temperatures. The Si-
based gas sensor has a state of control to be worked underneath 250 °C, restricting them
from being utilized as hydrocarbon finders or for different usage involving working at
high-temperature. In this way, semiconductor devices in light of AlGaN/GaN

heterostructures have incredible potential for sensor application in extreme environments.

Moreover, electrochemical biosensors fabricated from the GaN material are mainly of

great importance in various biomedical applications where pure DI and salt free water is
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required [13]. Even in the space applications where recycled water is used, these devices
become very promising and conceivable to discriminate between fluids with dissimilar
polarities. A standout amid the most used pH measurement electrochemical sensor is the
ISFET based sensor [4]. These devices contrast with the conventional FET in the absence
of the gate electrode. In ISFETS, the gate region is sensitive to charging effects, and a
reference electrode is needed to bias the gate region above the threshold voltage to let the
carriers to flow across the channel area. On the other hand, HEMTSs do not require a gate
voltage to turn ON and thus no reference electrode is needed, which becomes a
substantial advantage over ISFETs in addition to higher chemical and thermal stability of
HEMTSs. The examination of the pH reactions over the AlGaN surfaces was recounted by
authors in [208], using three-terminal open-gated structure. The likelihood of pH and
polar liquid detection using 2 terminal undoped AIGaN/GaN HEMT was also conveyed
[209], [210]. The undoped-AlGaN/GaN open-gate HEMT devices are capable of
substantial functioning in electrolytes and demonstrate linear sensitivity underneath light
conditions [211]. Although, to the best of author’s knowledge, a systematic investigation
of the sensing performance of pH response for different pH values and the various molar

concentrations of salty liquids on AlGaN/GaN HEMT devices is not much explored yet.

In this chapter, we are presenting the development of the gated AIGaN/GaN HEMTs
based pH sensor and salinity sensor. We observe the linear change of current when
devices are exposed to the PBS solution of different pH values and the aqueous salt
solution of NaCl + DI. The sensitivity of GaN HEMT in different pH solutions and
various molar concentrations of aqueous solution have been investigated. On the basis of
obtained outcomes, we proposed a model of surface chemical reaction associated with the
difference in H" and OH" ions concentration and their interaction with AlGaN surface.

5.2.  Sensor Structure and Fabrication Process

The AlGaN/GaN HEMTSs devices were employed for the experiment with an Al
composition 0.25 consisted of 2 nm AIN nucleation layer followed by unintentionally
doped GaN buffer layer of thickness 2.3 um, and finally followed by a 18 nm thick layer
of n-type Alg25Gag 7sN.
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Figure 5. 1: (a) Cross-sectional Schematic illustration of AlGaN/GaN HEMT. The Au-
coated gate area was exposed to the electrolyte. (b) Image of fabricated device with given
device dimensions Wg= 125 pm, Lg= 1 pm, Source-drain length (Lsp=50 pm) and

including a 5 nm Au layer in the gate region

The epitaxial layers were deposited by MOCVD growth technique on GaN buffers
deposited on sapphire substrates. The device fabrication process started with the device

isolation using multi-energy ion implantation technique. The drain and source ohmic
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contacts were obtained by a photolithography process followed by e-beam metallization
Ti/Al/Ni/Au and conventional lift-off techniques [212]. The ohmic characteristics have
been achieved by annealing at 830°C in N, ambient for 30 sec. Ni-based Schottky
contacts with Au as a top layer were used for gate contact. Devices were interconnected
using Ti/Au connection lines. The SiN passivation layer using plasma-enhanced chemical
vapor deposition (PECVD) of 400 nm thicknesses were deposited to encapsulate the
source and drain regions. A small opening for biasing was formed on source-drain pads.
Gate and channel region were opened to allow the liquid solutions to cross the surface. A
schematic cross-sectional view of the device is demonstrated in Fig. 5.1 (a), though a plan

view of the fabricated device layout is depicted in Fig. 5.1 (b).

53 AlGaN/GaN HEMT based pH Sensor

To examine the ion concentration and flux density in the cellular fluid are the important
errand for biosensors. In the fluids, the more significant part of the electrical procedures
could be explained by calculating the change in the H" concentration which results in the
variation of pH value. Consequently, the pH sensors proved to be a reliable basis for

biosensors to facilitate the detection of various reactions occurs in vitro or in vivo.

5.3.1 pH and pH scale

A pH is a unit of measure which illustrates the degree of acidity or alkalinity of a
solution. In this solution, solvated protons (H") come into view as hydronium ions HzO".
The concentration of these ions can alter in a broad range — mostly with magnitudes in
between 1 M and 14 M. In some exceptional cases, even higher and lower concentrations
can be obtained. The formal definition of pH is the negative logarithm of Hydrogen ion
activity. [H™]:

pH = —log([H307]) (5.1)

The pH described like this can be employed to determine pH for diluted solutions of acids

and bases in water. For the much-diluted solutions like below 0.001 M, the difference
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between concentration and activity could be neglected. For highly concentrated solutions,

it has to be taken into account and then the pH can be outlined as:
pH = —log(ay,o+) (5.2)

The so characterized pH is described “thermodynamic pH” rather than “concentration
pH” (equation 5.1) and all pH meters measure it as consequence of the Nernst equation.
To obtain a better understanding to the pH scale, it is meaningful to keep in mind few pH
magnitudes (Table 5.1). The pH definition empowers to set up the pH scale. In water
solutions, the pH is constrained in the scale 0 — 14, whereas in different solvents pH
values can be negative or higher than 14. Aqueous solutions always restrain HsO" and
OH ions, either from water dissociation or presented bases or acids. In unadulterated
water at 25°C, equal numbers of H" and OH™ ions are present; the pH is classified as
neutral and corresponds to magnitude 7. Solutions having more H* ion concentration than
OH' ions have pH value lower than 7 and are identified as acids. A solution containing
higher concentration of OH™ ions from those of H* has pH value greater than 7 and is
known as the base. The pH calculation of a solution is generally attained by comparing
unknown solutions to those of known pH. Generally, solutions comprising various ions
are in a state of equilibrium — all concentrations are invariable and not altering in time.
This equilibrium is dynamic, which signifies that the reaction in forward and reverse
direction have the similar rate. The equilibrium in the solution is a mixture of water, acid
and base can be calculated by employing conventional chemical calculation. Determining
such equilibrium forms the basis of pH estimation and from the pH value, the

concentration of all other ions in the solution may be found.

Let's assume the acid HA, a base B and their analytical concentrations are C, and Cy

respectively. For the acid ionization reaction

K. = H0747] (5.4)
a [HA] '
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Table 5. 1: pH values of common substances

Fluids pH
Stomach acid 15t03.5
Vinegar 2.4

Beer and Wine 4

Black Coffee 5

Milk 6.5

DI Water 7

Blood Plasma 7.34-7.45
Secretion of pancreas 8.1

Hand soap 9-10
Household Ammonia 11.6
Bleach 12
Caustic Soda 13

the equilibrium is expressed by the acid ionization constant described as:
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For the base ionization reaction
B+ H,0 & BHY + 0H™ (5.5)
the base ionization constant is described as

[BH*][OH]

K, =
b [B]

(5.6)

Further, frequently utilized parameter to express dissociation, where a dissociation
fraction is defined as the ratio of the concentration of dissociated molecules to the

concentration of all molecules in the solution

f =t (5.7)

It is usually assumed that strong acids and strong bases are fully dissociated. For the
majority of practical objectives this is applicable however, due to their finite dissociation
constants, in some cases partial dissociation can be observed. All chemical reactions are
considered to occur in water and the water itself dissociates into H;O" and OH" ions

H,0 + H,0 < H;0% + OH~ (5.8)

This reaction relates dynamic equilibrium among hydronium ions, hydroxide ions and
water molecules. The equilibrium constant for this proton transfer reaction is called water

equilibrium constant Ky defined as:
K,, = [H;0*][0H] (5.9)
Taking the logarithm of both sides of equation (5.9):
log(K,,) = log([H;0*]) + log([OH™]) (5.10)

or, using the definition of equation (5.1) in “p” notation:

pK,, = pH + pOH (5.11)
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5.3.2 Nernst Law

As stated above, the thermodynamic pH could be determined, and this is a straight
outcome of the Nernst law. The Nernst equation illustrates the potential in an

electrochemical cell as a function of concentrations of ions taking part in the reactions:
RT
E=E,— Eln(Q) (5.12)

Where, Q is the concentration or activity quotient, n is the number of exchanged
electrons, and F is the Faraday constant. For a given temperature, the expression RT/F has
a constant value. To make the calculations more straightforward, it was often combined
with a conversion factor between natural logarithm (In) and decimal logarithm (log)
resulting in a value of 0.0591 for 25°C.

Most ion sensors are potentiometric sensors that are the electrical potential difference Ad
at a solid/liquid interface as a function of the ion concentration is measured. In this case,
the Nernst equation can be written:

A = - In(aye+) (5.13)
Where, aye is the activity of one type of ions. In this case, the maximal potential
difference for a pH electrode is 59 mV/pH [213], [214].

5.3.3 Buffer Solution

A solution capable of maintaining constant pH in spite of small measures of acid
(H" ions) or base (OH" ions) added are called buffers. It can likewise be characterized as a
solution of reserve acidity or alkalinity which opposes the difference in pH upon the
expansion of the small measure of acid or alkali. Their resistance to alteration in pH
formulates buffer solutions exceptionally valuable for many biochemical procedures. The
standard buffer for a specific pH has a pKa equivalent to the pH required, while a solution
of this buffer would hold equal amounts of acid and base and remain in the middle of the
range of buffering capability. Buffer solutions are essential to keep the accurate pH of

enzymes in various being to work. Several enzymes only operate under very precise
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conditions; if the pH drifts too far out of the periphery, the enzymes get sluggish or quit
functioning and can denature, consequently permanently hinder its catalytic action. A
buffer solution of carbonic acid (H,CO3) and bicarbonate (HCO3 ) is imparted in blood
plasma, to sustain a pH between 7.35 and 7.45. Scientifically, buffer solutions are
employed as a part of fermentation progression and in aligning the precise requirements
for dyes utilized as a part of shading textures. They are additionally utilized as a part of

chemical investigation and calibration of pH electrodes or sensors.

Conventional buffers include solutions of weak acids and its conjugated bases being
foremost species. Slight extra measures of acids or bases addition are consumed by the
buffer and the pH variations just marginally. If there should be an occurrence of high or
low pH, only solutions of strong acids or bases are used. For instance, if there should
arise an occurrence of pH = 1, the acid concentration is reasonably high (0.1 M) and
minute accumulation of acid or base cannot modify the pH of such solution considerably.
To determine the pH of buffer solutions containing together with acids and conjugated
bases, the acid ionization constant marked out in equation (5.4) is used in the logarithmic
form:
[A7]

log k, = log[H;0*] + log {ﬁ} (5.14)

Multiplying both sides of the equation by -1 allows the use of pKa and pH instead of log
Ka and log [H30"] and equation (5.14) can be rewritten as:

-
pk, = pH — log {ﬁ} (5.15)

This equation is known as Henderson-Hasselbalch equation (or buffer equation) which
can be utilized to compute the pH of solutions having pairs of acids and conjugate bases,
for example HA/A", HA/AZ or B*/BOH. The Henderson- Hasselbalch equation is
generally used to evaluate the pH of the solution produced by incorporating known

measures of acids and conjugate bases or by neutralizing acids along with strong bases.

Phosphate buffered saline (abbreviated as PBS) is a buffer solution frequently employed

in biological research and experiments. It’s a salty solution restraining sodium chloride,
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sodium phosphate, and (in a few formulations) potassium chloride and potassium
phosphate. The buffer facilitates to sustain an invariable pH. The osmolarity and ion
concentrations of the solution generally coordinate to those of the human body (isotonic).
PBS has several uses since it is isotonic and non-toxic to cells. It can be utilized to dilute
substances. It is employed to rinse containers holding cells. PBS can be used as a diluent
in techniques to dehydrated biomolecules, as water molecules surrounded by it will be
constructed around the substance (protein, for instance) to be ‘dried” and immobilized to a
solid surface. The thin film of water that ties to the substance counteracts denaturation or
other conformational transformations. Carbonate buffers might be utilized for the similar
reason yet with fewer adequacies. PBS can be used to take a reference spectrum when
evaluating the protein adsorption in ellipsometry. There are a wide range of
methodologies to formulate PBS. A few methods exclude potassium, whereas others
contain calcium or magnesium. A standout among the most well-known preparations is

portrayed underneath.
To prepare 1 liter of 1X PBS, follow the given steps:

Take 800 ml of distilled water

Add 8 g of NaCl

Add 0.2 g of KClI

Add 1.44 g of Na;HPO,

Add 0.24 g of KH,PO,

Adjust the pH to 7.4 with HCI

Add distilled water to a total volume of 1 liter

N o gk~ w D RE

Finally, a standard buffer solution from which fixed pH of 4, 7, and 10 was exercised for
the characterization and calibration of the AlGaN/GaN HEMT sensors. These buffer
solutions with known settled pH counts are the base for the characterization and the

calibration of the sensors.
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54  Measurement Setup for Sensor Characterization

Fig. 5.2 demonstrates an electrochemical measurement circuit comprising a Keithley 1V

characterization system, micropipette and a packaged HEMT device.

Characterization Source Measurement Unit
Software —

o0 Vi

___ Packaged

Drop of PBS/ HEMT Device

aqueous NaCl

Figure 5.2: Schematic of the measurement setup, drain and source terminals are

connected to the 1-V measurement system

The GaN HEMT devices were exposed to a drop of the electrolyte on the gate and
channel area using 2 pL micropipette. This device was passivated for the sensing purpose
applying the dielectric material. Source-drain pads and channel areas were structured in
the passivation layer for sensing. All these measurements were performed at a constant
temperature. For pH-sensing measurements, we used phosphate buffer saline (PBS) of
different pH values as an electrolyte. The pH values in solutions were measured using a
digital pH meter. For salinity sensing, we used de-ionized (DI) water and molar
concentrations (1 M to 1 fM) of NaCl. All measurements in solutions were performed at

room temperature.
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5.4.1 |-V Characteristics of HEMT Devices in De-lonized Water

Fig. 5.3 shows typical drain I-V characteristics of the HEMT device exposed to air and in
the DI water. A minor change in the output drain current was recorded when HEMT
device was exposed to DI water. lonic constituents were not present in the DI water, but
even if we started with deionized water, it could pick up a few ions from a container or

environment.
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Figure 5.3: Output |-V characteristic of HEMT structures exposed to air and DI at V4=
+1V and V4= 0V for unit gate width devices with Lsp = 50 pm

The polarity of the charge depends on whether that particular surface mainly gives off
negative or positive ions. Thus, there was being variation in the magnitude of drain

current.

55  AlGaN/GaN HEMT pH Sensor Characterization

The top layer (Au) gate contact acts as a functionalization layer for AlGaN surface. In this
case, the potential barrier between AlGaN and electrolyte was significantly reduced as

compared to the potential barrier between Gold and electrolyte, as appeared in Fig. 5.4.
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This prompts higher sensitivity of gate potential relating to change in pH of the
electrolyte. At a specific pH value, the variation in the potential for the case with gold and
electrolyte layer was higher than the variation in the potential for the case without the
electrolyte layer.

8
— Without electrolyte layer
| —— With gold and electrolyte layers
6
;

>
2
o
=
w 24

0 e—— — W Fermilevel

GaN AlGaN d';o;’j, Electrolyte
468.275 468.300 468.325 468.350

X (um)

Figure 5. 4: Conduction band energies for two cases — with Gold + electrolyte layer and

without electrolyte layer Vs depth (um) showing variation in energy level

pH is a degree of acidity or alkalinity of a solution despite the fact that through definition
it’s a selective estimation of H* ion movement. In the acidic zone, the lesser pH values
demonstrate elevated H* concentration whereas, in the basic zone, the increased pH
indicates higher OH" level. In this investigation, a phosphate buffer saline (PBS) was
employed as an electrolyte. The pH of this solution was adjusting to specific pH values

within the range of 4 to 10, verified by means of digital pH meter.

Fig. 5.5 demonstrates the change in drain current (lg) versus drain voltage (Vgs) for pH 4,
7 and 10. These characteristics were drawn at the biasing condition drain to source
voltage, Vgs= +1V and gate voltage, Vy= 0 V for 2 finger HEMT device of gate width,
W,g= 125 pm with gate length, Lg= 1 pm and source to drain length, Lsp= 50 pm. It was
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examined that the drain current dropped off with pH values. We achieved a significant

variation in the drain current.
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Figure 5.5: Output characteristics of the GaN HEMT in PBS of different pH values at
Vgs= (0-0.3V) and V4= 0 V for unit gate width devices with Lg=1 pm and Lsp = 50 pm

The possible mechanism of which change in potential at AlGaN/Au and Au/electrolyte
surface related with H* concentration could be demonstrated by the site binding model
developed by Yates et al. [215], [216]. As stated by this model, hydroxyl groups (MOH:
M represents Si or metals) at the surface behaved as amphoters. They could be
dissociated to or unite with H" ions be dependent on the H* concentration and the

equilibrium constants for the related reactions, in this way.
MOH & MO~ + H* (5.16)
MOH + H* & MOH; (5.17)

Increasing H* concentration surface tends to be more positively charged at the surface
because of protonized hydroxyls (MOH,") formation, and 2DEG concentration increases
with the intention of balance the induced positive charge on the surface. Fig. 5.6
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demonstrates the change in drain current (lgs) versus pH for pH 4, 7 and 10 at Vgs= +1 V
and Vg=+0.3 V.
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Figure 5. 6: Drain current measured under (a) Vy= 0V and Vg= +1 V as a function of the
pH value (b) V=0 V and Vg= +0.3 V as a function of the pH value

The opposite situation happens by decreasing H* concentration. The H* concentration
decreases in solution caused negative charges at the insulator surfaces owing to the
deprotonized hydroxyls (MO ). This would bring about the pH reliant net charge at the
insulator surfaces and the liquid-solid interfacial potential thus abide by the Nernst

equation.

5.5.1 Sensors Sensitivity

The crucial parameter for the characterization of AlGaN/GaN HEMT sensors is its
sensitivity to the pH value. The GaN-based pH sensors were acknowledged and the high
sensitivity to hydronium ions was reported [102]. As indicated by the reported outcomes,
the sensor’s sensitivity can be characterized as modification of the surface potential g in

reliance to the concentration of hydronium ions in the electrolyte:

S = %o (5.18)

ACH30+
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To have the capacity to decide the pH sensitivity, it is essential to evaluate its output
characteristic lqs versus Vg for no less than two dissimilar calibrated buffer solutions with
already noted pH counts. In Fig. 5.6, the output characteristics in buffer solutions (pH 4,
7, 10) of a sensor with an active region of gate width Wg= 125 pm and Lsp= 50 pm (125
x 50 um?) have appeared. At this point, the output characteristics are noted by a variation
in drain-source current lgs as an element of the open gate potential, whereas the source
contact is coneected to ground. Accordingly, the concentration of ions describes the
surface potential Wy. The change in ion concentration in the buffer solution would reflect
the difference in the surface potential. This regulates the sheet carrier concentration and
hence, the current lg. The surface potential is comparable to a series voltage to the gate

voltage. Thus, the drain characteristic is altered with the modulation in surface potential.

If the change in current upon pH value was recorded at a constant voltage the sensitivity

could be explained as:

_ Al g
pH — ApH

(5.19)

The sensitivity (LA/mm-pH) of the HEMT devices was commonly described as the
change in the drain current per pH unit (Algs/ApH). This sensitivity was measured at a
single bias condition. The sensitivity parameter was subjected to the bias conditions of the
device along with the device dimensions. Huang et al. [217] indicate experimental
outcomes that exhibit an increased sensitivity of drain current upon increment in the drain
bias. Utilizing above equations, the sensor’s sensitivity whose drain characteristics are
depicted in Fig. 5.5 and Fig. 5.6, is computed. Considering the case pH count from 4 to 7
sensitivity Spn = 7.783 pA/mm.pH and for the run pH 7 to pH 10, Spn = 0.66 pA/mm.pH
at V4= 1 V was calculated. All the investigations were conducted at room temperature.
For the similar sensor, the sensitivity was additionally analyzed for different Vs (Fig.
5.7). Clearly, for this sensor the sensitivity in the acidic region was higher than in the
basic locale. It is an extreme illustration, where acidic and alkaline solutions instigate

effectively different sensitivities.
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Figure 5.7: Sensitivities Sy in pA/mm.pH at different Vs for GaN HEMT sensor

It ought to be specified that the samples have diverse carrier densities in the confined
2DEG, and the consequent field in the barrier layer depending on the different pH level
may influence the surface potential and, hence, the charge equilibrium. To calculate the
sensor response of overall heterostructures and used geometry, a sensitivity of 4.32
HA/mm.pH was obtained for the GaN HEMT sensors.The general tendency of expanded
sensitivity in steady voltage operation (Fig. 5.7) with rising Vs was initiated by the ohmic
conduct of the 2DEG channel. Isolating the sensitivity in pA/mm.pH by the respective
Vs, and a relative variation is also presented. Previous reports on the sensitivity of GaN
HEMT devices were detailed in table.5.2. The experimental results of this work provided
sensitivities of 0.7 pA/mm-pH at V4= 0.3 V and 4.32 pA/mm-pH at V4= 1 V, as
illustrated in Fig. 5.6. The sensitivity we obtained is lower than the reported results. This
particular structure which we used for the pH detection has Au layer over the gate region.
Here we are then covering the Au gate with electrolyte, which appears to reduce the
interactive with the H* and due to the large leakage current sensitivity couldn’t be

achieved as commonly reported in the literature. Suppression of current leakage by
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improving the device preparation and use of GaN cap layer to better trap H* at the surface

is likely needed to improve the device performance. The sensitivity of saline sensor was

analysed, indicating an efficient variation in potential at the AlGaN surface.

Table 5.2: Comparison of AlGaN/GaN HEMT based pH Sensor

S.No. | Sensitivity Gate Length, | Vps (V) | Ves References
(HA/mm-pH) | Lg (um) V)

1 123 1 0.25 [100]

2 80 10 0.2 -0.5 [208]

3 3880 40 5 0 [218]

4 4.32 1 1 0 Our Work

5 0.7 1 0.3 0 Our Work

It is clearly evident from the comparison that the fabricated GaN HEMT based pH sensor
is proficient of steady operation in aqueous electrolytes and exhibits promising sensitivity
compared with previously available reports and our device can be a potential candidate

for future biomedical and space applications.

56  AlGaN/GaN HEMT based Salinity Sensor

Next, we investigated the sensitivity of GaN HEMT device to saline liquid. NaCl is a
strong electrolyte compound, which is almost 100% dissociated in solution. This implies
almost every sodium chloride equation unit based on sodium ions encompassed in water
molecules and chloride particles surrounded by water atoms. We can express above

phenomenon by given equation:
NaCl(s) » Na*(aq) + Cl™(aq) (5.20)
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We prepared a solution with the various molar concentration of NaCl in DI water. The
molar mass of NaCl is 55.44 g/mol. One molar (1 M) concentration indicates that the 0.58
g of NaCl per 10 ml of DI water. The output drain current in the linear bias region was
measured for 1 M to the 1 fM concentration of aqueous NaCl. The percentage change in
drain current was decreased with the decrease in molar concentration of salt in solution.
At a drain bias of 1 V, there was variation in drain current of 0.76% in the DI water,
52.5% for 1 mM, 33.3% for 1 uM, 15.8% for 1 nM and 1.5% for 1 pM solution and 0.8%

for 1 fM was obtained as shown in Fig. 5.8.
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Figure 5.8: % Change in Drain current, Algs Vs different molar concentration Of NaCl at

The possible mechanism for the drain current reduction related to the variation in molar
concentration of salt in DI water or the polar liquid molecules on the AlGaN/GaN surface
could be explained by equilibrium reactions of hydroxyls ions at the AlGaN surface
concerning H” in a solution as represented in Fig. 5.9. It could be confirmed that these
molecules were bonded by van der-Waals type of interactions and they may result in
variation in the surface potential that was tempted by polarization in the AlGaN/GaN
heterostructure. This advanced modification in the induced electron density in 2DEG that
exists underneath the AlGaN/GaN interface. The amount of ionic constituents Na* and CI

ions was higher in case of 1 mM concentration.
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Sapph1re Substrate 1 nM Sapphlre Substrate 1 fM

Figure 5.9: Effect of the presence of ions in electrolyte initiates the modifications to the

net potential of devices.

The concentration of OH" ion was dominant in this case. On the other side concentration
of H" ions were high in 1 pM solution. Thus, the surface potential became positive and
drain current was improved and channel resistance turned out to be down. Device
Sensitivity 6.48 mA/mm-molar was recorded at V4= + 1 V and V4= 0 V for unit gate
width devices with Lsp= 50 um. These outcomes indicated the significant sensitivity of
the HEMT structures to the comparatively minute difference in the concentration of the

salt in a solution.

Another important parameter of the sensor was the response time, which marked out as
the time needed to achieve 90% of the final value.
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Figure 5.10: Transient response of drain current, (lgs) as a function of the molar

concentration value.

To explore the transient characteristics of the AIGaN/GaN HEMT, we carried out time-
dependent measurements of Igs under Vg= 0 V and V4= 1 V (revealed in Fig. 5.10). The
response time was estimated to be 250-350 ms which seems to be limited by the intrinsic

device response changing from air to salt in solution.
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5.7  Summary and Concluding Remarks

The realisation of reference free electrode measurements is extremely important to keep
AlGaN/GaN FET devices small, robust and compatible with on-chip development; the
objective is to replace existing glass electrode based pH and ion sensing. In this chapter,
sensing characteristics of AlGaN/GaN HEMT structures were investigated in PBS of
different pH and aqueous NaCl solution.

An optimised AlGaN/GaN HEMT structure which we discussed in chapter 4, AlGaN
structures (18 nm) unity gate width, pre-metallization surface treatments using HCI:DI
(1:1) for 5 min with isolation technique involving RIE as well as 4 E N* ion implantation,
passivation layer SisNs (150 nm) and ohmic contact stack ratio of Ti/Al/Ni/Au
(1:5:2:2.5) has been used for the sensing purpose.

In DI water, the GaN HEMT demonstrated competent drain I-V characteristics close to I-
V characteristics of typical HEMTs when exposed to the air. These devices illustrate the
dramatic variation in output drain-source current upon exposure to PBS in the gate region.
The sensitivity of 4.32 pA/mmpH at V4= 1 V and Vg= 0 V was obtained which is
smaller than the reported results. Due to the large leakage current sensitivity couldn’t be
achieved as commonly reported in the literature. Au layer over the gate region was used
for the pH detection. Here we are then covering the Au gate with electrolyte which then
seems less interactive with the H*. This large leakage current may be caused by the
technical factors rather than any characteristics of the devices. Although there are some
imperfections in the device preparation and measurement, the fabricated HEMT devices
perform very well in distinguishing the pH levels. Suppression of current leakage by
improving the device preparation and use of GaN cap layer to better trap H at the surface
is likely needed to improve the device performance. The fabricated device is expected to
be suitable for pH sensing applications.

Next, we also reported on the modification in the current with the various molar
concentration of NaCl present in DI water. This additionally demonstrated a systematic
potential change at the AlGaN surface consequently change in molar concentration of
saline liquid is reported which results 6.48 mA/mm-molar sensitivity and response time
250 —-350 ms. This fabricated saline sensor looks very promising to detect smaller

(femtolevel) molar concentration of salt in the liquid.
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CHAPTER 6

Conclusion and Future Work

In this chapter, we have summarized some major findings and outcomes of the thesis.

Finally, the future scope of the work is outlined in the end.

6.1 Conclusion

Development of GaN based HEMTSs have opened up the new and existing applications in
the field of biosensing devices for space and biomedical applications. The realisation of
reference free electrode measurements is extremely important to keep AlGaN/GaN FET
devices small, robust and compatible with on-chip development; the objective is to
replace existing glass electrode based pH and ion sensing.

In this thesis, a systematic study starting from simulation of GaN based HEMT devices to
actual device fabrication have been presented. First, the various performance parameters
for AlGaN/GaN HEMTs have been simulated using ATLAS simulator from silvaco
international. These kinds of studies can be very helpful to optimize the various device
parameters over the tool itself which can reduce the fabrication cost and efforts
significantly. After completing tool based study, we moved towards actual fabrication of
AlGaN/GaN HEMT devices with their applications in pH and salinity detection. The
epitaxial layers were deposited by MOCVD growth technique on sapphire substrates. In
order to ensure the enhancement in HEMT device performance, all the devices processing
steps were optimized to its best. Various processing parameters such as AlGaN thickness,
ohmic contact metal stack and its ratio thickness variation, annealing temperature,
isolation parameters, RF power and gas flow rates have been optimized. A systematic
investigation on how all these parameters affect electrical properties of GaN HEMT has
been presented in detail. Sensitivity and response time of fabricated HEMT devices is

also an important concern which is required to be addressed. So a detailed investigation
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on electrical and sensing characteristics of GaN HEMT sensor has also been done. The
work presented in this thesis demonstrates that the fabricated HEMT devices devices
illustrate the dramatic variation in output drain-source current upon exposure to PBS in
the gate area. We also reported on the modification in the current with the various molar
concentration of NaCl present in DI water. This additionally demonstrated a systematic
potential change at the AlGaN surface thus changes in molar concentration of saline
liquid. Finally, the potentiality of GaN HEMT based electrochemical biosensor various
application has been tested. Results confirmed the pH and ion sensing capabilities of GaN
based HEMT sensor that can be very useful in variety of space and biomedical

applications.

Major Findings and Outcomes
A. Performance Analysis of AlGaN/GaN HEMT: A Simulation Study

In this work, simulation study and performance analysis of GaN based HEMTSs have been
presented. Different electrical parameters such as energy band diagram, electric field
distribution, electron concentration, electron mobility, energy band diagram, output
characteristics (lgs-Vgs), transfer curve, transconductance (gm) and gate leakage current
(Ig) of AlGaN/GaN HEMTs have been simulated. A detailed simulation of GaN HEMT
devices for the optimization of AlGaN and GaN Cap layer thicknesses, followed by an in-
depth study of the high temperature and trapping effects on the device performance have

been executed.

e [For GaN Cap layer thickness variation from 1 nm to 100 nm, drain current was
increments with GaN cap layer thicknesses, and eventually saturates at
approximately 1.85 A/mm for capping layer thickness greater than 40 nm. The
2D-electron mobility, decrease monotonically with GaN capping layer thickness,
and saturate at approximately 830 cm?/Vs for capping layer thickness greater than
~40 nm. Devices with 10 nm GaN Cap layer gave moderate electron mobility
1050 cm?/V/s, moderate drain current 1.56 A/mm and peak electron concentration

1.3 x 10® cm?® at the AlGaN/GaN surface could be recommended for
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electrochemical sensing purpose. The HEMT devices with a GaN cap layer didn’t
exhibit gate leakage current.

For AlGaN layer thickness variation from 5 nm to 30 nm, carrier concentration
was first decrease 1.03 x 10'%/cm?® to 6.65 x 10*¥/cm® with AlGaN layer thickness
from 5 to 10 nm and after that it increases with the AlGaN layer thickness from 10
to 30 nm. The same trend was followed for electric field distributions. Electron
mobility decreases monotonically with AlGaN layer thickness. Highest electron
mobility 1354 cm?/\/s were recorded for the AlGaN layer thickness of 5 nm. The
extracted results were in good accord with published experimental data.

Next, we investigated the effect of variations in gate length (1um to 5um) and
source to gate length (1um to 3um) to choose the most suitable one for
electrochemical sensing applications. Downscaling of gate length (Lg) and source
to gate length (Lsg) enhanced the device characteristics, improving the drain-
current (lgs) and transconductance. Reduction in Lg was more effective than the
reduction in Lsg to influence the biosensor performance. Configuration
Lsp7um_Lglpm_Lsclpm was chosen as the best combination due to highest
attainable value of gn (211 mS/mm) and lgs (1.01 A/mm). That was the result of
highest extracted value of Cy (10.210 pF), mobility (1151.5 cm?/Vs) and electric
field (4.36 x 10° V/cm) with lowest value of gate leakage current among all these
simulated designs. We have fabricated the above mentioned optimized simulated
HEMT structure (AlGaN Layer 18 to 25 nm and Lsp7um_Lglum_Lsglpum) with
some other sets of device dimensions for the experimental work.

Also focused on 2D hydrodynamic computations of AlGaN/GaN HEMTs for
temperatures ranges from 300 K to 600 K. A reduction in drain current, lgs (=
52%) was noticed with the increment in temperature from 300 K to 600 K.

In this work, we also investigated the impact of acceptor traps in the GaN buffer
and AlGaN barrier layer on the leakage current and current collapse in the GaN
HEMT. The dependency of current collapse and leakage current on the density
and energy level of traps have been deliberately contemplated. With the trapping
density increasing from 10 cm® to 10'® cm?
significantly reduced from 80.2% to 1.76% in buffer layer and 95% to 12.6% in

, the leakage current was
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barrier while current collapse increases from 6% to 89.8% in the buffer and 0.3%
to 17.5% in the barrier layer. Effect of current collapse and leakage were more
noticeable in the buffer layer in comparison to the barrier layer. Further, different
energy level 0.75eV, 1.8eV, and 2.85eV of acceptor traps were likewise studied. It
was demonstrated that high energy traps induced lower amount of leakage while
current collapse was more. Finally, a balanced trade-off amid current collapse and

the leakage current has been proposed.

B. Fabrication and Characterization of AlIGaN/GaN HEMTs

Ar" based ion implantation and Ar based RIE proved to be an improved
technology for device isolation. lon implantation using 4 energy resulted in
increased isolation resistance 0.11x10° Q as compared to 3 energy. Minimum
specific contact resistance p= 6.7x10° Q.cm® and contact resistance, R. =0.6
Q.mm values were measured on the AlGaN HEMT devices treated with 4 energy.
Consequently, output current, lgs = 0.37 A/mm is likewise highest for this
combination. In the case of RIE, mixing of Ar in BCl3: Cl, gives higher etch rate.
Isolation technique involving RIE as well as 4 E N* ion implantation provided
better isolation with sheet resistance 970 ()/square among all the processed
combination. Therefore, the Ar addition in the single step etching together with 4

E N ion implant-isolation proved better technique for isolation.

Ohmic contacts using Ti/Al/x/Au, (x= Cr, Pt, Ni) metal stack were optimized and
compared on two different AlGaN thickness 18 nm and 25 nm over GaN HEMTs
structures. Ni based metal stack exhibits better surface morphology. Different
ratios of thickness of metals (Ti, Al, Ni, Au) in the Ni-based stack were compared
to obtain the lowest specific contact resistance (pc) for 25 nm AlGaN structures..
Pre-metallization surface treatment done using HCI: DI gave the lowest specific

contact resistance for both the AlGaN structures.
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e When comparing the performance of 100 nm SiO; and Si3N4 layers, the SiO, showed
better current recovery. On the other hand, for 150 nm of dielectric thickness, the

SizN4 proved to be a better dielectric material than the SiO..

C. Fabrication and Characterization of GaN HEMT based Electrochemical

Biosensor

The sensing characteristics of AlIGaN/GaN HEMT structures were investigated in PBS of
different pH and aqueous NaCl solution. In DI water, the GaN HEMT demonstrated
competent drain 1-V characteristics close to I-V characteristics of typical HEMTs when
exposed to the air. These devices illustrate dramatic variation in output drain source
current upon exposure to PBS in the gate region. A high level of sensitivity 4.32 pA/mm-
pH at V4= 1 V and V4= 0 V was obtained which is smaller than the reported results. Due
to the large leakage current sensitivity couldn’t be achieved as commonly reported in the
literature. This large leakage current may be caused by the technical factors like epitaxial
design issues and imperfection in the epitaxy. Desoite that fabricated HEMT devices
perform well in distinguishing the pH levels at broader scale. Suppression of current
leakage by improving the device preparation and focusing on epitaxial design issues are
likely needed to improve the device performance. The fabricated device is expected to be
suitable for pH sensing applications. Next, we also reported on the modification in the
current with the various molar concentration of NaCl present in DI water. This
additionally demonstrated a systematic potential change at the AlGaN surface as a result
of change in molar concentration of saline liquid. A femto level molar concentration NaCl
in DI was also detected by the fabricated GaN HEMT sensor. A minimal concentration of
NaCl in DI (femto level molar concentration) was fairly distinguished by the fabricated
GaN HEMT sensor. A high device sensitivity of 6.48 mA/mm-molar was recorded at
Vigs= + 1V and Vg= 0 V. We also performed transient response of the devices towards
change in molar concentration. A quite good response time was retrieved 250 —350 ms.
Finally, Table 1 compares various performance parameters of the fabricated AlGaN/GaN
HEMT based pH sensor reported in past. It shows from the comparison that the fabricated

pH sensor has exhibited good performance and it could become more efficient by
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focusing on epitaxial design issues. These devices can be a potential candidate with high

level sensitivity pH and saline sensors for future biomedical and space applications.

6.2 Future Work

This thesis contributes to the development of AIGaN/GaN HEMT based sensor that can
be used in biomedical applications. However, there are multiple problems that still remain
to be directed before this device can be successfully commercialized.

e First there is more optimisation to be done and most amicable measure from an
engineering perspective would be a scaling down and exhibit array assembly of
sensors to operate measurements with high resolution. This progression ought to
be trailed by proper pacakaging and passivation to certain the reliable operation of
the chip. The advancements introduced in this postulation for reference electrode
free, high sensitivity estimation, ought to be incorporated into the future outline
elucidations to ensure sensor integration and miniaturization.

e Improved comprehension of the surface chemistry of the AlGaN/GaN compound in
fluid media is required. This work just presented the ideas of processing and
operation impact on the state of the sensor surface. Further XPS examinations are
expected to realize every single conceivable impact of chemicals on the sensor
surface. Proposed model of surface chemical response can be additionally
supported through further investigation of sensor sensitivity to dipole atom.

e With the above enhancements, AlGaN/GaN electrochemical biosensor can be a
reliable tool, particular to a large number of analytes and critical for research into
cell culture and cell line functionalisation in addition to detection of different
biomarkers.

e In the future one could see the benefits of a design that could consolidate multiple
AlGaN/GaN HEMTs onto a single PCB that would empower the testing of
various analytes in fluid utilizing some of the analyte-receptor methods.
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