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Abstract

With the advancement of technology and autonomous systems, such as electric vehicles,

high electron mobility transistor (HEMT) have gained prominence in the present era. It is

anticipated that in future, driver-less autonomous vehicles, high power smart electromechanical

robots, deep space vehicles like giant engineering systems would replace conventional systems.

The above mention requirement can be addressed by using an efficient HEMT, which can

operate at high power and high temperature without any degradation in the reliability.

The reliability of a device depends on many factors, viz. electric field, electron temperature,

self-heating and converse piezoelectric effect, leakage current. In this thesis, various techniques

for the mitigation of electric field are proposed. Electric field is primarily responsible for the

degradation of a device as it induces majority of the degradation mechanisms. In a conventional

device, the gate edge is rectangular in shape and electric field crowding is observed at the gate

edge toward the drain side. The concentration of electric field at the gate edge controls physical

properties of a device, such as built-in strain, converse piezoelectric-electric strain, and critical

voltage. It is well-established that the breakdown mechanisms originate from gate edge toward

the drain side due to the presence of high electric field under normal operation of a device.

This electric field may initiate avalanche breakdown, thermally-assisted tunnelling, or localized

Schottky-barrier breakdown in the device. Therefore, it is imperative to engineer electric field

in the vicinity of the gate edge in a device for performance enhancement.

Field plate technology is widely implemented to moderate high electric field at the drain

edge of the gate of a device. The field plate topology assists in the uniform distribution of

electric field in the gate–drain access region, and aids in the increase of breakdown voltage of

a device. Several variations of field plate topology are reported in the literature, such as gate

connected, source connected, and drain connected field plate etc. It is observed that in a gate

connected field plate device, electric field peaks at the edge of field plate. Electric field is found

to be quite high at the edge of field plate in the SEMI-ON state of a device. Experimental
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observations indicate the generation of hot carriers at the edge of field plate in the SEMI-ON

state. This may act as a location for further degradation in a device. Therefore, it is essential

to address the issue of electric field crowding at the drain side of gate edge as well as at field

plate edge in a HEMT.

In this thesis, a method is proposed to mitigate electric field at the gate edge of a device

by modifying shape of the gate edge. Although gate shape engineering is well-known for the

enhancement of device performance with slant gate, a particular gate–shape (rounded gate

edge) is depicted in this thesis. Additionally, the proposed device is integrated with field plate

topology, namely, gate connected field plate to investigate behaviour of a device. The inves-

tigation is performed with the help of numerical analysis framework, which is calibrated with

the parameters available in the literature and an experimental data. A comparison of the pro-

posed device with a conventional device is carried out on various parameters, viz., electric field

profile, electron temperature profile, DC characteristics, breakdown voltage and capacitance-

voltage characteristics. It is found that the proposed device structure helps in improving all

the above mentioned parameters increasing device reliability. Similarly, a comparison of the

proposed gate structure with a staircase gate structure states reduction in the converse piezo-

electric effect and vertical electric field. This makes the device structure presented in this thesis

a suitable candidate to be utilized in the wide range of high power applications.

Additionally, as a consequence of shorter device gate length in the field plate structure, the

gate to drain spacing shrinks, which results in an electric field peak at the field plate edge,

when the device is biased in the SEMI-ON state. In this thesis, to mitigate this issue, the

use of diamond layer is proposed on the top of a passivation layer with a SiO2 pocket at the

edge of a field plate. In order to validate it, a numerical analysis framework is calibrated with

an experimental data. The outcome of numerical analysis indicates that employing diamond

layer with a SiO2 pocket at the edge of a field plate on the top of a passivation layer reduces

electric field profile, carrier temperature, self heating and thermal resistance of the device. This

helps in the reduction of device degradation, which is initiated at the edge of a field plate, and
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increases device reliability.
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1. Introduction

1.1 Background

The advent of semiconductor device technology has changed the world significantly. This

aided to the massive transformation of mechanical or electromechanical systems to electronic

systems, which helped in making our lives comfortable and safer. When the first semiconductor

amplifier was fabricated with germanium, it was assumed that germanium would be a promising

candidate of the future semiconductor technology. However, in the short span of time other sili-

con technologies replaced germanium due to ease of manufacturing of the silicon devices. It was

followed by various inventions, such as Texas Instrument of integrated circuits with resistors,

capacitors and transistors; Intel 4004 chip with 2200 transistors in 1971 etc. Since then, the

semiconductor industries progressed drastically and semiconductor technology is included in

the list of top 10 future technologies recently. It is well established that without semiconductor

device technology, advanced and sophisticated systems cannot be manufactured. Advancements

in CMOS technology, FinFETs, sub-5nm semiconductor devices, high power devices based on

compound semiconductors etc. enable us not only to integrate many diverse functionalities in

a single die but also to design area and power efficient systems. It is expected semiconductor

industries to grow to $ 522 Billion in 2021 worldwide despite COVID19 pandemic and shortage

of supply [11].

The applications of semiconductor devices are classified into high power or high speed, which

is represented as power frequency diagram of semiconductor materials in Fig. 1.1. The power

axis is the combination of several factors, such current, voltage handling capability, selection

of a particular technology for an application based on reliability (thermal considerations and

ruggedness), performance (efficiency and linearity), cost, size, and legacy. The other axis

denotes frequency of the device, which primarily depends on the device size (scaling) as well as

device design. Semiconductor devices can also be classified on the basis of carriers as unipolar

(majority carrier) or bipolar (minority carrier). Unipolar devices are generally faster, while

bipolar devices has superior on-state performance. Unipolar devices include MOSFET, JFET,

and Schottky diodes. Thyristor, BJT, IGBT, and variants of PIN diode constitute the bipolar

2
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Figure 1.1: The power frequency diagram of application for the semiconductor materials [1]

devices. As we know, by employing voltage and electric field scaling high speed and low power

devices can be designed according to the requirement.

Over the years, Moore’s law dictated that number of transistors in an integrated circuit

(IC) doubles approximately every two years. The impact of this law is the reduced cost per

function, but due to aggressive technology scaling, this rule loses its significance. Further

technology scaling puts several limits on the device design and it is anticipated that after a

certain threshold, it would not be possible for us to realize an electronic circuit on silicon with

high reliability. For smaller and faster reliable circuits, other alternatives are being researched,

which includes spintronics, quantum computing, superconductivity etc. Theoretically, some

indicators, viz. Shannon-von Neumann-Landauer minimum energy required to switch a bit

from 1 to 0 in a device, Es|min, [12]; the minimum size of a computational element, Lmin,

given by Heisenberg uncertainty principle; the minimum size corresponds to the maximum

integration density of switches, nmax; the minimum time of gedanken least energy switch, τmin,

can be employed to estimate limits of a reliable device integration on the silicon. Theoretical

estimates of Es|min, Lmin, nmax and τmin are given below for the ready reference.
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Es|min = ln(2)κBT = 0.017 eV

Lmin =
~√

2meEs|min
= 1.5 nm

nmax =
1

L2
min

= 4.7× 1013devices/cm2

τmin =
~

Es|min
= 0.04 ps

With the technology scaling down to 18 nm, several limits of the device design have already

been reached, such as transistor integration density per �, i.e. 3.5× 109 cm−2, which impacts

several vital operational parameters of a semiconductor device, viz. thermal stability, device

reliability etc. Although, a large number of transistors on a silicon die aids in the realization

of diverse functionalities, but it also increases non-linear effects, power consumption and area

utilization of a device.This issue can be addressed by limiting the number of functional tran-

sistors at a moment, thus restricting the thermal load or operating the system at cryogenic

temperature. Similarly, an increase in the number of longer interconnects becomes bottleneck

in the signal propagation. As we know, the transistor density cannot be scaled beyond a par-

ticular point, and aggressive device scaling needs to be supplemented with novel devices and

materials.

Among various semiconductor devices, compound semiconductors devices have a special

place. In order to comprehend the role of compound semiconductors, it is essential to under-

stand the dominant position of silicon. The primary advantage of silicon is the abundant source

material silica, which is cheap and can be refined easily into electronic-grade silicon (EGS). Be-

sides, wafers as large as 12 inch are possible to get manufactured. Silicon can be easily doped

as n-type or p-type, and most importantly the high quality native oxide, SiO2. As we know,

the SiO2 interfaces strongly with silicon, which facilitate less traps both at the interface as well

4
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1.1 Background

Table 1.1: Commercial Device Market of Semiconductor Materials [7]

Items Material Applications Revenue (in $ Billion)
Light Emitting Diodes
(LEDs)

GaN, GaP Indicators, Flat Panel
display, Illumination

8.5

Solar Cell GaAs, GaInP,
CuGeSe

Satellite devices 0.5

Lasers GaAs, GaN, InP Data communications,
switches, optical stor-
age

2.5

Wireless GaAs, GaN, InP Mobile communica-
tions

8

as in the oxide.

The compound semiconductors can be considered as an alternative to silicon in terms of

various technological parameters in order to compensate the advantage of cost effective device

manufacturing using silicon. Information about compound semiconductor is enlisted in Table

1.1. Silicon being an indirect bandgap semiconductor cannot be used for light emitting diodes

(LEDs), whereas GaN, GaP, and GaAs are used as materials for LEDs. Compound semicon-

ductors, such as, GaN and SiC enable devices to perform at high operating voltages in power

electronic circuits due to their wide bandgap. Therefore, commercial transistors operating

above 100 GHz are realized with GaAs and InP.

Direct bandgap compound semiconductors produce an entire spectrum of light, i.e., near

UV, blue and green light is generated by InGaN based LEDs, whereas, amber, red and IR light

is produced by GaAs or GaP based LEDs. There is a growing demand for high brightness

LEDs for flash photography, back lighting, and general illumination in a bid to replace existing

incandescent light bulb. In order to address this issue, InGaP based devices are utilized, in

which lasers exploit the absorption minima of fiber optics. The integration of III-V laser with

silicon based lasers in on-chip optical communication plays a crucial role in the advancement of

telecommunication sector. Nakamura demonstrated blue light LED using GaN/InGaN/GaN

double heterostructure in 1993 [13], followed by laser diode in 1997 [14]. Since then, GaN is

used for fabricating UV detectors [15].
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Table 1.2: Comparison of normalized Figures of Merit of Semiconductor Materials [8]

Semiconductor Johson’s FOM Balinga’s FOM
Si 1 1
Ge 0.03 0.3
GaAs 7.1 10.8
GaP 37 5
GaN 760 77.8
AlN 5,120 1,100
4H-SiC 180 22.9

The large bandgap and critical field of GaN and SiC enable operations at high temperature

without complete carrier ionization as well as at high voltage. The large thermal conductivity

of SiC eliminates the effects of self heating. It is to mention that the normalized thermal

conductivity of GaN and 4H − SiC to Si are 0.87, and 3, respectively, which reduces self-

heating effect with respect to silicon. Since on-resistance, Ron, is inversely proportional to

mobility, AlxGa1−xN/GaN High Electron Mobility Transistors (HEMT) has lower Ron due to

higher mobility.

Although there exist a number of predictions for the compound semiconductors, Figures of

Merits (FOMs) is a quantitative way to evaluate the performance based on specific dependencies

taken into consideration. Johnson’s FOM [16] is described as power frequency product per unit

width.

JFOM =
υn,sat · E2

crit

2π
(1.1)

where, Ecrit is critical field for breakdown, and υn,sat is electron saturation velocity. Similarly,

Baliga’s FOM [17] is stated below.

BFOM = µn · E2
crit (1.2)

It is an efficient measure of breakdown voltages in GaN HEMTs. It is to mention that

efficient HEMTs have high-breakdown voltages and low-access resistances (high mobility). The

Johnson and Baliga FOMs for common semiconductor material are listed in Table 1.2.
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1.2 Motivation for the present work

GaN transistors possess electronic properties, which enable them as an ideal candidate

for high power microwave devices [18]. These properties are the direct manifestation of wide

bandgap (Eg = 3.4 eV) and high electric breakdown field (∼ 3 MV/cm). The high electric

field permits GaN devices to operate at high drain voltages with low noise (NF = 0.6 dB at 10

GHz), thereby increasing the range of operations [19]. On the other hand, GaN device operates

at high temperature without any degradation due to its wide bandgap. Furthermore, the high

saturation velocity (υsat = 2× 107 cm/s) is accountable for high current density (Imax ∝ υsat)

and operating frequency (ft ∝ υsat) of the GaN devices.

GaN HEMTs find applications in high frequency and high power regime and it is found that

their performance exceeds SiC or GaAs based devices. The emergence of RF and microwave

application of GaN HEMTs is not only cost effective but also advantageous for numerous

military and commercial systems, such as, X band radar systems, power amplifier for terrestrial

and satellite communication [20] etc.

1.2 Motivation for the present work

GaN devices are known to have exceptional high power and high frequency performance,

but the issues related with the stability and reliability of these devices [21] should be addressed

efficiently for their extensive commercial use. The failure mechanisms include device degrada-

tion [22,23], self heating [24,25], and current collapse [26–29]. Device degradation is associated

with trap-related phenomenon, where creation of new trap states takes place. Although there

exist several causes of the device degradation, the two leading hypothesis are hot-electron in-

duced effects [30] and converse piezoelectric effect assisted stress induced defects generation [31].

The latter hypothesis is corroborated by an experimental observation of the increased strain

with the help of micro-Raman technique [32]. It is also observed that the device degrades

when it is biased above a critical drain to gate voltage [33], even in the OFF state. Thus, the

motivation of the proposed work is to study various degradation mechanisms, so that reliability

and stability of AlGaN/GaN HEMTs can be improved.

7
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1.3 Objectives of the Thesis

In this thesis, we aim to study degradation mechanisms that arise due to high electric field

at the gate edge. This task includes following objectives.

(i) Development of a numerical analysis framework to study degradation mechanisms in a

device. The numerical analysis framework is proposed to be calibrated with parameters,

models, and data available in the literature.

(ii) The high vertical electric field at the gate edge is the prime reason for several degra-

dation mechanisms. It is proposed to study the impact of alteration of gate shape of a

device (rounded gate device) as illustrated in Fig. 1.2(a) on the electrical field and other

associated degradation mechanisms.

(iii) Field plate is a well established technology to address the issue of high electric field at

the gate edge. In this work, we propose to examine the incorporation of field plate to

rounded gate device as illustrated in Fig. 1.2(b) and to study electric field profile for

understanding reduction in the degradation mechanisms.

(iv) Although electric field at the gate edge is managed by field plate technology, the crowding

of electric field at the field plate edge can be a potential hot-spot of the electrical field

in the SEMI-ON and OFF-states. A study of electric field profile in the SEMI-ON and

OFF-states of a device is proposed to be conducted with Diamond/SiNx passivation stack

having a SiO2 pocket around the field plate edge for suppressing electric field. Self-heating

and thermal resistance of HEMTs are also aimed to be investigated for the proposed

modifications to the device for improved reliability and stability.

1.4 Contribution of the Thesis

The contributions of the thesis are stated as follows.

8
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Figure 1.2: Schematic of proposed rounded gate along with rectangular and stair case device struc-
ture: (a) without and (b) with field plate.

(i) An increase in the electric field at the gate edge toward the drain terminal in a device is

moderated by modifying gate structure of a device. The proposed rounded gate devices

with and without field plate are observed to mitigate electric field at the gate edge,

which is well corroborated with the findings of numerical analysis. The subdued electric

field prohibits electric field induced degradation mechanisms in the proposed rounded

gate device. Additionally, the proposed gate shape device is observed to have enhanced

breakdown voltage.

(ii) The primary contributing factor in the converse piezoelectric strain is the vertical electric

field. This electric field at the gate edge is moderated by changing gate geometry to either

rounded gate or stair case as compared to conventional (rectangular) gate geometries. As

9
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a result, converse piezoelectric strain reduces in these devices and is found to vary linearly

with the gate bias. Further, reduction in the gate bias decreases converse piezoelectric

strain and vice-versa.

(iii) Similarly, electric field at the field plate edge of a device when biased in the SEMI-ON or

OFF state is mitigated by employing a Diamond layer on the top of SiN passivation and

a SiO2 pocket around the edge of a field plate. It is found in the numerical analysis that

electric field, electron temperature, self heating and thermal resistance get reduced in the

proposed device. Moreover, carrier temperature, electric field, self heating and thermal

resistance decrease consistently at the field plate edge in the proposed device, when the

thickness of SiN and Diamond layers are varied.

1.5 Organization of the Thesis

The proposed research work is organized as mentioned below.

• Chapter 2 introduces basics of a crystal structure, electrical properties of III-N materials

and origin of two dimensional electron gas (2DEG) due to polarization effects. Properties

of III-N based heterostructures, such as band discontinuity and polarization are discussed

in this chapter along with the operation of AlGaN/GaN HEMT and key challenges.

Finally, introduction to numerical analysis is also presented for the completeness.

• Chapter 3 presents a brief of degradation mechanisms and the reliability aspects of

AlGaN/GaN HEMTs.

• Chapter 4 depicts the impact of rounded gate and field plate to the degradation mech-

anisms in a device. The electric field at the gate edge is examined for the proposed

modifications and an associated degradation mechanism is explained in this chapter.

• Chapter 5 states the mitigation of converse piezoelectric strain in a device as gate

geometry is varied. Three type of gate geometries are considered for the investigation,

10
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namely, conventional gate geometry (RG), rounded gate (‘dr5’ as FG) and stair case

geometry (SG). It is found that the moderation in converse piezoelectric strain is related

to the reduction of electric field at the gate edge.

• Chapter 6 investigates electric field at the edge of field plate of a device in SEMI-ON

and OFF states. The high electric field at the field plate edge translates to hot-spots,

which is addressed by introducing a SiO2 pocket around the field plate edge along with

Diamond/SiNx stack. Self heating and thermal resistance is also examined for these

proposed modification in this chapter.

• Chapter 7 summarizes results stated in the previous chapters. Not only it draws

corresponding conclusions but also outlines future directions.

11
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2. Basics of AlGaN/GaN HEMTs and Numerical Analysis

This chapter depicts about GaN and its properties that enable it to be utilized in the design

of high electron mobility transistor HEMT for high power and high frequency applications.

Section 2.1 outlines crystal structure of GaN. Section 2.2 deals with the concept of hetero-

structure in semiconductors. Section 2.3 introduces the polarization property that helps in

the formation of two dimensional electron gas (2DEG) at the interface, which is discussed in

Section 2.4. Section 2.5 states the principle of AlGaN/GaN HEMTs and its working, while

Section 2.6 underlines the importance of substrate for these devices. Section 2.7 highlights the

challenges in AlGaN/GaN HEMTs.

2.1 Crystal Structure

The group III nitride semiconductors, such as AlN , GaN , InN crystallize in both wurtzite

hexagonal close packed (HCP) and cubic zinc-blende structures (ZnS). In comparison of the two

crystal structures, wurtzite structure is more stable. This structure inherits the characteristics

of spontaneous polarization, PSP , which helps in the formation of (2DEG) at hetero-interfaces.

The other semiconductors belonging to group III-V, viz. InP or GaAs, crystallize in the zinc-

blende structure.

The wurtzite structure of GaN is a hexagonal bravais lattice with four atoms per unit

cell [34]. Group III nitride compounds, such as, GaN are predominantly covalent, however

the difference in electronegativity of Ga and N atoms leads to ionic contribution to the bond,

which determines the stability of respective structural phase.

III-Nitrides crystallize in hexagonal wurtzite structure or zinc-blende structure. Since it

lack the centre of symmetry, therefore it shows piezoelectricity. It is to mention that wurtzite

exhibits poor symmetricity and polarizes spontaneously. The wurtzite structure is characterized

by three lattice constants, namely a, c, and u as shown in Fig. 2.1. The side length of the

hexagonal wurtzite structure is denoted as a, height of the cell as c, and the length of III-N

bond as u. The parameter u is dimensionless and its value is defined in the ratio of c. For

an ideal wurtzite structure, the ratio of these parameters are u/c = 3/8 = 0.375 and c/a =

14
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2.1 Crystal Structure

[0001] c

u x c

a

Figure 2.1: Hexagonal Wurtzite Structure

√
8/3 ≈ 1.633. The structural parameters of common III-N wurtzite semiconductors is stated

in Table 2.1.The arrows on hexagonal wurtzite structure denotes <111> directions [35].

Table 2.1: Structural parameters of common nitrides semiconductors [9]

Parameter AlN InN GaN
a (A◦) 3.108 3.580 3.197
c/a 1.6033 1.6180 1.6297
(u-uideal) ×10−3 6.4 3.7 1.9

Nitrogen face

(0
0
0
1
)

Nitrogen

Ga

Gallium face

Figure 2.2: Crystal structure of Ga-face, GaN

As we know that wurtzite structure tends to have low symmetry. An ideal structure exhibits

spontaneous polarization, PSP , affecting 1/3 to 1/2 of the actual structure [36]. Due to the

15
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2. Basics of AlGaN/GaN HEMTs and Numerical Analysis

non-existence of inversion symmetry in wurtzite structure along the c-axis (also known as

pyroelectric axis) [37], directions [0001] and [0001] are not identical as shown in Fig. 2.2. The Ga

and N atoms along this bond form the dipoles, which are the basis of macroscopic polarization.

Also, wurtzite GaN crystal has two well-defined face corresponding to crystalline faces, known

as Ga-face (0001) and N-face (0001). In the GaN crystal, electric dipole is directed from the N

to the Ga atom indicating negative magnitude of the polarization. Since polarization being a

bulk property [38], the polarity of the crystal depends on direction of the crystal structure and

has no dependency on the surface layer.

In the subsequent section, details about hetero-structure are presented, which is essential

in the design of high electron mobility transistor (HEMT).

2.2 Hetero-structure

Hetero-structure is a structure that employ a hetero-junction, which consists of a junction

with two different materials. The two materials differ in bandgap energies and different band

structures. The resulting band structure of the hetero-junction determines behaviour of a

device and is of great importance. Moreover, difference in the polarization of the materials and

subsequent charges bounded at the interface play a pivotal role in the band diagrams of III-N

semiconductors.

The contact to the device can be either non-rectifying metal semiconductor constant (also

known as ohmic contact) or rectifying metal semiconductor contact (also known as Schottky

contact). The non-rectifying contact has virtually no barrier height between metal and con-

duction band of the semiconductor, and facilitates supply of carriers to the device. Source and

drain terminals of the device are non-rectifying or ohmic contact. In contrast to non-rectifying

contact, gate terminal of the device is realized as rectifying contact because of barrier height

present between metal and conduction band of the semiconductor. The barrier height is the

difference of work function of the metal and electron affinity of the semiconductor.

16
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2.2 Hetero-structure

The semiconductors forming hetero-junction have different bandgaps and one of them should

have wider bandgap. The bandgap of GaN is given as 3.42-3.50 eV [6], however, the bandgap

of AlxGa1−xN and other nitride ternary is given as [39,40]

Eg(AxB1−xN) = xEg(AN) + (1− x)Eg(BN)− bABNx(1− x) (2.1)

where, x is the mole-fraction, b is the bowing parameter, and other letters have their usual

meanings.

For AlxGa1−xN/GaN hetero-junction, AlxGa1−xN has wide bandgap as compared to GaN.

Due to the mismatch in the bandgap, there is a bandgap discontinuity, which is represented by

4Eg (difference of the bandgap energies of two semiconductors). The bandgap discontinuity is

represented as

4 Eg = 4EC +4EV (2.2)

where, 4EC and 4EV are conduction band and valence band offsets, respectively as shown in

Fig. 2.3.

Vacuum

Conduction
Band

Level

Fermi Level

Valence Band

χ1

χ2

∆EV

∆EC

Eg1
Eg2

Wide Narrow
Bandgap Bandgap

Semiconductor Semiconductor

Figure 2.3: A hetero-structure with two semiconductors having different bandgap energies Eg1 and
Eg2, and affinities χ1 and χ2.

The conduction band discontinuity ∆EC is due to difference of affinities, χ1 and χ2. The

bandgap energy difference (Eg1 − Eg2) determines valence band discontinuity ∆EV . It is to

17
TH-2691_166102020



2. Basics of AlGaN/GaN HEMTs and Numerical Analysis
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-
+

GaN Bulk (Unstrained)

Figure 2.4: Spontaneous polarization charges due to crystal asymmetry in wurtzite crystal

mention that in III-N based devices, the channel electrons are provided by the polarization dif-

ference of two semiconductors. For AlxGa1−xN/GaN hetero-junction, the difference in bandgaps

of the two semiconductors leads to band bending, which helps in the creation of a well with high

electron density. This phenomenon is due to the polarization of III-Nitrides, which is discussed

in Section 2.3. As a result, the requirement of doping for band bending in other semiconductors

is eliminated.

2.3 Origin of Polarization

Polarization is a crucial material property in III-N semiconductor that determines the op-

eration of nitride devices. This property arises due to the shift in centre of negative charges

away from the centre of positive charges that exists between the bonding atoms [41]. It leads

to polarize atoms, which form a dipole with the dipole moment, −→p . The polarization of the

material is described by an electric polarization vector,
−→
P as

−→
P = n−→p = −→p /Ω0 (2.3)

where, n is the concentration of identical dipoles and Ω0 is the volume of a dipole.
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2.3 Origin of Polarization

Under the condition, when there is no electric field, materials either has no dipole or their

orientation is random, such that the total polarization is zero. This is not true for the compound

crystals, which has low symmetry, where dipoles are present even when there is no electric

field. This condition gives rise to spontaneous polarization in the crystal as shown in Fig.

2.4. Piezoelectric polarization, PPZ , exists in the structures having mechanical deformation

and lacking centre of symmetry. Also, for a crystal which has no or a single rotation axis,

the bonding in the crystal is asymmetric provided rotation axis is not an inversion axis. This

type of materials are known as pyroelectric materials and they exhibit built-in spontaneous

polarization, PSP . Spontaneous polarization exists without any mechanical deformation or

electric field. The low symmetry axis parallel to the built-in spontaneous polarization direction

is known as pyroelectric axis. Similarly, ferroelectric materials exhibit polarization even when

there is no electric field. It is to mention that the polarization in these materials can be

inverted by applying an electric field to measure PSP , whereas, this is not possible in pyroelectric

materials.

Further, III-V semiconductors mostly crystallize either in cubic zinc-blende or hexagonal

wurtzite structures. Since both the structures are non-centrosymmetric in nature, these are

classified as piezoelectric materials. However, zinc-blende crystals do not possess spontaneous

polarization unlike wurtzite crystals. This is due to the presence of rotational symmetry axis

and an inversion axis in zinc blende crystals, while wurtzite crystals have rotational symme-

try axis, but lack in inversion symmetry. Hence, zinc-blende crystals cannot be identified as

pyroelectric material.

Under the condition of small/lower strains, polarization is linearly dependent. Therefore,

if there exists any polarization, when strain is zero, it is referred as spontaneous polarization

PSP , which can be distinguished from piezoelectric polarization. In piezoelectric materials, the

strain results in polarization field PPZ . Thus, the overall polarization is the aggregate of both

the polarizations, P = PPZ + PSP .

Let us consider AlGaN/GaN hetero-structure, wherein AlxGa1−xN (a ternary alloy of ni-
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Figure 2.5: Strain effect in an AlxGa1−xN/GaN hetero-structure

tride) is grown on the top of GaN layer. As III-N semiconductor, such as AlN, GaN, and

InN possess different lattice constants under unstrained conditions. The lattice constant of an

unstrained AlxGa1−xN layer is different than the unstrained GaN. Thus, when AlxGa1−xN layer

is grown on the top of GaN layer, AlxGa1−xN layer is strained to match the lattice constant of

an underlying GaN layer. The direction of growth in III-N is parallel to c-axis, which is normal

to the basal plane {0001}. Also, c-axis and basal plane {0001} are represented by z-axis and

xy-plane, respectively, as shown in Fig. 2.5. Since lattice constant of AlxGa1−xN and GaN

layers need to match, there exists strain in x and y directions, which is expressed as

ε1 =
a− a0
a0

(2.4)

where, the lattice constants of an unstrained (relaxed) and a strained structure are repre-

sented by a0 and a, respectively. Generally, GaN layer is thicker than AlxGa1−xN layer and,

it assumed that the former is relaxed, while the latter is strained. Therefore, the Eq. 2.4 is

modified as

ε1 =
a(0)− a(x)

a(x)
(2.5)

Here, a(0) is the lattice constant of unstrained (relaxed) GaN layer and a(x) is the lattice

constant of AlxGa1−xN, which is the function of Al mole-fraction x in the layer.
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2.3 Origin of Polarization

The piezoelectric polarization in wurtzite crystal is expressed as mentioned below [42].

Pi,PZ =
∑
jk

dijkσjk =
∑
jk

dijk

(∑
lm

Cjklmεlm

)
=
∑
lm

eilmεlm =
∑
lm

eilm

(∑
lm

Slmjkσjk

)
(2.6)

where, d, σ, C, ε, e and S are piezoelectric moduli, stress, elastic constant, strain, piezo-

electric constant, and elastic compliance, respectively. The variables in the above equation are

related with each other in the following manner.

e = d · Cd = e · SS = C−1 (2.7)

Moreover, piezoelectric polarization does not depend on microscopic structure unlike spon-

taneous polarization [43], and piezoelectric polarization of any ternary alloy is evaluated using

Vergard’s law.

PPZ,AxB1−xN = xPPZ,AN(ε(x)) + (1− x)PPZ,BN(ε(x)) (2.8)

The polarization induced charge density, σ, which originates at hetero-interface of two

dissimilar III-Ns, is associated with the gradient of polarization [44], i.e, σ = OP . For

AlxGa1−xN/GaN hetero-interface, the above equation can be rewritten as mentioned below.

σ = PGaN − PAlGaN

= PSP,GaN + PPZ,GaN − PSP,AlxGa1−xN − PPZ,AlxGa1−xN

= PSP (0) + PPZ(0)− PSP (x)− PPZ(x)

(2.9)

The argument x in the above mentioned equation is the mole fraction of Al in AlxGa1−xN. As

GaN layer, in general, is thicker than AlxGa1−xN layer, it is considered relaxed i.e., PPZ(0) = 0.

Since AlxGa1−xN layer is grown on the top of GaN layer, it is assumed that it is strained due to

their lattice mismatch. However, this is not true in all the scenarios. When the lattice constants

of two layers exceed a threshold point, the top layer (AlxGa1−xN, here) grows partially in the

relaxed state. It holds for AlxGa1−xN layer having higher composition of Al [39]. Similarly,
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for lower mole fraction, x of Al in AlxGa1−xN, PSP,AlxGa1−xN ≈ PPZ,AlxGa1−xN . Further, it

is to mention that for higher x, PPZ,AlxGa1−xN drops. If x attains a very high value, then

PSP,AlxGa1−xN is the main contributing factor in the polarization process. Thus, for very high x,

the polarization induced charge density at the hetero-interface is due to PSP of the two layers.

On the other hand, | PSP,AlxGa1−xN | is greater than | PSP,GaN |, which results in a positive

charge at the AlxGa1−xN/GaN hetero-interface. This is exhibited in Fig. 2.6 for the ready

reference.

PSP PPZ

Substrate

PSP

AlGaN
Tensile Strain

Ga-Face

GaN
Relaxed PSP

PSP PPZ

Substrate

N-Face

(a) (b)

PSP PPZ

Substrate

PSP

AlGaN

Strain

Ga-Face GaN

Relaxed PSP

PSP PPZ

Substrate

N-Face

(c) (d)

Compressive

Figure 2.6: Polarization field condition for a thin AlGaN layer under tensile strain for (a) Ga-face,
and (b) N-face, respectively. As the thickness of AlGaN layer is increased and GaN layer is reduced,
the GaN layer experiences compressive strain for (c) Ga-face and (d) N-face.

2.4 Two Dimensional Electron Gas (2DEG)

In a hetero-junction, when two materials with different bandgaps are brought in the con-

tact, band bending at hetero-interface takes place, which results in the formation of a narrow

quantum well with high electron density known as two dimensional electron gas (2DEG). At
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Figure 2.7: The vertical cross-section of the conduction band in AlGaN/GaN hetero-structure.

AlxGa1−xN/GaN hetero-interface, donor electrons from AlxGa1−xN diffuse to GaN due to dif-

ference in the electron affinity (χ), bandgap (Eg) and work function (φ) of AlxGa1−xN and GaN.

This process of electron transfer halts, when an equilibrium condition is reached, i.e Fermi level

becomes constant across the hetero-junction as shown in Fig. 2.7.

Owing to large difference in the polarization at hetero-structure interface, there exists

bounded charges, σb, which results into high electron sheet density, n2D. It is also referred

as 2DEG. The dependency of n2D on the barrier height φb is represented as [45, 46] and is

stated below for completeness.

n2D(x, d) =
σb(x)

e
− ε0ε(x)

e2d
(eφb(x) + ∆(x)−∆EC(x)) (2.10)

Here, ∆EC , ε0 and ε are the conduction band offset, vacuum’s dielectric constant, relative

dielectric constant of the barrier layer, respectively. Further, ∆ is conduction band penetration

below the Fermi level at the AxB1−xN/GaN interface (A and B can be either Al, Ga or In),

which is dependent on the mole fraction, x and is expressed as mentioned below.

∆(x) =

(
9π~e2

8ε0
√

8m∗n

n2D(x, d)

ε(x)

)2/3

+
π~2

m∗n
ns(x, d) (2.11)

In the next section, details of AlGaN/GaN HEMT are provided briefly.
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Figure 2.8: Schematic structure of a HEMT device (not to the scale). Here, 4d represents the
position of maximum 2DEG at the interface in a HEMT device

2.5 AlGaN/GaN HEMT

The High Electron Mobility Transistor (HEMT) works on the similar principle of a Field

Effect Transistor (FET). The current flows between source and drain terminals through the

channel, which is created because of potential well in the hetero-structure region. This potential

well possesses high density of electrons, which form 2DEG. The movement of 2DEG is restricted

to the direction parallel to the interface. The initial HEMTs were fabricated with GaAs, because

arsenide based devices do not exhibit spontaneous and piezoelectric polarization as compared

to the nitride based devices. The magnitude of 2DEG in the former device is lower than the

latter one. The 2DEG density in GaAs based HEMTs can attain 2 ×1012 cm−2 with doping,

while 2DEG density in GaN based HEMTs can achieve upto the order of ×1013 cm−2 without

any doping. It is to mention that doping reduces electron mobility in GaAs based HEMTs due

to scattering.

The schematic of GaN-based HEMT device is shown in Fig. 2.8, where gate is placed

asymmetrically i.e., distance of source and drain contact is not equally spaced. The rationale
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2.5 AlGaN/GaN HEMT

behind this asymmetric placement of the gate is as follows. The electric field peaks at drain

edge of the gate when drain voltage is high, thus gate must be placed at a larger distance from

drain. This increase in distance between gate and drain contacts reduces cut-off frequency and

high frequency performance of the device.

The current flow between the drain and source contacts, i.e., ID is regulated by the voltage

at gate contact. It can be expressed as a function of n2D (2DEG carrier density), and the

voltage along the lateral direction V (x) as stated in [47].

ID = WGqn2D(x)µn

(
∂V (x)

∂x

)
(2.12)

where, µn is electron mobility in the channel and WG is width of the gate.

On integrating the above equation from x = 0 to x = LG (drain side of gate edge), drain

current, ID, can be expressed as

ID =
εµnWG

(d+ ∆d)LG

{
(VGS − VT )VDS −

V 2
DS

2

}
(2.13)

For small drain to source voltage, VDS, electron velocity is proportional to the electric field

given by υn = µnE. When electric field increases beyond a threshold, electron velocity reaches

to a saturation velocity (υn,sat = µnES), which further saturates ID. Drain current, ID is

denoted by ID,Sat at after electron velocity attains the peak value, i.e. drain saturation current

and equation 2.13 gets modified as stated below.

ID,Sat =
εµnWGES
d+ ∆d

{√
(VGS − VT )2 + E2

SL
2
G − ESLG

}
(2.14)

Here, ES is the electric field at which electron velocity attains peak value. The drain

saturation current expression for shorter gate HEMTs, i.e., LG < (VGS − VT )/ES is as follows.

ID,Sat =
εWGυn,sat
d+ ∆d

(VGS − VT ) (2.15)

From, the equation 2.15, it can be observed that ID,Sat varies linearly with VGS. The

25
TH-2691_166102020



2. Basics of AlGaN/GaN HEMTs and Numerical Analysis

constant term can be denoted as transconductance, gm, which can be expressed by equation

2.16.

gm =
εWGυn,sat
d+ ∆d

(2.16)

Hence, drain saturation current, ID,Sat can be expressed as

ID,Sat = gm (VGS − VT ) (2.17)

For a HEMT device, it is equally essential to explore substrate, which is outlined in the

subsequent Section 2.6.

2.6 Choice of Substrate

The introduction of wide bandgap devices into systems depends generally on affordability,

availability, large diameter and high quality. The following properties are taken into consider-

ation while evaluating substrates for semiconductor devices [48].

• Lattice-mismatch relative to the materials of device layers

• Thermal conductivity κL and thermal expansion coefficient (CTE)

• Maximum electrical isolation at different temperatures

• Total price and price per unit area

• Availability with respect to the diameter (2-8 in.)

• Crystal quality and residual defect density

• Surface properties and residual defects density

• Wafer warp and wafer bowing

• Mechanical and chemical properties with respect to thinning and via hole etching
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2.6 Choice of Substrate

The commonly used substrates for AlGaN/GaN HEMTs are Silicon, Sapphire, and Silicon

Carbide. Diamond, and GaN are also used as substrates. The main advantage of the former

is high thermal conductivity, which is helpful in heat dissipation that generates during device

operation. On the other hand, the latter aids in reducing density of impurities. The heat flow

in AlGaN/GaN HEMT is governed by the equation described below.

cL
∂T

∂t
=
−→
∇ ·

(
κL
−→
∇T

)
(2.18)

where, cL, κL, and H are lattice heat capacity, thermal conductivity and heat generation

rate, respectively. The thermal conductivity, heat capacity for Si, GaN, and SiC are enlisted

in Table 2.2. For Sapphire (Al2O3), the thermal conductivity, heat capacity are 0.35-0.42

(Wcm−1K−1) [25, 49], and 0.77 (Jg−1K−1), respectively, [25]. A brief about Silicon Carbide,

Sapphire, and Silicon is stated below for completeness.

2.6.1 Silicon Carbide

The lattice mismatch between SiC and GaN is 4%, and due to its better thermal conduc-

tivity, it is the most attractive substrate. The density of dislocation is less than 3× 108 cm−2

provided an AlN nucleation layer is placed between SiC and GaN, which ensures excellent

crystallographic quality. Although SiC is expensive, devices made with this substrate exhibits

higher frequency.

2.6.2 Sapphire

Sapphire (Al2O3) is the most commonly used substrate as it is easily available and cheap.

However, the lattice match between GaN and Sapphire ranges between 14% - 23% depending

on their relative orientation. One of the prominent issue with this material is the poor thermal

conductivity, which hinders heat dissipation and may results in overheating the device.
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2.6.3 Silicon

Silicon has a reasonable thermal conductivity and is economically viable. The lattice con-

stant of Si is larger than GaN with lattice mismatch at 17%. As a result, GaN layer grown

over it has tensile stress, which creates crystal defects at the interface. With the employment

of this substrate, we can harness the advantages of both the technologies, i.e., Si and GaN

technology to build integrated circuits (ICs) comprising Si MOSFETs and GaN HEMT in the

same chip [50].

Although HEMT devices depicts superior performance, these devices are too vulnerable to

initiate degradation mechanisms. Some of the degradation mechanisms are stated in Section

2.7.

2.7 Challenges

In this section, device degradation, such as self heating, current collapse and thermal bound-

ary resistance are stated.

2.7.1 Self heating

Owing to the high electron mobility, saturation currents in GaN HEMTs can reach as

high as 2–3 A/mm [51]. At such high currents, there is a significant Joule heating effect in

the transistor [52]. Although gallium nitride has higher thermal stability [53] as compared to

silicon, the heating effect causes mobility of electrons in 2DEG to drop, which further reduces

current [51] and hinders prolonged use of GaN HEMTs. The detailed analysis of heating effect

reveals that the temperature rise is mainly concentrated at the drain side of the gate edge,

where formation of thermal hotspots can be found [54]. As a result of the temperature rise,

drop in electron mobility occurs at this point [55]. The temperature rise in the device can be

seen as a linear function of Drain-Source voltage and decrease in the device current can be

estimated using negative slope of I-V characteristics.

Self-heating results in the decrease of mobility and saturation velocity of electrons, causing
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significant performance degradation. Even the failure rate of GaN-HEMTs is linked with peak

temperature in the device. The failure of GaN-HEMTs can be caused by temperature and

field dependent phenomena. However, it is generally accepted that temperature dominates

on almost all the phenomena responsible for performance degradation. Hence, for ensuring

reliable operation and mitigating the chances of time-dependent or device failure, GaN-HEMTs

are usually mandated to operate below “safe” levels of power, current and temperature. The

maximum permissible channel temperature, TMAX, not only determines the maximum power

delivering capability and expected life of the device, but it also plays a crucial role in the design

of heat sinks, device packaging, etc. [56]. Therefore, self-heating is extremely important for the

prediction of device performance, assessment of lifetime and reliability, system design, etc. Two

out of the above mentioned three parameters determining the device “safe” operation region,

i.e. output power and current, can be easily measured, but the determination of temperature

distribution across the device [57] and identification of hotspots are not easy.

In order to determine lattice temperature equation 2.25 can be utilized. A number of

effective solutions to tackle self-heating problem have been proposed in the literature. No-

table among these are: (a) altering the substrate material to improve heat dissipation [58];

(b) employing heat sink layers in the device made up of good thermal conductors, such as

nanocrystalline diamond [59] etc.; (c) using an exterior heat sink over the entire chip [60] and

(d) depositing a quilt-like structure over the entire transistor [61].

2.7.2 Current Collapse

Current collapse denotes the phenomenon where current degrades with an increase in the

dynamic resistance and is depicted as a mismatch between output power measured at DC and

RF conditions. It is also referred as current compression, current slump or DC/RF dispersion

as shown in Fig. 2.9. This leads to the reduction of RF gain of the device, output RF power,

dynamic transconductance [62, 63] and device efficiency in the high frequency regime. The

existence of traps at the surface, in the buffer or in the barrier layer plays an important role in

current collapse.
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Figure 2.9: Pictorial representation of ID vs VD characteristics for AlGaN/GaN HEMT devices
(solid line and dotted line represents before and after the current collapse, respectively)

To better understand the phenomenon of current collapse, the concept of virtual gate mod-

eling can be employed [64]. The explanation of device behavior (trapping mechanism) under

the influence of gate bias is shown in Fig. 2.10. For an applied negative bias gate voltage (Fig.

2.10(b)), which is below the pinch–off voltage (region A), the peak high electric field induced

in the device occurs at the gate edge toward the drain. This leads to the leakage of electrons

that fills ionized donor states (on the surface) close to gate electrode, as a result the surface

potential becomes negative and channel underneath depletes. The negative surface potential

extends the depletion region and behaves as a virtual gate.

In region B, as the gate bias starts becoming positive, the channel under gate electrode

must appear (turn–on), but virtual gate effect hinders the quick response (Fig. 2.10(c)). The

delay in response to the applied gate bias depends on the detrapping process of the surface

traps. Even though gate bias is positive, the drain region is depleted and contains low carrier

concentration.This makes drain region to behave as a highly resistive region and majority of

the applied potential appear across here, which results in the low drain current.

However, eventually after some period of time (region C), the captured electrons are emitted

from the trap and this helps drain current to reach steady state (Fig. 2.10(d)). Therefore, when

electric field is sufficiently high, it fills surface traps, which makes the response of the device

slow. Thus, a certain time is required for the device to obtain the maximum drain current, which
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determines feasibility of high frequency operation. When a device is operated in the pulsed bias

condition, influence of trapping and detrapping is quite evident. The trapping phenomenon

depends on the applied quiescent bias, while detrapping is observed during turn on pulse. The

current collapse phenomenon affects the high power switching applications as well as degrades

RF performance of the device. The gradual increase in the resistance of drain access region

and knee voltage contributes to the power dissipation even in switched OFF conditions. There

are various methods proposed in the literature to mitigate the issue of current collapse, such as

surface passivation and the introduction of field plates [2, 65]. While surface passivation helps

in the optimal dielectric semiconductor interfacing to prevent filling of surface traps, field plates

distribute the electrical field over drain access region, thereby, shifting the peak electric field

from the gate edge facing the drain side.
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Figure 2.10: Current collapse phenomenon (with trap behavior) for the bias conditions: (a) Zero
bias condition; (b) Negative bias condition (below pinch–off) (Region A); (c) Positive bias (Region B);
(d) when the device is completed turned-on (Region C) and (e) Timing diagram for different regions
(bias) of device operation
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2.7.3 Thermal Boundary Resistance

The heat flowing from one material to the another has to face thermal resistance at the

interface. This resistance, which opposes heat flow, is referred as thermal boundary resistance

(TBR). One of the approaches to model heat flow at the interface is through electrical equivalent

circuit. In this electrical equivalent circuit, TBR can be treated as analogous to an electrical

resistance. As resistance in an electrical circuit opposes current flow, similarly TBR resists

heat flow from one material to the another. This resistance can lead to the accumulation of

heat in the region, where it is generated. Raising the device temperature, which leads to the

accelerated degradation of a HEMT, causes its failure. The thermal boundary resistance at

the interface depends mainly on the growth conditions, hence, it can vary between samples

from one manufacturer to another. Therefore, the proper TBR must be known apriori to

design simulation framework to estimate device performance. If TBR is not known, then it can

be evaluated numerically using Diffused mismatch model. This model takes into account the

phonon behavior at the interface to evaluate TBR [66,67]. From simulation perspective, TBR

needs to be incorporated at all the interfaces as well as at the thermal contacts (points, which

can be set to maintain a fixed temperature) of a HEMT, which enables thermal simulations to

project a realistic device temperature and heat accumulation. A simulator generally ignores

TBR, if it is not provided and in that case, the heat map turns out to be unrealistic leading

to improper designs. Since the AlGaN layer is thin, hence, the thermal conductivity may

change [68] and it becomes imperative to add TBR in the numerical analysis framework.

In the subsequent section, preliminary information on numerical analysis is depicted in short

for completeness.

2.8 TCAD simulation

Technology computer-aided design (TCAD) refers to the use of computer simulations to

develop and optimize semiconductor processing technologies. TCAD tools aids in minimizing

time and funds invested in the early research and development phase of semiconductor device.
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Table 2.3: A complete list of tools available in Sentaurus TCAD (2016 Version)

Framework Process Simulation Device Creation Device Simulation

Sentaurus Workbench Sentaurus Process Sentaurus Structure Editor Sentaurus Device

Calibration Kit Advanced Calibration Sentaurus Mesh Advanced Calibration
Inspect for Process Simulation for Device Simulation
Optimizer Sentaurus Topography Sentaurus Device
Sentaurus Data Explorer Sentaurus Topography 3D Electromagnetic Wave Solvers
Sentaurus Visual Sentaurus Device Monte Carlo
Tecplot SV Solvers
Utilities

It also assist in optimizing electrical, physical and processing technology of a semiconductor

device. There are various software available in the research domain, which incorporate industry

standard device processes and other associated tools. Synopsys Sentaurus TCAD is one of the

popular TCAD platform. Its popularity is primarily due to the powerful graphic user interface,

which helps in efficient coordination of simulation tasks and analyzing the results. Synopsys

Sentaurus TCAD hosts a number of tools, such as process simulation, device simulation, in-

terconnect simulation, workbench, structure editor and calibration etc. With these tools, a

broad range of device analyses, such as complementary metal-oxide-semiconductor field effect

transistor (CMOSFET), fin-shaped field effect transistor (FinFET), power devices, memory

devices, image sensors, solar cells and analog/RF devices can be performed. The detailed list

of all the available tool is stated below in Table 2.3. Also, the Sentaurus TCAD tool flow is

depicted in Fig. 2.11 for the reference.

Work Bench Structure Editor SNMESH SDEVICE SVISUAL

Command File Command File Command File
Command &

Parameter File

Structure Meshed Structure Solution

Figure 2.11: The typical flow among the tools/application in Sentaurus

This section explores the commonly used physical models in numerical analysis briefly.
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2.8.1 Fermi Statistics

The Fermi statistics is represented as mentioned below.

n = NcF1/2

(
Ef,n − Ec
kBT

)
(2.19)

p = NvF1/2

(
Ev − Ef,p
kBT

)
(2.20)

where, n and p stand for concentration of electrons and holes, respectively. Nc and Nv

represent density of states in conduction and valence band, respectively. Ef,n and Ef,p denote

fermi levels of electrons and holes, whereas, F1/2 is the fermi integral of order 1/2. The Fermi

statistics cannot be activated in localized region of a device, thus if this model is activated, it

applies to the entire device region.

2.8.2 Drift Diffusion Transport Model

The drift-diffusion model is used as carrier transport model. The current densities of elec-

trons and holes are given by following mathematical expressions.

−→
Jn = µn(n∇EC − 1.5nkBT∇ lnmn) +Dn(∇n− n∇ ln γn) (2.21)

−→
Jp = µp(p∇EV + 1.5pkBT∇ lnmp)−Dp(∇p− p∇ ln γp) (2.22)

Here, the notations have usual meaning. The drift-diffusion model has a good convergence

rate, but in certain situations other models are required to visualize situations like self-heating

(thermodynamic). It is to mention that as a first hand approach, the drift-diffusion model

provides a quick and a fairly accurate result with proper meshing.

2.8.3 Thermodynamics Model

In the thermodynamics model, temperature gradient as a driving term is included as men-

tioned below.

−→
Jn = −nqµn(∇Φn + Pn∇T ) (2.23)
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−→
Jp = −pqµp(∇Φp + Pp∇T ) (2.24)

Here, Pn and Pp are absolute thermoelectric powers for the carriers and T represents lattice tem-

perature. The temperature is estimated by using equations for lattice temperature estimation

as explained in Eq. (2.25).

∂

∂t
(cLT )−∇·(kL∇T ) = −∇·[(PnT+Φn)

−→
Jn+(PpT+Φp)

−→
Jp]−

1

q

(
EC +

3

2
kLT

)
(∇·
−→
Jn−qRnet,n)

− 1

q

(
−EV +

3

2
kLT

)
(−∇ ·

−→
Jp − qRnet,p) + ~ωGopt (2.25)

Here, kL andcL are thermal conductivity and lattice heat capacity, respectively. EC and

EV are conduction and valence band energies, respectively. Gopt is optical generation rate due

to photons. The RHS of the above mentioned equation is equal to the total heat, H. If the

stationary case is considered, then the second and third terms can be ignored and Eq. (2.25)

can be expressed as shown by Eq. (2.26).

H = −∇ · [(PnT + Φn)
−→
Jn + (PpT + Φp)

−→
Jp] + ~ωGopt (2.26)

The solution to lattice temperature equation, when solved along with the current density

equation, manifests a more realistic lattice temperature distribution and a carrier transport

model that incorporates self-heating in the device. The thermodynamic physics requires a

lots of computing power and convergence can also be an issue. Hence, proper selection of

accompanying models are very important for accurate analysis of a device.

2.8.4 Shockley–Read–Hall Recombination Model

The recombination phenomenon can be represented as stated below.

RSRH =
np− n2

i,eff

τp(n+ n1) + τn(p+ p1)
(2.27)
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where,

n1 = ni,effexp

(
Etrap
kBT

)
(2.28)

p1 = ni,effexp

(
−Etrap
kBT

)
(2.29)

where, Etrap is the difference between defect level and intrinsic level. The doping dependence

on SRH lifetimes is modelled with Scharfetter relation described below.

τdop(NA,0 +ND,0) = τmin +
τmax − τmin

1 +
(
NA,0+ND,0

Nref

)γ (2.30)

2.8.5 Thermionic Emission Current Model

The transport model for hetero-structure interface needs to be treated differently as con-

ventional transport model ceases to be valid at hetero-junction interface. Currents and energy

fluxes at this abrupt interface between two materials are better defined by an interface condition

at the hetero-junction.

Let us consider that materials 1 and 2 form hetero-interface and the conduction edge jump

is positive, that is ∆EC > 0, where ∆EC = EC,2 − EC,1 (that is, χ1 > χ2). If Jn,1 and

Sn,1 are electron current density and electron energy flux density leaving out of the material 1,

respectively, and Jn,2 and Sn,2 are the electron current density and electron energy flux density

entering into the material 2, respectively, then the interface condition can be represented as [69]

mentioned below.

Jn,2 = Jn,1 (2.31)

Jn,2 = anq

[
vn,2n2 −

mn,2

mn,1

vn,1n1exp

(
− ∆EC
kBTn,1

)]
(2.32)

Sn,2 = Sn,1 +
cn
q
Jn,2∆EC (2.33)

Sn,2 = −bn
[
vn,2n2kBTn,2 −

mn,2

mn,1

vn,1n1kBTn,1exp

(
− ∆EC
kBTn,1

)]
(2.34)
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where, vn,i stands for emission velocities, which is defined as

vn,i =

√
kBTn,i
2πmn,i

(2.35)

2.8.6 Mobility Model

Mobility of the carrier needs to be modelled appropriate for proper simulation of terminal

current. In general, mobility is a function of lattice temperature. However, there are several

other parameters that determines the mobility of the carriers. For the scenario, when more

than one mobility model is considered for a carrier type, the overall mobility due to this models

(µ1, µ2, ... ) for bulk, surface mobility, and thin layers is given by Matthiessen’s rule:

1

µ
=

1

µ1

+
1

µ2

+ · · · (2.36)

For the proposed work, in this thesis, the mobility of the carriers is modelled as doping depen-

dent, degradation at interfaces, and high-field saturation (velocity saturation) at high electric

field. Arora model [70] is utilized to simulate doping-dependent mobility which is expressed as

µdop = µmin +
µd

1 + ((NA,0 +ND,0) /N0)
A∗ (2.37)

where,

µmin = Amin ·
(

T

300 K

)αm

, µd = Ad ·
(

T

300 K

)αd

(2.38)

and

N0 = AN ·
(

T

300 K

)αN

, A∗ = Aa ·
(

T

300 K

)αa

(2.39)

Further details can be referred from [68, 70]. In the channel region, the high transverse

electric field forces, carriers are subjected to scattering by acoustic surface phonons and surface

roughness. To account into this effect, the Lombardi model [71] is included. The surface

contribution due to acoustic phonon scattering is represented as

µac =
B

F⊥
+
C ((NA,0 +ND,0 +N2) /N0)

λ

F
1/3
⊥ (T/300 K)k

(2.40)
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and the contribution due to surface roughness scattering is given by

µsr =

(
(F⊥/Fref )

A∗

δ
+
F 3
⊥
η

)−1
(2.41)

Necessary details can be found in [68, 71]. In addition, the carrier drift velocity is observed to

be longer proportional to the electric field, instead, the velocity saturates to a finite speed vsat

at high electric field. This phenomenon is modelled with Canali model [72] which is expressed

as

µ(F ) =
(α + 1)µlow

α +

[
1 +

(
(α+1)µlowFhfs

vsat

)β]1/β (2.42)

Here, µlow stands for the low-field mobility. The parameter β is temperature dependent defined

as

β = β0

(
T

300 K

)βexp
(2.43)

Other details can be referred from [68,72,73].

2.8.7 Avalanche Generation

The generation of electron-hole pair due to avalanche generation (impact ionization) requires

a threshold field strength and the possibility of acceleration, that is, wide space charge regions.

When the width of the space charge region is greater than the mean free path between two

ionizing impacts, charge multiplication can take place, which may results in electrical break-

down. The reciprocal of the mean free path is known as the ionization coefficient, α . van

Overstraeten–de Man model is invoked to realise this physical phenomenon. This model is

based on the Chynoweth law [74] and represented as

α(Fava) = γa exp

(
− γb

Fava

)
(2.44)

where,

γ =
tanh

(
}ωop

2kT0

)
tanh

(
}ωop

2kT

) (2.45)
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The factor γ together with the optical phonon energy }ωop represents the temperature depen-

dence of the phonon gas against which carriers are accelerated. The details on coefficients a,

b, }ωop, and others can be found in [68,75].

2.8.8 Tunneling

In current semiconductor devices, tunneling has become a very important physical effect.

In some cases, tunneling leads to undesired leakage currents. To model the tunneling effect

at Schottky contacts, heterostructures, the nonlocal tunneling model is invoked. In general,

‘electron tunneling’ to the conduction band at the lower point on the line originates from the

conduction band at the upper point, jC = jCC . Likewise, the tunneling to the valence band at

the lower point originates from the valence band at the upper point, jV = jV V (that is, ‘hole

tunneling’). The contribution to the electron tunneling current density by electrons that tunnel

from the conduction band at points above l to the conduction band at point l is the integral

over the recombination rate

djCC
dl

(l) = −q
∑
v

∫ ∞
l

∫ ∞
−∞

[RCC,v(u, l, ε)−GCC,v(u, l, ε)] dεdu (2.46)

Additional details can be found in [68].

2.8.9 Traps

Traps originates due to various reasons, primarily due to dislocations, material defects

formed during growth of the crystal, lattice mismatch between layers of two materials, variance

in thermal expansion coefficients of substrate and epilayer(s), presence of dangling bonds on the

surface and impurities within the crystal lattice [76–78]. Traps can be classified into two types,

donor-like and acceptor-like traps. A trap, which is positive while unoccupied and neutral

when filled with electron is a donor-like trap. Similarly, a trap, which behave as neutral while

unoccupied and negative when occupied is an acceptor-like trap.

Nallatamby et al. [79] stated the relationship between cross section of trap σn/σp and capture

probability of electron/hole, cn/cp as described below.
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Figure 2.12: Trapping of electron and holes

cn = σnυthn (2.47)

cp = σpυthp (2.48)

Also, electron (hole) emission probability, en (ep) is related to their corresponding capture

probability as [79],

en = cnNCF1/2

(
ET − EC
kBT

)
(2.49)

ep = cpNV F1/2

(
EV − ET
kBT

)
(2.50)

where, the effective densities of states of electron and holes are represented as NC and NV ,

respectively. Conduction and valence band energies are denoted as EC and EV , respectively,

and the Fermi function of order 1/2 can be described as F1/2.

υth =

(
3kBT

m∗

)1/2

(2.51)

In the Fig. 2.12, the four possible events of generation/recombination mechanism for a

single level traps (at ET ) is shown [79,80].

(i) When an electron is captured by an empty trap from the conduction band, which is stated
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in terms of capture probability coefficient cn and electron recombination rate Rn as,

Rn = cnnNT (1− ft) = cnnpt (2.52)

(ii) Similarly, when the emission of an electron takes place from the trap energy level to the

conduction band, it is stated in terms of emission probability en and emission generation

rate Gn as,

Gn = enNTft = ennt (2.53)

(iii) Further, when a hole is captured by an occupied trap from the valence band, which is

related in terms of capture probability coefficient cp and hole recombination rate Rp as,

Rp = cppNTft = cppnt (2.54)

(iv) When a hole emits from the empty trap to the valence band with a hole emission proba-

bility coefficient ep and hole generation rate Gp,

Gp = epNT (1− ft) = eppt (2.55)

Here, NT stands for the total number of traps and nT represent the number of occupied

traps. Moreover, the generation-recombination rate is stated below [79].

U =
∂nt
∂t

= Nt
∂ft
∂t

= (Rn −Gn)− (Rp −Gp) (2.56)

∂nt
∂t

= Nt [cnn(1− ft) + ep(1− ft)− enft − cppft] (2.57)

The occupation probability of generation-recombination centres (in steady state conditions)

is given by following mathematical expression.

∂nt
∂t

= Nt
∂ft
∂t

= 0; (2.58)

fsteady =
cnn+ ep

cnn+ en + cpp+ ep
(2.59)
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2.8.10 Basic Heat Equations

Understanding the heating effect in the semiconductor devices is quite essential, as it defines

the overall performance of the device at high power device operation. With reference to the

simulation, there are basically two major concerns. First, we need to figure out the overall tem-

perature distribution profile using all the potential heat sources. In order to address this issue,

we must take into account the heat flow through the substrate. Secondly, it is imperative to

evaluate degradation of the performance of the device due to the distribution of heat. Our ob-

jective is to provide a thermal modeling environment, which considers all probable temperature

dependencies.

It is to mention that for the simplification of device analysis, we first consider the heat flux

followed by the heat source. The heat power flux Jh (in Watt/m2) as a function of thermal

conductivity can be defined as stated below.

−→
Jh = −κL

−→OT (2.60)

Energy conservation dictates that thermal distribution fulfils the basic thermal equation.

Cpρm
∂T

∂t
= −−→O ·

−→
Jh +H (2.61)

or,

Cpρm
∂T

∂t
= −−→O · κL

−→OT +H (2.62)

where, Cp, ρm and H are specific heat, density of the material and the heat source, respec-

tively.

2.9 Summary

In this chapter, basic properties of III-N semiconductor is discussed. The polarization in III-

N is one of the main feature that has influence on the operation of these devices. The difference

in polarization at the interface leads to formation of quantum well with high concentration
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of electron, commonly referred as 2DEG. Subsequently, the basic structure and working of

AlGaN/GaN HEMT is elaborated. Further, the importance of selection of proper substrate is

highlighted. In the second section of this chapter, an overview of TCAD numerical analysis and

basic models employed thereof is described in brief. In the next chapter, we outline different

milestones achieved by scientific community in the proposed area of research.
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3.1 Introduction

In this chapter, we present key observations made by researchers in connection with the

reliability and degradation mechanisms of HEMTs.

Mark J. Rosker stated that “While excellent performance is being shown routinely, the

greatest challenge has been, and remains, achieving a high level of reliability and stability

concurrently with high-performance operation [21].” Therefore, a better understanding of failure

mechanisms of GaN HEMTs is required, which is a major challenge given the peculiarities of

material imperfection, the stability of fabrication processes and the physics of GaN devices [81].

3.2 First Principles

Khan et al. [82] were the first to observe enhanced mobility in single and multiple GaN/Alx

Ga1−xN hetero-junction devices. The increased mobility is attributed to enhanced interfacial

conduction due to the formation of two dimensional electron gas (2DEG) at the interface. The

electron mobility of a single hetero-junction consisting of 500 A◦ of Al0.09Ga0.91N on the top of

0.3 µm of GaN was around 620 cm2/Vs at room temperature as compared to 56 cm2/Vs for bulk

GaN of the same thickness deposited under identical conditions. Electron mobilities as high as

1980 cm2/Vs and charge densities of 1.5 × 1014 cm−3 at 77 K were reported for multichannel

GaN/Al0.15Ga0.85N structures. These structures were deposited on the basal plane sapphire

using low-pressure metal organic chemical vapour deposition method. In continuation to their

initial work, Khan et al. [83] demonstrated the first ever fabrication and DC characterization

of n-GaN-Al0.14Ga0.86N hetero-junction HEMT. The transconductance measured at the room

temperature was 28 mS/mm for a device with 10 µm source to drain spacing, gate length of 4

µm and gate width of 50 µm at gate voltage of +0.5 V. Further, the transconductance increased

to 46 mS/mm at 77 K. The complete pinch-off of the device was observed at gate bias = -6 V.

Karmalkar et al. [2] investigated the enhancement of breakdown voltage (Vbr) with the

implementation of field plate technique in AlGaN/GaN HEMTs as shown in Fig. 3.1 for detailed

structure and electric field distribution. Parameters controlling the field distribution under field
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plate was presented in [2]. 2D simulation was performed to determine the maximum breakdown

voltage with least on-resistance and frequency response degradation. It was observed that Vbr

increased significantly as dielectric constant of the insulator beneath the field plate surged.

Additionally, field plate improved Vbr by a factor of 2.8–5.1 based on the 2DEG concentration

and dielectric constant of the insulator. For instance, Vbr increased from 123 V to 630 V for

HEMT with the following configuration; 2.2 µm field plate on 0.8 µm silicon nitride and gate

to drain separation of 4.7 µm with 2DEG = 1 × 1013 cm−2.

Figure 3.1: Field Plate HEMT structure, and Electric field distribution along the channel of HEMT
with and without a field plate [2]

Sadi et al. [49] investigated thermal droop in the drain current characteristics and device

temperature peak dependency on the bias condition and substrate material. Electrothermal

Monte Carlo method was employed to investigate electron transport coupled with the heat

diffusion equation. The investigation was carried out using devices grown on the substrate,

such as Si, Sapphire, SiC, and GaN. The polarization effect was included in the numerical

simulation to model its influence on the electron transport and creation of 2DEG. It was

observed that a higher 2DEG density translated to better current handling capability in the

device, which further increased thermal effect in a device. The electrothermal characteristics

of the devices grown on the sapphire substrate demonstrated a significant reduction in the

current with very high peak temperature, which concluded that sapphire was not an ideal

candidate for high-power applications. Devices grown on SiC substrate was observed to have

lowest peak temperature as compared to device grown on Si, sapphire and GaN substrates.
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The maximum reduction of drain current of the device using sapphire was 64% as compared to

12% reduction in the device using SiC. However, devices with GaN demonstrates a slight better

thermal behaviour than Si, hence it exhibits second best device in the thermal performance

among the substrates under consideration.

Vitanov et al. [84] proposed modification to the existing hydrodynamics mobility model,

which aided in matching AC and DC characteristics of AlGaN/GaN HEMTs experimentally by

employing Monte Carlo (MC) simulation. The proposed modified hydrodynamic model with

β = 1.2 and α = −0.5 is illustrated below. Additional details can be found in [84].

µLIT =
µLI(Tn/TL)γ

(1 + α1/β(Tn − TL)1/β)
β
, where α =

3κBµ
LI

2qτε(νsat)2

Pei et al. [85] reported slant field plate AlGaN/GaN HEMTs with reduced DC-RF dispersion

and parasitic capacitance. The proposed prototype exhibited excellent millimetre wave power

density of 4.9 W/mm with a power-added efficiency of 45% at 30 GHz at Vds = 30V .

Heller et al. [86] performed simulation incorporating hydrodynamics transport and thermal

diffusivity equations. In this model, it was observed that heat was generated in the region, where

electrical field is typically high, i.e. near the drain edge of the gate as electrons are thermalized

at high electric field. A significant difference was observed during numerical analysis with deep

traps. In the case of hydrodynamics simulations, hot electrons thermalized and diffused into

deep traps in the GaN layer at a high drain voltage, whereas, for the drift diffusion model, it

was in the entire layer between gate and drain.

Wang et al. [87] carried out 2-D numerical simulation to investigate DC characteristics

of a double channel AlGaN/GaN HEMTs with the help of drift diffusion, thermodynamics,

hydrodynamics and hot electron models. The experimental results were in the close agreement

with the results obtained using numerical analysis incorporating hydrodynamics model. The

hot electron model predicted a uniform reduction in drain saturation current, which indicated

the onset of negative differential conductance (NDC) in the output characteristics of the device.

However, self heating effect incorporated in the hydrodynamics model resulted in non-uniform
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reduction in the drain saturation current, which was an realistic approximation of NDC. Hence,

it can be concluded that self heating is responsible for NDC.

3.3 Degradation Mechanism

Meneghesso et al. [30] investigated failure modes and mechanisms of AlGaN/GaN HEMTs.

The hypotheses on the failure modes were validated by 2-D device simulations. The test

results resembled close correlation between failure modes and bias condition. Measurement

techniques, such as Electroluminescence (EL) and spectroscopy as a powerful failure analysis

tool were employed to evaluate the effects of hot carrier in AlGaN/GaN HEMTs. Degradation

was observed to be of maximum magnitude, when the device was in the SEMI-ON state, which

was validated by electroluminescence (EL) measurements.

The device degradation is categorized into two regimes, i.e., at moderate drain bias (VDS <

30 V), device degradation is due to hot-electron effects, while at the high drain bias (VDS >

30–50 V), device degradation is triggered by gate leakage current. This is due to inverse

piezoelectric effect, which leads to defect generation, and/or to localized permanent breakdown

of AlGaN layer. The degradation mechanism can be categorized broadly into three groups [3].

Various degradation mechanisms are shown in Fig. 3.2 for completeness.

(i) Degradation mechanisms triggered due to hot electrons in SiN passivation layer or semi-

conductor material that generates lattice defects.

(ii) Degradation mechanisms at the gate edge due to reverse-bias and the generation of traps

due to high stress conditions. This degradation mechanisms affect the properties of Al-

GaN/GaN hetero-structure.

(iii) Thermally-activated degradation mechanisms, which includes degradation of metal inter-

connections, ohmic contacts, gate metal and de-lamination of the passivation layer.

Alamo et al. [88] reviewed experimental evidences of failure mechanisms in GaN HEMTs

due to electrical stress. They have listed some of the aspects of degradation mechanism below.
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Figure 3.2: Critical areas where degradation may occur in a AlGaN/GaN HEMT [3]

• The degradation mechanism is an electric field driven mechanism, which produces me-

chanical stress through inverse piezoelectric effect. In particular, vertical electric field

plays a key role, while horizontal electrical field does not contribute to the degradation

mechanism. This is because of the horizontal electric field, which does not increase elastic

energy significantly.

• The degradation happens only after a critical voltage. Degradation is unlikely to take

place, unless elastic energy in AlGaN layer attains its critical value. For instance, elastic

energy relaxes with the formation of crystalline defects, when AlGaN layer is grown

beyond a certain thickness.

• Current in a device does not play a direct role, however, it is responsible for indirect

heating of the lattice, which is likely to intensify the problem.

• In a normal operating condition, electrical defects are expected to be on the drain side as
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it is the high-field region of the device.

• Under normal operating condition, for a transistor with short gate length, gate-to-source

voltage has an impact on the critical voltage. This is due to the influence of gate-to-source

voltage on the electric field profile of a device on the drain side.

• If mechanical strain is applied, there is an enhancement of elastic energy in AlGaN layer.

As a consequence, critical voltage either increases or decreases based on its sign.

• Any change in the initial elastic energy in AlGaN layer directly affects degradation, such

as composition and thickness of AlGaN and material quality. In addition, strain and

composition of the buffer layer and an AlN layer in the barrier too affects degradation.

• Device designs, such as field plates, slanted gates and gate corner rounding that address

mitigation of electric field also improve reliability of the device.

The above hypothesis suggests several paths to enhance electrical reliability of GaN HEMTs,

which are borne out of experimental observations.

Kuball et al. [4] proposed a methodology based on electroluminescence and UV assisted

electrical trapping analysis to understand trap generation during off and on states induced

stress in AlGaN/GaN HEMTs. The lateral and vertical electron trap locations in the device,

and nature of degradation mechanism were identified in this analysis. The traps were generated

with activation energy (0.45 - 0.65 eV) near the gate edge toward the drain side as a result of

stress. The importance of diffusion process in the device degradation was studied by subjecting

the device in different backplate temperature regimes. Diffusion constant indicated thermal

activation energies of ∼ 0.26 eV for diffusion along dislocations, possibly due to additional

contributions from bulk diffusion, which was accelerated by converse/inverse piezoelectric strain

and leakage currents. The diffusion related degradation is shown in Fig. 3.3 [4]. The probability

of dislocation near the gate edge and along its width is statistically high given the dislocation

density in III-N grown on SiC substrates is 108 − 109 cm−2. The diffusion along dislocation
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forms the lowest energy pathway (Fig. 3.3(a)). This is the starting point of degradation, which

is further accelerated by electric field, converse piezoelectric strain and the gate leakage current.

As diffusion constants for impurities in bulk AlGaN or GaN is smaller than diffusion constant

of diffusion of dislocations, the diffusion of impurities in the former is less likely than the latter.

However, the large converse piezoelectric strain in the AlGaN layer near the gate edge toward

the drain side assists in the diffusion of impurities (Fig. 3.3(b)). This opens up crystal planes

for impurities to diffuse more easily. This creates a scenario, wherein AlGaN and GaN material

modification and surface/interface degradation take place. Similarly, impurity transport leads

to the generation of defect clusters during stress. The transport of material in a diffusion

process assists the formation of pits (Fig. 3.3(c)), therefore such degradation are considered as

severe device degradation.

Figure 3.3: Schematic of possible diffusion related degradation mechanisms of AlGaN/ GaN HEMTs:
(a) diffusion along dislocations, (b) diffusion enhanced by converse/ inverse piezo-electric strain (cor-
responding diffusion enhancement can also be achieved via gate leakage current and electric fields) and
(c) pit or crack formation following a prior diffusion process. By diffusion we denote here processes
which in the more advanced device degradation stage also include electro-chemical reactions [4]

Ancona et al. [89] presented a fully coupled multi-dimensional continuum model consisting
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of governing equations, such as linear thermoelectroelasticity, diffusion-drift transport theory,

and heat conduction. The model includes “actual” device geometries and takes into consid-

eration the field and stress concentration near the material discontinuities and at the corners.

The electrical and mechanical degradation mechanisms in GaN HEMTs were discussed in [89]

including inverse piezoelectric effect, thermal stress, SiN intrinsic stress, electron injection and

device geometry. Additionally, the slant field gate structure and its property of mitigation of

electric field at the gate corner was presented. It is observed that the slant gate design helps in

spreading the electric field in the vicinity of gate edge, which reduces gate current and mitigates

hot carrier damage, and increases breakdown voltage. The possibilities of crack propagation

and fracture of the AlGaN were also analyzed in this work.

The primary advantage of InAlN/GaN HEMTs is higher electron concentration (three

times) than AlGaN/GaN HEMTs. This is due to higher spontaneous polarization and absence

of piezoelectric polarization in InAlN/GaN unlike piezoelectric polarization in AlGaN/GaN

hetero-structure, which results into tensile strain in AlGaN barrier layer. Beside, InAlN and

GaN is lattice matched, which enhances robustness against electromechanical related degrada-

tion. Tapajna et al. [90] investigated hot electron temperature in InAlN/GaN HEMTs using

electroluminescence spectroscopy. The experimental hot electron temperature was found to be

correlated with hot electron distribution obtained using hydrodynamics simulation. The peak

localized temperature up to 30000 K at drain voltage of 30 V was observed, which had been

found to be 2-3 times higher than that of AlGaN/GaN HEMTs. Channel degradation was

observed when device was stressed in the SEMI-ON state. Moreover, the consequence of such

high temperature is the increase in trap density in the channel region and surface/interface

traps in gate-to-drain access region.

Zhu et al. [91] investigated In15.7%Al84.3%N/AlN/GaN hetero-junction field effect transis-

tors under electrical stress for four different bias conditions, namely, on-state-low-field stress,

reverse-gate-bias stress, off-state-high-field stress and on-state-high-field stress, to understand

hot electron/phonon and thermal effects. The drain current and noise spectral density (NSD)
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of a device for the four different bias conditions were correlated with the location and nature

of degradation. It can be corroborated that dominant degradation is caused by hot phonon

and hot electron effects and is primarily located in the channel. Trap generation around the

gate edge takes place, when the device is under reverse-gate-bias stress, which has an indirect

influence on the channel. When the device is under off-state-high-field stress, the source to

drain voltage is quite high, which results into hot electrons. These hot electrons start leaking

along the channel and generating trap states in the channel, which causes reduction in channel

conductivity (drain current) and increase in NSD.

Wang et al. [92] investigated the performance of AlGaN/GaN HEMT having diamond heat

spreader layer. The thermal and electrical characteristics of the device was extracted using a

finite element method. The observation indicates that the performance of device improves with

an optimal heat spreading. Heat spreading depends on the lateral thermal conductivity of the

diamond layer restricted to its initial few micrometers. The prominence of diamond layer in

the device under pulse operation is observed, when the diamond layer is in close proximity to

the heat source. Devices with diamond layer of thickness 5 µm exhibit 10.5% improvement in

the drain current and self-heating effect can be neglected for 100 ns pulse width at 20 V drain

voltage and 1 V gate voltage.

Faramehr et al. [93] investigated the trapping and de-trapping of the carriers in AlGaN/GaN

HEMT with the help of 2-D TCAD transient simulation. To study the trapping and de-trapping

processes in the device, gate and drain pulse techniques were implemented with hydrodynamics

and diffusion transport models. Additionally, coupled electrical and thermal simulations were

carried out to predict electron temperature in the channel, and model the exchange of energy

between carriers and the lattice. The electrical stress due to traps (donor and acceptor) leads

to the degradation of drain current. The degradation in the current level is observed as 5% and

75% for bulk and surface traps, respectively. The numerical simulation has a good agreement

with the experimental results of the effects of bulk and surface traps on the current transient.

Fig. 3.4 depicts the possible location of the traps in an AlGaN/GaN HEMT, namely, (1) at
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Figure 3.4: Possible trap locations in GaN HEMTs

Table 3.1: Trapping and de-trapping processes in a AlGaN/GaN HEMT

Type of Trap Donor Acceptor Process
Empty Trap Positively charged Neutral Trapping
Occupied Trap Neutral Negatively charged De-trapping

the interface of semiconductor and dielectric, (2) in the barrier layer, (3) at the interface of

barrier and channel, (4) in the buffer layer, and (5) at the interface of substrate and buffer.

The process of trapping and de-trapping in an AlGaN/GaN HEMT is enlisted in Table 3.1.

Saito et al. [5] investigated breakdown mechanism of high-voltage GaN-HEMT and analysed

it using experimental I–V characteristics and 2D simulation, which employed impact ionization

and tunnelling model for realising avalanche breakdown, gate and substrate currents. The

possible leakage path in the device is shown in Fig. 3.5. Although, the gate current dominated

the drain current at low drain voltage below 600 V, rapid increase of gate current was not

observed at the breakdown. It is verified that the gate current do not trigger device breakdown.

On the other hand, at high drain voltage over 600 V, the substrate current increased rapidly and

simultaneously with the source current. It is to mention that the breakdown basically occurs

when source current increases after the increase of substrate current. The holes generated

by impact ionization under high applied voltage accumulates beneath gate, which lowers gate

potential barrier. As a result, source leakage current increases rapidly resulting into device

breakdown. From this discussion, it is concluded that suppression of impact ionization is

imperative for highly reliable device design as far as device breakdown is concerned.
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Figure 3.5: Cross-sectional structure of GaN-HEMT and current paths in the off-state depicting
three types of leakage current path in the device [5]

Zhang et al. [94] investigated the use of p-diamond as back barrier (BB) and cap layer for

the enhancement of performance in AlGaN/GaN HEMTs. It was observed that p-diamond

back barrier and cap layer compensate 2DEG in the OFF-state. Complementary to GaN,

diamond offers a heavily doped p-type layer. The p-diamond back barrier and cap layer enable

uniform distribution of electric field with higher breakdown voltage of the device. Additionally,

p-diamond cap layer is expected to reduce electron trapping in AlGaN and GaN layer, which

is critical for high power devices. Besides, p-diamond cap layer is known to have a large

modulation effect on the devices, such as breakdown voltage and on-resistance. It is found that

the breakdown voltage increases by ∼ 3.5 times, but the on-resistance also enhances by ∼ 12%,

when p-diamond cap layer extends from gate towards drain. The investigation was performed

with self-consistent electrothermal simulations. It was also found that the improvement of

thermal performance in the device was due to the diamond surface heat spreaders.

Zhang et al. [95] proposed an innovative recessed float field plate (RFFP) structure for

millimetre-wave AlGaN/GaN HEMTs. Field plates, such as source field plates (SFP) or gate

field plates (GFP) are well-known for their ability to suppress electric field and improvement in

breakdown voltage with changing electric field distribution near drain end of the gate. Although
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power density of 13.7 W/mm and power added efficiency (PAE) of 55% were obtained with

T-gate field plate structure, introduction of field plate increased parasitic capacitances, which

resulted into lower fT , and fMAX of the device. fT , fMAX and PRF are expressed below for the

reference. It can be said that mm-wave devices with shorter source-to-drain (LSD) and gate

length (LG) are highly vulnerable to parasitic capacitances, Cgs, Cgd.

PRF =
Imax(Vbr − Vknee)

8

fT =
gm

2π(Cgs + Cgd)

fmax ∼=
fT

2
√

(Ri +RS +Rg)g0 + (2πfT )RgCgd

The proposed RFFP enhances potential of modulating E-field without any increment in the

parasitic capacitances. The reduced peak electric field aided in increasing breakdown voltage

of RFFP GaN HEMTs with LGD = 1.35 µm to 122–140 V, which was found to be higher than

the breakdown voltage 84–101 V reported in the literature. The current collapse characteristic

was also improved significantly. Additionally, no obvious increase in the parasites capacitance

was observed after integrating novel RFFP, while maintaining high frequency performance of

GaN HEMTs.

Murugapandiyan et al. [96] investigated breakdown characteristics of Al0.295Ga0.705N/GaN

HEMTs with Al0.04Ga0.96N blocking layer and gate field plate technique. Devices with LG = 0.4

µm and 0.8 µm SiN passivation exhibited IDS,max=2.16 A/mm at VGS = 2 V. The breakdown

voltage of HEMT is investigated for various field plate lengths i.e. LFP = 1, 1.25, 1.5, 1.75,

and 2 µm during the numerical analysis. The maximum breakdown voltage, Vbr=871 V, and

JFoM=34.88 THz-V were estimated in a device with gate-field plate length (LFP ) = 1.75 µm.

Device using high-k passivation HfO2 layer with an identical structure was also studied. This

device shows an enhanced Vbr=912 V with JFoM=25.53 THz-V. These results indicate that the

proposed Al0.295Ga0.705N/GaN/Al0.04Ga0.96N double hetero-junction (DH) HEMTs are suitable
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devices for the next-generation high-power microwave applications.

3.4 Summary

In this chapter, few of the pivotal observations in the scientific community that generated

tremendous interest for AlGaN/GaN HEMT is stated. Further, the elemental information

about degradation mechanism in AlGaN/GaN HEMT is presented along with some findings.

This is essential to understand the foundation of the proposed work in the thesis. In the next

chapter, details about rounded gate AlGaN/GaN HEMTs are presented.
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4.1 Introduction

AlGaN/GaN High Electron Mobility Transistors (HEMT) are best known for their supe-

riority in operating at elevated voltage and temperature along with outstanding integrity in

handling high-frequency signals [34, 81, 97]. GaN being an important member of III–V semi-

conductor group finds its application in optoelectronic, high-power and high frequency device

technologies [98–100]. This ability of AlGaN/GaN HEMT is primarily due to the large bandgap,

high critical electric field and high carrier saturation velocity of the materials involved [101,102].

AlGaN/GaN HEMTs are normally-ON devices as 2DEG (2 Dimensional Electron Gas) natu-

rally forms at the AlGaN/GaN interface due to polarization [39]. However, a normally-OFF

operation is achieved by gate recess [103], fluorine implantation [104], and the inclusion of ad-

ditional layer like InGaN, SiNx [105,106] etc. The performance of these devices are affected by

the leakage current [107], which lowers the device breakdown voltage and can lead to its early

breakdown [108]. This issue can be addressed by using a thicker buffer layer, which is doped

with either Iron (Fe) or Carbon (C) [109–111].

The potential of AlGaN/GaN HEMT technology cannot be realized until reliability aspect

is probed and enhanced. As the majority of degradation phenomenon originates in the gate

edge of these devices, modifications in the rectangular gate geometry can be one of the al-

ternatives to address this issue [112–115]. We postulate that mitigation of electric field at

the gate edge can suppress degradation mechanisms. In this work, a detailed analysis for

rounded gate AlGaN/GaN HEMT with and without field plate is presented. The reliability

aspects are studied by evaluating the electric field profile, leakage current, electron temperature

(eTemperature), and capacitance–voltage characteristics (CV). Pei et al. [85] emphasizes that

reduction in peak electric field and parasitic capacitance leads to increase reliability of sub-µm

AlGaN/GaN HEMTs. The proposed research work exhibits the impact of above mentioned

factors on the device reliability by varying gate geometry along with simulatenous introduction

of field–plates in the device structure. Field plate is usually implemented to scale down electric

field in the drain access region. Several configuration are reported in the literature, such as
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gate field plate [2, 116–119], source-connected field plate [120–122], and drain-connected field

plate [123–126]. Although field plate design exhibits high breakdown voltage due to electric field

modulation at the gate, however a negative aspect of lateral/gate connected field plate design

is that it increases Miller capacitance. Moreover, lateral scaling is limited in gate connected

field configuration [2,127,128] as it hinders the ON–state performance of a device [119,129]. It

is worth mentioning that RF performance of the device degrades with scaling down as Miller

capacitance dominates in the devices having field plate. Although CV characteristics of GaN-

based Metal Oxide Semiconductor (MOS) HEMT (normally-OFF HEMTs) is presented in the

literature [130–138], it is also imperative to understand CV characteristics of a normally-ON

HEMT for reliability perspectives.

In this work, we primarily discuss key degradation mechanism in a device and introspect

into the following approaches to increase the reliability of AlGaN/GaN HEMT devices.

• We propose alteration in gate geometry of HEMT (so called rounded gate device). To

examine benefits of this approach in the performance of a device, device characteristics,

namely, current-voltage (I–V) characteristics (transfer characteristics and output charac-

teristics), leakage current, electric field profile along the channel, eTemperature profile,

breakdown voltage, capacitance–voltage characteristics for rounded gate devices are ob-

served.

• Field plate technology is widely implemented, and various configurations of field plates

are reported in the literature. The proposed work focuses on examining the effect of field

plates in rounded gate devices and its impact on the device reliability by studying their

electrical characteristics.

Our major contribution in this work is the implementation of rounded gate device, and

a well planned investigative study of the device structure to understand the reliability and

performance aspect. Although, gate shape engineering (slant gate) is well known for enhancing

of device performance, this work explores a particular rounded gate edge, which is unique. It is
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essential to investigate rounded gate edge for the device reliability on the context of gate–shape

engineering, and an attempt is made in this work to carry out an investigative study. With

this study, reliability and performance aspect of rounded gate shape geometry by analyzing

electric field profile, eTemperature profile, current–voltage characteristics, breakdown voltage,

and capacitance–voltage are presented.

It is to mention that the work presented in this chapter is an investigate study to gain

new insights into the device behaviour as gate shape changes. There are numerous findings,

in which device dimension, such as gate length and gate-to-drain spacing are based on the

device application, viz. RF, HV or LV switching. However, it is necessary to note the fact

that researchers carry out such investigative study without any conformity to any of device

application as reported by Song et al. [139], wherein gate-length = 1.5 µm is considered and is

an exploratory study. The aim of the proposed study is to enhance device reliability, therefore,

all the application, where reliability is the main concern, the proposed device can be considered

as a suitable candidate.

The rest of chapter is organized as follows. Section 4.2 describes physical model considered

for the numerical analysis. Section 4.3 is dedicated to results and discussion consisting of six

sub-sections namely, Current–Voltage Characteristics, Leakage Current, Electron Temperature

Profile, Electric Field Profile, Breakdown Voltage and Capacitance–Voltage Characteristics.

Finally, the summary is presented in section 4.4.

4.2 Numerical Analysis Framework / Physical Model

In the proposed work, device structures are examined with variations in the gate ge-

ometry (rounded–gate) for distinct value of ‘dr’, and field plate represented by ‘LFP’. An

Al0.25GaN0.75/GaN HEMT is chosen for the proposed work, wherein the thickness of AlGaN

and GaN layer is kept at 25 nm and 3 µm, respectively. For passivation, Si3N4 is employed

in both the access regions. The schematic of device structures are shown in Fig. 4.1. It is

stated in [140] that for a heterostructure containing AlGaN barrier, whose thickness is in the
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range of 20–40 nm, is expected to be fully strained for 0 ≤ x ≤ 0.38, partially relaxed for

0.38 ≤ x ≤ 0.67, and fully relaxed for 0.67 ≤ x ≤ 1. Further it is reported in [46], AlGaN

layer with mole-fraction, x > 0.4 and x < 0.15 are not applicable for high quality HFETs.

It is described in [46], for x > 0.4, the high lattice and thermal mismatch between GaN buffer

and AlGaN barrier layer causes high density of structural defects in AlGaN, while rough inter-

faces limits 2DEG mobility. Further, for x < 0.15, the conduction band offset becomes small

(4EC < 0.28 eV), resulting in the poor confinement of the polarization induced sheet carrier

concentration. However, with an increase in the mole-fraction, strain along c− axis increases,

which boosts in-plane stress significantly deteriorating device reliability [141]. Therefore, it is

preferred to have mole-fraction, x in the range of 0.15–0.38.

The RG HEMT is numerically analyzed by varying x from 0.15 to 0.38. The extracted

2DEG and strain is shown in Fig. 4.2. It is evident that rise in x increases 2DEG and strain.

For instance, strain changes by 9.26% and 16.36% as x is varied from 0.20 to 0.25 and, 0.25 to

0.30, respectively. It is to mention that 2DEG varies by 28.2% and 21.3% for above mentioned

variations in x. As we know, the surge in strain affects reliability of the device. The rise in strain

is quite significant when x changes from 0.25 to 0.30, which is not recommended considering

device reliability. It is to be noted that at x = 0.20 and x = 0.25, strain values are very close,

but 2DEG concentration at x = 0.25 is 28.2% more as compared to 2DEG concentration at

x = 0.20. Therefore, it is preferred to have mole-fraction of Al as 0.25 or 25%, which not only

helps in the formation of 2DEG but also keeps device reliability high. Study of various device

structures having mole-fraction of Al as 0.25 can be found in [95,139,142] justifying the same.

The proposed device is designed and is numerical analyzed using Sentaurus TCAD [68]. In a

hetero-structured device, the interface is of prime significance and energy exchange happens be-

tween the interface. In order to model such phenomenon hydrodynamic carrier transport model

is implemented [68]. A 2DEG at AlGaN/GaN interface is formed by activating the polarization

model. Shockley-Read-Hall (SRH) model is utilized to describe Generation–recombination in

the device. Since, GaN and AlGaN are thermodynamically stable wurtzite hexagonal close-
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Figure 4.1: Schematics of the structure: (a) Rounded gate without Field plate, and (b) Rounded
gate with Field plate considered for this work. Here, ‘dr5’ is gate shape parameter for rounded gate
structure, and ‘LFP’ is the length of field plate for Field-plated structures
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Figure 4.2: 2DEG and strain in the RG HEMT with respect to mole-fraction variation

packed crystal structure [87], AlGaN (having smaller lattice constant compared to GaN) layer

is grown on top of GaN. Because of this, a tensile strain develops in the AlGaN layer, which

gets uniformly distributed in the basal plane of the AlGaN/GaN to match the lattice constant

of GaN [143]. At the AlGaN/GaN interface, polarization sheet charge density, σ is defined by

σ = σGaN − σAlGaN

= {P sp
GaN + P pz

GaN} − {P
sp
AlGaN + P pz

AlGaN}
(4.1)

where, P sp and P pz denotes the spontaneous and piezoelectric polarization, respectively.

The spontaneous polarization of AlxGa1−xN in terms of mole fraction, x is expressed as
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[144,145]

P sp
AlxGa1−xN

= −0.09x− 0.034(1− x) + 0.0191x(1− x) (4.2)

The piezoelectric polarization arises due to lattice match between the layers that results into

mechanical perturbation (strain), which is evaluated by Vegard’s interpolation formula [144,145]

P pz
AlN = −1.808η1 + 5.624η21 for η1 < 0

P pz
AlN = −1.808η1 − 7.888η21 for η1 > 0

P pz
GaN = −0.918η1 − 9.541η21 (4.3)

where, η1 represents the basal strain in AlN or GaN (binary compound). Similarly, the

piezoelectric strain of AlxGa1−xN using Vegard’s interpolation formula can be expressed as

[144,145] as mentioned below. Further details can be referred from [144–146].

P pz
AlxGa1−xN

= xP pz
AlN(η1) + x(1− x)P pz

GaN(η1) (4.4)

GaN crystal is anisotropic along c-axis ([0001]) and, for its modeling an Anisotropic model

is activated. Bias dependent converse piezoelectric phenomena is modelled through gate-

dependent polarization model. The model incorporated in the numerical analysis framework

for the piezoelectric strain is as follow.
Px

Py

Pz

 =


P sp
x

P sp
y

P sp
z + Pstrain

 (4.5)

where, P sp
x/y/z stands for the spontaneous polarization vector (C/cm2) in x, y, and z-axis

respectively. Pstrain stands for piezoelectric strain, which is expressed as

Pstrain = 2d31 · strain ·
(
c11 + c12 − 2c213/c33

)
(4.6)

where, d31 stands for piezoelectric coefficient (cm/V), and cij are the stiffness constants
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(Pa). The strain can be further simplified as

strain = (1− r) · (a0 − a)/a (4.7)

where, a0, a stands for strained and unstrained lattice constant (A◦), and r is a relaxation

parameter. On inclusion of the above model, piezoelectric charge, qPE is computed as

qPE = − Cact5 P (4.8)

where, Cact is a calibration parameter used to adjust the piezoelectric charge. The piezo-

electric charge, qPE adds up to the Poisson equation. The modified Poisson equation is

5 ε · 5φ = −q (p− n+ND −NA + qPE) (4.9)

where, φ is the potential and q is the charge of an electron. p and n are the hole and

electron densities, respectively. ND, NA, qPE are the ionized donor concentration, ionized

acceptor concentration, and piezoelectric charge, respectively.

From the above equation, we can infer that the potential at any point is evaluated by solving

Poisson’s partial differential equation considering the charges: p, n,ND, NA, and qPE. Hence,

the evaluated potential includes entire charge (mobile and immobile) in the device. The model

parameters for polarization models are referred from [147], and are listed in Table 4.1.

Table 4.1: Parameters of Polarization Model used in TCAD simulation

Symbols Units GaN AlN
P sp
z C/cm2 -2.9 ×10−6 -8.1 ×10−6

e31 C/cm2 -3.5 ×10−5 -5.0 ×10−5

e33 C/cm2 1.27 ×10−4 1.79 ×10−4

c13 GPa 106 108
c33 GPa 398 373
a0 A◦ 3.189 3.189
a A◦ 3.189 3.112

relax – 0.1 0.1

The Schottky gate contact, which corresponds to Nickel has a work-function, φm of 5.2 eV

and, the work function for AlGaN (φs) is 4.3 eV. Hence, the work function difference is φms = φm
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Table 4.2: Physical parameters used in TCAD simulation

S. No. Parameter Description Dimension
1 LG Gate Length 1.5 µm
2 LSG Source to Gate Spacing 1 µm
3 LGD Gate to Drain Spacing 3.0 µm
4 LFP Field Plate Length 0.5− 1.5 µm
5 dr Gate shape parameter 0.0− 0.07 µm
6 tSi3N4 Thickness of Si3N4 layer 50 nm
7 tAlGaN Thickness of AlGaN layer 25 nm
8 tGaN Thickness of GaN layer 3.0 µm
9 tSUB Thickness of Substrate layer 5.0 µm

- φs = 0.9 eV. Surface donor trap in AlGaN is set to 2 × 1013 cm−2 and the GaN bulk layer is

C–doped having concentration 1 × 1016 cm−3. The models employed for the numerical analysis

are referenced from [148]. The physical parameters and dimensions are stated in Table 4.2 for

the completeness. It may be noted that quantum confinement effects that causes the 2-DEG

offset is not included in the numerical analysis.

For the numerical analysis, the gate–shape parameter ‘dr’ and field–plate length parameter

‘LFP’ in the device structure are varied from 0 – 0.07 µm (0.0, 0.02 µm, 0.05 µm, 0.07 µm),

and 0.5 – 1.5 µm (0.5 µm, 1.0 µm, 1.5 µm), respectively. The proposed gate–shape parameter

‘dr’ represents rounding radius of gate. The device structure with ‘dr’ = 0.0 is termed as RG

HEMT, and remaining structures with ‘dr’ = 0.02, 0.05, 0.07 are nominated as dr2, dr5 and

dr7, respectively. As there are a series of combinations for ‘dr’ and ‘LFP’, results for dr7 is

stated in this chapter for the sake of brevity. This is due to the fact that the trend of change in

results for rounded gate devices tends to stabilize as ‘dr’ approaches 0.07 µm. Therefore, dr7

is considered for the comparison with field–plated devices. However, in some cases, results for

dr2 and dr5 are stated to showcase the variations in the parameters of rounded gate devices

without field plate as compared to the rounded gate devices with field plate.

In the numerical simulation, meshing plays a crucial role, especially around the corner at

the interface, and it is essential to extract the results at a distance greater than 3 A◦ [89]. The

results stated for Y-cut section (along the channel) is obtained at 20 A◦ below the SiN/AlGaN
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interface [at Y = 52 nm] and results for X-cut section is taken at the right edge of the gate

contact (in the drain access region).

It is to mention that the entire numerical analysis in this work is performed in 2D (2-

dimensional) TCAD framework, and the current values stated are expressed in terms of per

unit width ( /mm). Thus, if the effect of gate width needs to be evaluated on any electrical

parameter, for example, leakage current, it can be done by multiplication with a factor, WG

(gate width).

In this work, we have proposed a new gate shape for which only numerical analysis is

performed. This work aims at portraying the change in electrical and reliability behaviour of

a device with respect to the variation in gate shape. However, with current advancements in

fabrication technology, realization of un/non-rectangular gate shapes is possible [85, 149, 150].

For instance, Dannecker et al. [150] demonstrated 2 µm deep trenches in GaN with a width

of 4 µm or less, etched with SF6 based dry etching process. Followed by a wet etching post-

treatment and employing tetramethylammonium hydroxide (TMAH) and potassium hydroxide

(KOH), a smooth and vertical side-wall as well as rounded corners at the trench bottom was

obtained. Chen [151] proposed the idea of modulating the light intensity on the photo-resist to

create a gray scale mask with a sloped profile in it. The mask then transfer the slope profile

to realize a sloped field plate structure. These processes can be tuned accordingly to realize

the proposed device structure. It is expected that research community may explore this aspect

given the benefit of the proposed device.

4.3 Results & Discussion

In this section results are presented in five sub–sections; Current–Voltage characteristics,

Leakage current, eTemperature profile, Electric Field profile, and Capacitance–Voltage char-

acteristics. In the subsequent sub–sections, four sets of result(s) for the devices are depicted.

First set (SET 1) of the results corresponds to the change in gate–shape parameter of the

device (without field plate), and the devices in this group are RG HEMT followed by dr2, dr5
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and dr7. The second set (SET 2) of results corresponds to device structure with field plate

(‘LFP’ = 0.5 µm) incorporated on the same sequence of devices as in SET 1. Third set (SET

3) highlights the results obtained for the change in ‘LFP’ (= 0, 0.5 µm, 1.0 µm and 1.5 µm) in

RG HEMT. For fourth set (SET 4), dr7 is chosen as the candidate and the field plate length

is varied in the range ‘LFP’ (= 0, 0.5 µm, 1.0 µm and 1.5 µm). The rationale behind the

selection of aforementioned four sets is to exhibit the change in electrical property of the device

whenever either the gate–shape parameter, ‘dr’ or field length plate parameter, ‘LFP’ varies. In

the subsequent section, it is found that the change in electrical property stabilizes for rounded

gate devices as gate–shape parameter ‘dr’ approaches 0.07 µm, therefore, it is desirable to

draw the comparison with rounded gate devices with the extreme design parameters i.e., RG

HEMT, and dr7 with/without field plate. The requisite interpretation for the observations is

stated in the subsequent subsections. For brevity, results for other possible combinations of

gate–shape parameter, ‘dr’ and field length plate, ‘LFP’ are not presented unless it is essential

to corroborate the facts.

For preliminary investigation of the proposed rounded gate devices, we have extracted the

conduction band profile and electron density profile of the devices at equilibrium condition (gate

voltage = drain voltage = 0V) as shown in Fig. 4.3. It is evident that 2DEG is originates at the

proposed rounded gate device. The sheet carrier concentration, nsheet at the hetero-interface

assuming no doping in the AlGaN layer is expressed below.

nsheet =
σ(x)

e
−
(

ε0ε(x)

dAlGaN e2

)
[eφB(x) + EF (x)−∆EC(x)] (4.10)

where, σ(x) is mole fraction dependent polarization sheet charge density, thickness of the

AlxGa1−xN barrier denoted by dAlGaN, eφb is the Schottky barrier of the gate contact. EF

is the Fermi level with respect to the GaN conduction band edge energy, and ∆EC is the

conduction band offset at the AlGaN/GaN interface. Further, related information can be found

in [45,46,152]. From Eq. 4.10, it is apparent that nsheet depends on the polarization sheet charge

density σ and conduction band offset ∆EC . The electron density of the devices is found to be
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Figure 4.3: Conduction band and electron density profile at the AlGaN/GaN heterostructure of
rounded gate devices (without field plate) at gate voltage = drain voltage = 0 V

8.90 ×1019 cm−3(≈ 2.36 ×1013 cm−2). The conduction band offset of the proposed devices is

observed to be 0.37 eV. The polarization sheet charge density varies with mole fraction of the

binary compound according to Eq. 4.1,4.2, & 4.4, therefore, for the proposed rounded gate

devices, σ(x) does not vary. Similarly, as the thickness of layers in the proposed rounded gate

devices is same, ∆EC remains constant. Hence, the observed electron density at the interface

is same for all the devices, RG HEMT, dr2, dr5, and dr7, which means gate–shape does not

modulate 2DEG in the proposed devices.

4.3.1 Current–Voltage Characteristics

In this subsection, two fundamental aspects of a device namely Transfer Characteristics

(ID vs VGS) and Transconductance (gm), and Output Characteristics (ID vs VDS) are discussed.

4.3.1.1 Transfer Characteristics & Transconductance

Transconductance, gm is a key parameter from a circuit designer’s perspective. As we know,

the transconductance has its roots in the device’s electrical characteristics, which ultimately

depends on the quality of device design. Transconductance, gm, can be expressed as [153]

gm =
4ID
4VGS

=

(
4n
4VGS

)
qv +

(
4v
4VGS

)
nq (4.11)
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where, 4n represents change in carrier concentration. q is the charge of an electron and

4v represents change in carrier velocity, while rest of the parameters have their usual meaning.

The change in 4n is notable in the gate region for the change in VGS. The swift enhancement

of carrier concentration as VGS is changed from – 10 V to 2 V, and the rise in electron velocity

ascertains the contribution of first term of equation (4.11) to gm. This is because of the drop in

4v due to rapid decrease in the electron velocity as VGS moves toward the positive domain [153],

and reduces the impact of second terms of equation (4.11) on gm. Hence, gm gradually increases

and then decreases as gate voltage is varied from – 10 V to 2 V.
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Figure 4.4: Comparison of Transfer characteristics (ID vs VGS) and Transconductance (gm) for
AlGaN/GaN HEMT devices with drain voltage = 5 V: (a) with variation in gate shape parameter
‘dr’, (b) with a constant field plate length ‘LFP’= 0.5 µm and variation in gate shape parameter ‘dr’,
(c) Field plate length variation ‘LFP’ for RG HEMT (dr=0), and (d) Field plate length variation ‘LFP’
for dr7

The transconductance and transfer characteristics ID vs VGS for the devices under observa-

tion are shown in Fig. 4.4. As it can be seen from Fig. 4.4 (a,b,c,d), there is no variation in

the transconductance, when ‘dr’ and ‘LFP’ are varied. The peak transconductance observed for

the devices without field plate and with field plate are ∼ 0.16 S/mm and ∼ 0.15 S/mm, respec-
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tively. The slight reduction in transfer characteristics (current level and transconductance) of

the devices with field plate is attributed to decrease electron density with an introduction of

the field plate [154].

The threshold voltages of the devices (with and without field plate) extracted from transfer

characteristics (ID vs VGS) are found to be – 5.8 V. The numerical analysis is performed with

gate voltage sweeping from – 10 V to 2 V. The threshold voltage for AlGaN/GaN HEMT

(VT HEMT) can be expressed as [155]

VT HEMT = φb +
Qp1

CAlGaN

(4.12)

where, Qp1 stands for the polarization charge at AlGaN/GaN interface. φb is Gate-Metal/AlGaN

interface barrier height, and CAlGaN is the capacitance of AlGaN barrier layer. For the device

structures considered in this chapter, as shape of the gate varies, the [Gate-Metal/AlGaN] con-

tact interface remains consistent, i.e. the barrier height is constant for all the structures. Also,

AlGaN/GaN interface does not shift in any of the structures, and it is observed that Qp1 is

constant and CAlGaN varies slightly. This indicates that the threshold voltages of the devices do

not vary much and the marginal fluctuation in it is reported due to the incremental variations

in the capacitance. In succession, we can surmise that the threshold voltages for the device

structures with or without field plate barely varies and the peak transconductance observed

is ∼ 0.16 S/mm and ∼ 0.15 S/mm for the devices without field plate and with field plate,

respectively.

4.3.1.2 Output Characteristics

Output characteristics of the device is essential to understand the performance of a device,

basically the current handling capacity. Heterostructure devices, especially III-N devices, are

expected to have higher current due to the formation of 2DEG at AlGaN/GaN interface, which

facilitates better electron confinement and lesser electron scattering. The ID − VDS character-

istics of the devices, RG HEMT, dr2, dr5, and dr7 are shown in Fig. 4.5 with the variation in

field plate length ‘LFP’. It is observed that drain current, ID, decreases as gate–shape parameter
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Figure 4.5: Output Characteristics for AlGaN/GaN HEMT with gate voltage = 0 V: (a) variation
in drain current for change in gate shape parameter ‘dr’ (b) drain current for rounded gate device
with a constant field plate length ‘LFP’= 0.5 µm (c) Field plate length variation ‘LFP’ for RG HEMT
(dr=0), and (d) Field plate length variation ‘LFP’ for dr7

for the devices changes (RG HEMT, dr2, dr5 and dr7). This is to mention that drain current

decreases by 6 mA as gate-shape parameter (SET 1) changes. With the introduction of field

plate (SET 2), drain current decreases by 4 mA. Similarly, drain current of RG HEMT (SET

3) and dr7 (SET 4) devices with different field plate length decreases by 7 mA and 5 mA,

respectively. This is attributed to the decrease in electron density in the channel region of the

devices. The drain electric field interacts with 2DEG through the gate contact.

For rounded gate devices, as the magnitude of vertical electric field is reduced (refer Section

4.3.4 for detail), the total strain inclusive of the converse piezoelectric effect is low. As a

consequence, the total piezoelectric polarization reduces for rounded gate devices. This leads

to the reduced drain current for rounded gate devices as reported in [148]. Similar observations

are noted in HEMTs with field plate, where electric field further reduces due to the introduction

of field plate (refer Section 4.3.4 for detail). It can be deduced from Fig. 4.5 (a,b,c,d) that the
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drain current of field–plated device is less as compared to the drain current of the device without

field plate. Therefore, drain current subsides marginally when gate geometry is modified or/and

field plate is introduced.

4.3.2 Leakage Current

In this subsection, issues related with leakage current (IG vs VDS) of the rounded gate

devices with/without field plate are discussed. Leakage current, IG shows a diminishing trend

as gate–shape parameter ‘dr’ varies. Two orders of magnitude reduction in IG is observed when

gate–shape parameter changes (SET 1), as shown in the Fig. 4.6 (a). With the introduction

of field plate (SET 2), IG decreases by a factor of 101 as depicted in Fig. 4.6 (b). Similar

behaviour is observed for RG HEMT and dr7 devices with different field plate length, ‘LFP’and

IG scales down by a factor of 102 and 101 respectively, as shown in Fig. 4.6 (c) and (d).
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Figure 4.6: Leakage Current for AlGaN/GaN HEMT with gate voltage = -7 V: (a) with different
gate shape parameter ‘dr’, (b) with fixed field plate length ‘LFP’= 0.5 µm and change in gate shape
parameter ‘dr’, (c) for RG HEMT as ‘LFP’ vary, and (d) for devices with same gate shape parameter
of dr7 and variation in field plate length ‘LFP’

The reduction of leakage current is due to the decrease in space charge density in AlGaN
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layer (refer Table 4.3). With the introduction of field plate or/and change in gate–shape

parameter of the device, the depletion width extends below the gate region i.e., into AlGaN

layer. Since the mobile carriers (2DEG) are of the order of 1019 cm−3, which is higher than

immobile carriers having the order 1016 cm−3, contribution of mobile carrier is significant to the

overall space charge. It can also be inferred using Fig. 4.7 (a,b,c,d), which describes space charge

profile of the devices with and without field plate with varying gate–shape parameter. The

extension of depletion region into AlGaN layer leads to mobile carrier concentration reduction

that results in scaling down of space charge and leakage current. The order of magnitude change

in leakage current for device(s) with field plate is higher than the device(s) without field plate.

Tunneling mechanism being electric field dependent can be a factor that may be responsible for

decrease in gate current. The moderation in electric field at the edge of rounded gate further

reduces the tunneling mechanism, as a result the gate current decreases. This is true as well

when field plate is introduced to a device, as electric field at the gate edge gets moderated. A

similar phenomenon is depicted in Saito et al. [156].

Table 4.3: Integrated Space Charge (SC) value in AlGaN layer value for different device structure
(as gate shape parameter ‘dr’ and field plate length ‘LFP’ vary)

SET Device Geometry SC (103 µm−1)
1 RG HEMT -7.16

dr2 -6.85
dr5 -6.72
dr7 -6.61

2 RG HEMT, LFP = 0.5µm -6.38
dr2, LFP = 0.5µm -6.24
dr5, LFP = 0.5µm -6.13
dr7, LFP = 0.5µm -6.05

3 RG HEMT -7.16
RG HEMT, LFP = 0.5µm -6.38
RG HEMT, LFP = 1.0µm -6.21
RG HEMT, LFP = 1.5µm -6.04

4 dr7 -6.61
dr7, LFP = 0.5µm -6.05
dr7, LFP = 1.0µm -5.93
dr7, LFP = 1.5µm -5.85

75
TH-2691_166102020



4. Numerical Investigation of Rounded Gate Device

1 2 3 4 5 6

-2x1016

-1x1016

0

1x1016

Sp
ac

e 
C

ha
rg

e 
(c

m
-3

)

Along the channel, X (µm)

 RG HEMT
 dr2
 dr5
 dr7

(a)

at LFP = 0 µm
VG = -7V , VD = 20V

1 2 3 4 5 6

-2x1016

-1x1016

0

1x1016

Sp
ac

e 
C

ha
rg

e 
(c

m
-3

)

Along the channel, X (µm)

 RG HEMT
 dr2
 dr5
 dr7

(b)

at LFP = 0.5 µm
VG = - 7V, VD = 20V

1 2 3 4 5 6

-2x1016

-1x1016

0

1x1016

Sp
ac

e 
C

ha
rg

e 
(c

m
-3

)

Along the channel, X (µm)

 W/o FP
 0.5 µm FP
 1.0 µm FP
 1.5 µm FP

(c)

for RG HEMT
at VG = -7V, VD = 20V

1 2 3 4 5 6

-2x1016

-1x1016

0

1x1016

Sp
ac

e 
C

ha
rg

e 
(c

m
-3

)

Along the channel, X (µm)

 W/o FP
 0.5 µm FP
 1.0 µm FP
 1.5 µm FP

(d)

for dr7
at VG = -7V, VD = 20V

Figure 4.7: Space Charge profile for AlGaN/GaN HEMT (at gate voltage = -7 V and drain voltage
= 20 V): (a) rounded gate devices, (b) with field plate length ‘LFP’= 0.5 µm and as gate shape
parameter ‘dr’ vary, (c) for RG HEMT as ‘LFP’ vary, and (d) change in field plate length ‘LFP’ for
device with gate shape parameter as dr7

The significant reduction in IG translates to higher ION/IOFF ratio. Gate leakage is one

of the dominant phenomenon triggering the breakdown of devices, reduction in IG increases

breakdown voltage of the device [123, 157]. Therefore, considerable drop in leakage current of

rounded gate devices with and without field plate restrains device degradation and increases

its breakdown voltage.

4.3.3 eTemperature Profile

In general, drift-diffusion model fails to consider the velocity overshoot and usually overes-

timates the impact ionization rate. In order to model the aforementioned observation, hydro-

dynamic model is implemented, where driving force is the carrier energy. Since AlGaN/GaN

HEMTs are uni-polar devices, the hole concentration is negligible as compared to the electron

concentration. Therefore, holes have minimum influence on the device characteristics [158].
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Thus, the electron carrier temperature in hydrodynamic model needs to be analyzed. It is to

mention that the electron temperature (e-Temp) profile is essential to study device degradation

as it has been reported in [159] that the high energy electrons are responsible for electrochem-

ical degradation of AlGaN layer. The e-Temp profile of the devices with the variations in

gate–shape parameter, ‘dr’ and field plate length, ‘LFP’ is depicted in Fig. 4.8.
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Figure 4.8: eTemperature profile along the channel (Y–Cut) for AlGaN/GaN HEMT (at gate voltage
= -7 V and drain voltage = 20 V): (a) with different gate shape parameter ‘dr’, (b) with field plate
length ‘LFP’= 0.5 µm as gate shape parameter ‘dr’ vary, (c) for RG HEMT as ‘LFP’ vary, and (d) for
device with gate shape parameter as dr7, and variation in ‘LFP’

It is observed that as gate–shape parameter ‘dr’ varies, the peak electron temperature at the

gate edge decreases as shown in Fig. 4.8 (a)). This can be attributed to the diffused electric

field due to ‘dr’ variations. Similarly, for the device structure with field plate, the electron

temperature decreases at the gate edge and a second peak appears at the end of field plate

extension. Although the second peak appears for the field plate devices, the magnitude of the

peak electron temperature at the gate edge is significantly less as exhibited in Fig. 4.8 (b,c,d).

The change in peak e-Temp at the gate edge toward drain side of the rounded gate device
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is ∼ 12% and is ∼ 85% for the field–plated device in both the cases of RG HEMT and dr7,

respectively, as depicted in Table 4.4.

Table 4.4: Observed peak electron temperature (e-Temp) value for different device structure at gate
edge toward drain side (as gate shape parameter ‘dr’ and field plate length ‘LFP’ vary), and change
(in %) from the maximum e-Temp value

Device Geometry Peak e-Temp (103 K) % Change
RG HEMT 12.89 –
dr2 12.75 ↓ 1.09
dr5 11.92 ↓ 7.53
dr7 11.37 ↓ 11.79
RG HEMT 12.89 –
RG HEMT, LFP = 0.5µm 2.34 ↓ 81.85
RG HEMT, LFP = 1.0µm 2.01 ↓ 84.41
RG HEMT, LFP = 1.5µm 1.91 ↓ 85.18
dr7 11.37 ↓ 11.79
dr7, LFP = 0.5µm 2.32 ↓ 82.00
dr7, LFP = 1.0µm 1.87 ↓ 85.49
dr7, LFP = 1.5µm 1.82 ↓ 85.88

Figure 4.9: Illustration of eTemperature profile for rounded gate devices (without field plate, at gate
voltage = -7 V and drain voltage = 20 V) extracted from the numerical analysis for: (a) RG HEMT,
(b) dr2, (c) dr5, and (d) dr7

The affect of rounded gate devices on eTemp profile can be observed in Fig. 4.9. There

is a substantial decrease in cross-section area of the region with higher electron temperature.
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The decrease in quantity of electron with higher electron temperature may contribute for the

observed reduction in gate leakage current. Similarly, the decrease in cross-sectional area of

higher electron temperature can be correlated with the reduce electric field at the gate edge of

rounded gate devices.

For a device operating in the ON state, an additional rise in temperature leads to hot electron

induced device degradation, which plays a pivotal role in determining device reliability [160,161].

A significant change in hot electron temperature in the vicinity of gate edge, which migrates

towards the drain access region, triggers generation of traps [4] and defects by piezoelectric stress

[162] or dislocations [163]. This can affect device stability and may initiate device breakdown

[164]. Also, due to high electric field at the gate edge (refer Section 4.3.4), a hotspot is formed

and the peak temperature of around 6000K [153] to 7000K [165] is reported in the literature.

Hence, decrease in the hot electron temperature at the gate edge of the rounded gate devices

with/without field plate helps in the reduction of device degradation.

4.3.4 Electric Field Profile

Vertical electric field along the channel is a crucial internal parameter influencing the device

reliability. This field controls physical properties of the device, such as built-in strain, converse

piezoelectric-electric strain, and critical voltage [32]. It is well established that one of the

breakdown mechanisms originates from gate edge toward drain-side due to the presence of high

electric field under normal operation [166]. This electric field initiates avalanche breakdown

and thermally-assisted tunnelling in the device [167]. For an AlGaN/GaN HEMT, it is a well-

known fact that the electric field is higher in magnitude at the gate edge in the drain access

region. The peak vertical electric field reported in literature is around -7 MV/cm [165]. This

high electrical field, which can lead to localized Schottky-barrier breakdown at a small drain

voltage [116]. Therefore, it becomes imperative to engineer electric field in the vicinity of the

gate for the improvement in device performance.

From Fig. 4.10 (a), it can be observed that the peak electric field at the gate edge toward

the drain side for RG HEMT is approximately -3.61 MV/cm. The magnitude of peak electric
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field gradually decreases as gate–shape parameter ‘dr’ varies, which is -2.45 MV/cm for dr2,

-2.18 MV/cm for dr5, and -1.99 MV/cm for dr7. This is due to the reduced electric field at

the corner of gate edge, which subsides electric field crowding at the gate edge. The proposed

gate structure helps not only in reducing electric field significantly but also enhancing device

reliability as stated in [148].
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Figure 4.10: Electric Field profile along the channel (Y–Cut) for AlGaN/GaN HEMT at gate voltage
= -7 V and drain voltage = 20 V: (a) with different gate shape parameter ‘dr’, (b) with field plate
length ‘LFP’= 0.5 µm as gate shape parameter ‘dr’ vary, (c) for RG HEMT as ‘LFP’ vary, and (d) for
rounded gate device dr7 with variation in ‘LFP’

Similar behaviour is observed for the field plate structure(s). Its detailed information is

enlisted in Table 4.5 and is shown in Fig. 4.10 (b,c,d). Introduction of the field plate brings up

electric field with n+1 peaks, where n is the number of field plate [168]. In the proposed research

work, we have taken n = 1. As shown in Fig. 4.10 (b,c,d), the second peak helps in reducing

maximum electric field at the gate edge as the field is spread out over a region. By spreading

the electric field between the large gate-drain spacing, the breakdown voltage is enhanced up

to the limit of channel-substrate junction breakdown, which is quite high due to shallow doping

of the substrate [168]. However, for longer field plate, ‘LFP’ breakdown voltage of the device
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becomes less. As it is evident from Fig. 4.10 (b,c,d) that with an increase in ‘LFP’, the second

electric field peak moves closer to the drain terminal and its interaction with drain terminal

results in isolation breakdown [120]. Thus, minimized electric field for the rounded gate devices

with/without field plate further restrict effects of built-in strain, converse piezoelectric-electric

strain, and critical voltage etc. It is also expected that reliability of these devices is enhanced.

A detailed comparison of electric field reduction at gate edge of the proposed gate structure

with existing literature is enlisted in Table 4.6. One of the possible analytical model for electric

field of the rounded gate device is illustrated in Appendix A.

Table 4.5: Extracted peak vertical component of electric field, EY [at the right gate edge] for the
devices with different gate shape parameter ‘dr’ (RG HEMT, dr2, dr5, and dr7) and field plate length
‘LFP’, and change (in %) from the maximum EY value

Field Plate Device Geometry Peak EY (MV/cm) % Change
LFP = 0 RG HEMT -3.61 –

dr2 -2.45 ↓ 32.13
dr5 -2.18 ↓ 39.61
dr7 -1.99 ↓ 44.88

LFP = 0.5 µm RG HEMT -1.85 ↓ 48.75
dr2 -1.39 ↓ 58.72
dr5 -1.25 ↓ 65.37
dr7 -1.19 ↓ 67.03

LFP = 1.0 µm RG HEMT -1.72 ↓ 52.35
dr2 -1.26 ↓ 65.09
dr5 -1.18 ↓ 67.31
dr7 -1.15 ↓ 68.14

LFP = 1.5 µm RG HEMT -1.70 ↓ 52.90
dr2 -1.20 ↓ 66.75
dr5 -1.16 ↓ 67.86
dr7 -1.14 ↓ 68.42

4.3.5 Breakdown Voltage

The breakdown voltage of a device limits its high voltage operation. Leakage current is one

of the key factors, which affects device reliability [171]. In the previous section (refer 4.3.2),

we have discussed reduction in the leakage current of the proposed devices. So, suppressing

leakage current with suitable technological approach, such as the proposed devices presented
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Table 4.6: Comparison of techniques employed for reduction in peak E-Field at the gate edge of the
device

S. No. Reduction in peak E-Field (in %) Technique employed
1 15% Si3N4 region in the barrier [169]
2 29% Slant Gate geometry [89]
3 42% High-k passivation and gate-connected field

plate [170]
4 48% Incorporation of p-diamond back barriers and

cap layers [94]
5 51% Field plate [2]
6 45% Proposed rounded gate device without field

plate
68% Proposed rounded gate device with field plate

in this work increases breakdown voltage for a given gate-to-drain spacing. Furthermore, in

certain cases, the drain current divides into source current and gate current. The gate current is

basically due to the flow of electrons from gate to the drain terminal as a result of the injection

of electrons across the Schottky gate barrier when drain voltage is positive. Since these effects

are initiated by a high electric field at the gate edge of the device, the field plate helps in

suppressing these effects and results in higher breakdown voltage [118,172,173].

The breakdown voltage for devices extracted from ID−VD characteristics at gate voltage = -

7 V (OFF–State) is shown in Fig. 4.11. As discussed in the preceding section, due to gate-shape

parameter variations from RG HEMT to dr7, electric field at gate edge decreases and device

breakdown voltage increases. Similarly, an introduction of field plate in the device structure

increases breakdown voltage. The combined effect of rounded gate and field plate translates to

breakdown voltage of 198 V for dr7 with LFP = 1.5µm as compared to the breakdown voltage

of 120 V for RG HEMT without field plate. Table 4.7 may be referred for details.

4.3.6 Capacitance–Voltage Characteristics

The dependency between gate capacitance Cg and gate voltage is studied by performing AC

analysis with frequency of operation fixed at 1 MHz [174], source and drain terminals being

grounded (VS = VD = 0 V), and gate voltage (VG) being swept from -10 V to 0 V. From
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Figure 4.11: ID−VD characteristics for Breakdown Voltage: (a) with different gate shape parameter
‘dr’, (b) with field plate length ‘LFP’= 0.5 µm and as gate shape parameter ‘dr’ vary, (c) for RG
HEMT as ‘LFP’ vary, and (d) Field plate length variation ‘LFP’ for dr7

Table 4.7: Breakdown voltage, BV for the devices with different gate shape parameter ‘dr’ (RG
HEMT, dr2, dr5, and dr7) for the scenario of without field plate and field plate length ‘LFP’=1.5 µm

Field Plate Device Geometry BV
LFP = 0 RG HEMT 120 V

dr2 126 V
dr5 129 V
dr7 133 V

LFP = 1.5 µm RG HEMT 175 V
dr2 185 V
dr5 190 V
dr7 198 V

Fig. 4.12, it is indicative that the CV characteristics changes around the same gate voltage,

which reaffirm the feature that threshold voltage of the devices (combination of rounded gate

and field plate) is uniform. The magnitude of capacitance Cg dropping almost to 0 fF below

VG = -7 V suggests that the channel is depleted with electron or typically 2DEG [175]. Since

threshold voltage of the devices is -5.8 V, it can also be inferred that below VG = -7 V, devices

are turned OFF. Similarly, when VG surges toward 0 V, electron starts filling up the channel
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4. Numerical Investigation of Rounded Gate Device

and due to this Cg increases. It can be observed that depletion of channel (below VG = -7 V),

and accumulation of channel (as VG > -7 V and moves toward 0 V) are clearly exhibited by the

proposed device. The slight shift in the CV characteristics of rounded gate structure (Fig. 4.12

(a)) is a consequence of slanted nature of the gate as ‘dr’ increases, which effectively boosts

the area under the gate electrode. The distinct vertical shift i.e., increase in the capacitance

Cg as field plate is incorporated (Fig. 4.12 (b,c,d)) to the device structure is a consequence of

increment of the area of gate electrode. The inflation in capacitance of field plate structure is

in agreement with [156]. Thus, gate capacitance increases slightly in the rounded gate devices

with and without field plate.
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Figure 4.12: Cg vs VG profile for AlGaN/GaN HEMT (at source voltage = drain voltage = 0V, and
frequency = 1 MHz): (a) with different gate shape parameter ‘dr’, (b) with field plate length ‘LFP’=
0.5 µm and as gate shape parameter ‘dr’ vary, (c) for RG HEMT as ‘LFP’ vary, and (d) Field plate
length variation ‘LFP’ for dr7

Similarly, as the gate voltage progresses towards 0 V from the negative value, CGD suddenly

jumps at a particular gate voltage as the depleted channel quickly replenishes. The peak in

the jump is attributed to the device being in accumulation mode, where depletion region,

which exists due to polarization charges, is non-existent at this point. As the gate voltage

84
TH-2691_166102020



4.3 Results & Discussion

approaches 0 V, the depletion region due to polarization kicks in, and 2DEG depletes, which

causes a reduction in CGD (refer Figure 4.13 (a)). However, with the inclusion of field plate,

the channel recovery occurs at a voltage lower than that of the voltage when no field plate is

used. Consequently, it is observed that CGD is higher as well as shoots up earlier for the devices

with field plate (refer Figure 4.13 (b) & (c) & (d)).
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Figure 4.13: Cgd vs VG profile for AlGaN/GaN HEMT (at source voltage = drain voltage = 0V,
and frequency = 1 MHz): (a) with different gate shape parameter ‘dr’, (b) with field plate length
‘LFP’= 0.5 µm and as gate shape parameter ‘dr’ vary, (c) for RG HEMT as ‘LFP’ vary, and (d) Field
plate length variation ‘LFP’ for dr7

Since AlGaN/GaN HEMT devices has wide applications in high frequency domain, it is

essential to assess the effect of field plate on its frequency response. A comprehensive way

to evaluate the frequency response is to estimate the change in unity current gain limit (fm),

when field plate is introduced in the device structure. This can be represented for the device

structure under consideration as follows [2].

fmFP

fm
=

1

[1 + CFP/Cg]
2 =

[
1 +

LFP

L

]−2
(4.13)

where, fm (fmFP) is unity current gain limit (unity current gain limit due to field plate).
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Figure 4.14: Representation of electrical characteristics (electric Field, electron temperature, leakage
current, breakdown voltage, and capacitance Cg) of the rounded gate devices with/without Field plate.
A comparison is drawn between RG HEMT (the benchmark), dr7, RG HEMT with field plate (RG
HEMT FP), and dr7 with field plate (dr7 FP). The devices considered here have a field plate length,
LFP = 1.5 µm

Cg is the gate capacitance and CFP is the capacitance due to field plate. Since field plate

is an extension of the gate, the capacitance due to the field plate just adds up to the gate

capacitance [176]. Here, L is the length of channel. Thus, the field plate structure has a

reduced unity current gain factor as compared to the structure without field plate and it further

diminishes as ‘LFP’ increases.

In this section, electrical characteristics of rectangular gate structure and rounded gate

with/without field plate devices are presented. A concise representation of electrical charac-

teristics of the devices is shown in Fig. 4.14. A comparison is drawn between the rectangular

gate structure i.e., RG HEMT and rounded gate device structure dr7 with/without field plate.

The electrical characteristics chosen for the comparison are electric field (at gate edge toward

drain side), eTemperature (at gate edge toward drain side), leakage current, and capacitance

(Cg). From Fig. 4.14, it is inferred that electric field, eTemperature (at gate edge toward drain

side), and leakage current decrease in the rounded gate devices as compared to RG HEMT.

A similar behaviour is exhibited when field plate is incorporated in these device structures.
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However, capacitance increases for the rounded gate devices as compared to RG HEMT. An

additional increment with the introduction of field plate to the rounded gate devices is reported

in the literature [156]. Also, on close inspection, it is quite evident that the rounded gate device

without a field plate showcases a better electrical characteristics as compared to RG HEMT

barring capacitance. Although the capacitance of the rounded gate devices increases, the mag-

nitude/order of decrease in the electric field, eTemperature, and leakage current supersede the

[nominal] increment in the capacitance. Therefore, rounded gate device is expected to have

enhanced reliability as compared to RG HEMT. It may be highlighted that the rounded gate

devices have almost the same threshold voltage and transconductance as RG HEMT, which

further emphasizes the fact that the proposed device barely changes operating point regardless

of subdued degradation phenomena.

4.4 Summary

In this work, rounded gate AlGaN/GaN HEMTs with and without field plate configuration

are analyzed in detail to probe into their reliability aspect. In particular, it is observed that

threshold voltage and transconductance have almost remained constant for the devices as gate

shape is varied as well as when field plate is introduced to the device geometry. Leakage current

reduces by an order of two, when device structure experiences change in the gate shape. It is

to mention that incorporation of field plate in the devices leads to the reduction by an order

of three in the leakage current. It can be attributed to the drop in trapping phenomenon

near the gate edge. The moderation of electric field at the gate edge toward the drain side of

rounded gate devices by ∼ 45% is due to diffusing effect that helps in easing electric field related

degradation mechanism. Consequently, electron temperature is reduced at the gate edge by ∼

12%. It is found that devices with field plate facilitate the spread of electric field toward the

drain side in the gate-drain access region minimizing electric field at the gate edge by ∼ 68%.

For field plate structure, capacitance increases slightly as it adds up to the existing capac-

itance. However, the increment in capacitance for field plate structure as compared to the

87
TH-2691_166102020



4. Numerical Investigation of Rounded Gate Device

structure without field plate is nominal. The decrease of device degradation assisting mecha-

nisms, such as, peak electric field and electron temperature at the gate edge as well as leakage

current overpower the marginal increment in the capacitance(s) of rounded gate devices with

or without field plate. This helps in enhancing reliability of the proposed device structure. The

breakdown voltage of rounded gate device (dr7) is found to be 133 V, which is more than 10%

as compared to the breakdown voltage of rectangular HEMT (RG HEMT). Further, with an

incorporation of field plates to the devices, the breakdown voltage increases by 64% for dr7 with

field plate. The increase in breakdown voltage for the rounded gate device thereby broaden its

range of operations in power electronics applications. Among the candidates for rounded gate

devices, dr7 is found to be reliable and it is inferred from the fact that degradation trigger-

ing factors, such as, electric field and electron temperature at the gate contact is suppressed

comparatively in larger magnitude as compared to RG HEMT and other rounded gate devices,

which in turn assist to improve reliability aspect of the device. This makes the rounded gate

AlGaN/GaN HEMT with or without field plate as a suitable candidate for any high power

application necessitating high reliability of the devices.
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5. Converse Piezoelectric Strain Moderation with variation in gate geometry

5.1 Introduction

The rapid development of AlGaN/GaN high electron mobility transistors (HEMTs) has ac-

celerated its deployment in high-speed and commercial high power applications [177]. However,

the full capability of AlGaN/GaN HEMTs is limited by several reliability issues arising due

to the material properties of constituent semiconductors [178]. Initiation of converse piezo-

electric (CPE) strain inside AlGaN barrier layer of AlGaN/GaN HEMT is one of the critical

reliability concerns. This effect amplifies when an AlGaN/GaN HEMTs is operated in the

OFF-state. In particular, the rectangular gate HEMTs suffer from high electric field near the

gate edge towards the drain. This triggers CPE-strain in the AlGaN barrier layer under the

gate [88,143]. At the instant, when the accumulated elastic energy due to CPE-strain becomes

high and well above a threshold value, defects are created in the AlGaN layer as CPE-strain

relaxes. Such defects under the influence of high electric field can act as charge trap locations

inside AlGaN barrier layer [33,88]. This lowers concentration of electrons in 2-dimensional elec-

tron gas (2DEG) and degrades ON-state drain current of a HEMT [179]. The defects initiated

by CPE-strain can generate a leakage route in between gate and channel, and contributes to

the gate leakage current [143]. In certain scenarios, CPE-strain induced defects can actually

trigger complete failure of a device [88, 179]. The electrons after picking up energy from an

elevated electric field, which exists at the gate edge, become hot. These energetic electrons are

instrumental in influencing several degradation parameters like creation of traps and increasing

leakage current [87, 180]. Thus, it is imperative to frame guidelines to reduce electric field for

further lowering CPE-strain and eTemp in high power AlGaN/GaN HEMTs.

In continuation to our preceding work, in this chapter, we investigate the behaviour of CPE-

strain and eTemp in AlGaN/GaN HEMTs as gate geometry is modified from a rectangular

gate structure to staircase gate geometry and rounded gate geometry. Numerical analysis is

performed using a 2-dimensional device structure to observe the profile of electric field and

CPE-strain along the channel and gate edge. It is found that the proposed rounded gate (FG)

HEMT exhibits better performance in comparison with the other gate designs to lower CPE-
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Table 5.1: Material parameters used in TCAD numerical analysis [6]

S. No. Material property Unit GaN AlGaN
1 Electron Mobility cm2/Vs 1200 300
2 Bandgap eV 3.50 4.39
3 Electron Affinity eV 4.0 3.41
4 Relative Permittivity - 8.9 8.8
5 Electron Saturation Velocity cm/s 2.5 × 107 1.1 × 107

6 Electron Conduction Band
Density of States (DOS)

cm−3 2.23 × 1018 2.71 × 1018

7 Electron Valence Band Den-
sity of States (DOS)

cm−3 2.51 × 1019 2.06 × 1019

strain. The analysis reported in this chapter depicts the significance of altering gate shape to

suppress eTemp and CPE-strain induced damages in AlGaN/GaN HEMTs.

5.2 Numerical Analysis Framework / Physical Model

Alamo et al. observe that with gate geometry modification, electric field at the gate edge

reduces [88]. Endoh et al. report that in a staircase (SG) HEMT, electric field at the gate

edge reduces as it moves toward substrate because of modified gate geometry [181]. In this

work, we propose a rounded gate (FG) HEMT geometry that further reduces the peak electric

field at the gate edge. Three Al0.25Ga0.75N/GaN HEMTs namely, (a) rectangular gate (RG),

(b) staircase gate (SG) and (c) rounded gate (FG) are considered as shown in Fig. 5.1. The

numerical analysis is performed using Sentaurus-TCAD [68]. All the above mentioned devices

have a gate length, gate-to-source, and gate-to-drain spacing of 1.5 µm, 1.5 µm, and 3.0 µm,

respectively. The gate shape parameter (dr) is considered as 0.05 µm for FG HEMT. It is to

mention that this is an optimum value and gate does not look like as a slanted gate. In the SG

HEMT, dimensions are 0.02 µm for horizontal stairs and 0.025 µm for vertical stairs.

The numerical analysis was carried out with drift-diffusion (DD) and hydrodynamic (HD)

transport model to study CPE-strain and eTemp, respectively. The other models included

in the numerical analysis framework are Shockley-Read-Hall (SRH) generation-recombination

and carrier mobility model. The contacts are considered as ohmic for source and drain, and
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Figure 5.1: Schematic of the devices namely, rectangular (RG), staircase (SG), and rounded gate
(FG) HEMT considered in this work. Gate terminal is not shown as solid to showcase the gate
geometry of the devices under consideration. The X-axis lies in the basal plane, and Y-axis runs along
the (negative) c− axis

Schottky for the gate terminal. The metal-semiconductor work function (φms) is considered as

0.9 eV for the Schottky contact. The anisotropic model is also incorporated in the numerical

analysis framework to account asymmetry of GaN crystal structure along the c − axis. The

material parameters used in the numerical analysis framework are listed in Table 5.1. The

charge generation at AlGaN/GaN interface is taken into consideration with the polarization

model in the numerical analysis framework. For evaluating CPE-strain, the following model is

considered.

[εi]6×1 = [dij]6×3 [Ej]3×1 (i = 1, 2, ..., 6; j = 1, 2, 3) (5.1)

where, ε, d, and E represent a strain matrix (dimension-less), converse piezoelectric effect

coefficient (m/V), and electric field (V/m), respectively [68].

GaN and AlGaN are thermodynamically stable wurtzite hexagonal close-packed crystal

structure [87]. As AlGaN (having smaller lattice constant as compared to GaN) layer is grown

on the top of GaN, a tensile strain develops in the AlGaN layer, which gets uniformly distributed

in the basal plane of AlGaN/GaN to match lattice constant of GaN [143]. Additional details

regarding the numerical analysis framework can be found in [33,68,148]. The numerical analysis

is performed under the bias conditions, in which VDS is fixed at 20 V and VGS is –6 or 0 V

according to device’s OFF/ON state, respectively.
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The following model is incorporated in the numerical analysis framework for the converse

piezoelectric strain. 
Px

Py

Pz

 =


P sp
x

P sp
y

P sp
z + Pstrain

 (5.2)

where, P sp
x/y/z denotes spontaneous polarization vector (C/cm2) in x, y, and z-axes, respec-

tively. Pstrain is piezoelectric strain, which is expressed below.

Pstrain = 2d31 · strain ·
(
c11 + c12 – 2c213/c33

)
(5.3)

where, d31 is piezoelectric coefficient (cm/V), and cij are the stiffness constant (Pa). The

strain can be further simplified as mentioned below.

strain = (1− r) · (a0 − a)/a (5.4)

where, a0, a are strained and unstrained lattice constant (A◦), respectively, and r is a

relaxation parameter.

After inclusion of above mentioned model in the numerical analysis framework, piezoelectric

charge, qPE, is computed as mentioned below.

qPE = − Pactivation5 P (5.5)

where, Pactivation is parameter that helps in the calibration of piezoelectric charge. Its default

value is 1. The piezoelectric charge, qPE adds up to Poisson equation. The modified Poisson

equation is stated below.

5 ε · 5φ = −q (p− n+ND −NA + qPE) (5.6)

Here, all the letters have their usual meaning. High electron temperature is considered as

a factor that assists in the leakage current and other defects of a HEMT. To model this effect,
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we include the following terms in the numerical analysis framework for analysis.

−→
Jn = µn

(
n∇EC + kTn∇n− nkTn∇ ln γn + λnf

td
n kn∇Tn − 1.5nkTn∇ lnmn

)
(5.7)

−→
Jp = µp

(
p∇EV − kTp∇p+ pkTp∇ ln γp − λpf tdp kp∇Tp + 1.5pkTp∇ lnmp

)
(5.8)

In the above mentioned equations (Eq. 5.7 and 5.8), the first term (n∇EC and p∇EV )

estimates spatial variation of the band gap, electron affinity and electrostatic potential, respec-

tively. The second term (kTn∇n and kTp∇p) captures concentration gradient and the third term

(nkTn∇lnγn and pkTp∇lnγp) is related to Fermi statistics, where γn = (n/NC) exp ((EC−EF,n)

/kT ) and γp = (p/NV ) exp ((EF,p − EV )/kT ). The fourth term (λnf
td
n kn∇Tn and λpf

td
p kp∇Tp)

is imperative for the hydrodynamics model, which captures temperature gradient of the car-

riers. It is to mention that constants f tdn and f tdp are thermal diffusion parameters. Spatial

variation in the effective masses is taken into consideration by the last term (1.5nkTn∇ln mn

and 1.5pkTp∇ln mp). In the next section, detailed discussion on the outcome of numerical

analysis is presented.

5.3 Results and Discussion

In this section, details of current–voltage characteristics, electric field profile, converse piezo-

electric strain, electron temperature profile and breakdown voltage are depicted for various

device structures.

5.3.1 Current–Voltage Characteristics

The current-voltage characteristics of the devices are shown in Fig. 5.2. It is observed that

drain current varies slightly and threshold voltage for the devices are found to be same, i.e.,

-5.8 V. The slight variation in the drain current is due to the reduced strain at the gate edge of

the devices, which can be related to subdued electric field at the gate edge. The details about

electric field and strain are stated in the succeeding sections.
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Figure 5.2: (a) ID v/s VDS characteristics at VG = 0V, and (b) ID v/s VGS characteristics at VD =
5V of the devices

5.3.2 Electric Field Profile

In the RG HEMTs, electric field crowding is observed at the gate edge, which is attributed

either to the sharp gate edge or corners. The electric field along the channel of devices in the

OFF-state is shown in Fig. 5.3. Fig. 5.3(a) and Fig. 5.3(b) depict the vertical electric field

(EVertical) and absolute electric field profiles (EAbsolute) of the devices, respectively. Although

an electric field peak at the gate edge is observed in all the devices (RG/SG/FG HEMT), the

magnitude of peak electric field decreases in SG and FG HEMTs as compared to RG HEMT.

1.6 2.0 2.4 2.8 3.2
-4

-3

-2

-1

0

 

 
Length X   (µm)

(a)

 

 

 RG HEMT
 SG HEMT
 FG HEMT

Gate

E
V
er
tic
al

  (
M

V
/c

m
)

1.6 2.0 2.4 2.8 3.2
0

1

2

3

4

 

(b)

 

 

Length X   (µm)

 RG HEMT
 SG HEMT
 FG HEMT

Gate

E
A

bs
ol

ut
e 

 (M
V
/c
m
)

Figure 5.3: Distribution of (a) vertical and (b) absolute electric field under the gate of simulated
HEMT structures in the OFF-state

This is due to enhanced dispersion of electric field at the gate edge of SG and FG HEMT.
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In SG HEMT, two edges of a staircase helps in diffusing electric field away from the gate edge

and due to this electric field crowding is minimized. Similarly, diffusion of electric field in

FG HEMT is observed to be further enhanced. EVertical of the devices when operated in the

OFF-state is found to be reduced by 14.65% and 24.84% in SG and FG HEMT, respectively,

as compared to RG HEMT. Similarly, EAbsolute at the gate edge are 15.59%, and 34.26% lower

in SG and FG HEMT, respectively, than RG HEMT in the OFF-state.

5.3.3 Converse Piezoelectric Strain

AlGaN and GaN exhibit piezoelectric and converse piezoelectric effects as they belong to

wurtzite crystal family. Piezoelectric effect is due to residual or inbuilt strain, while converse

piezoelectric effect originates when electric field is developed due to biasing [88]. Both piezo-

electric and converse piezoelectric effects result in the generation of strain in a device. It has

been reported that a slight increase, such as 0.076%, in uni-axial strain decreases critical voltage

from 25V to 20V [171]. Additionally, converse piezoelectric strain adds to existing piezoelectric

strain and triggers device degradation and failures [33,88,143,171,182].

The primary contributing factor for CPE-strain is vertical electric field [88,143]. The density

of stored elastic energy depends on the vertical electric field and varies linearly at the gate edge

of a device [143]. Besides, high electric field and high strain field near the gate edge along with

gate leakage current promote diffusion in the device. Here, diffusion is denoted as an advanced

stage of device degradation, which includes electro-chemical reactions as well. The onset of

diffusion generally happens at a dislocation, which gets accelerated by gate leakage currents,

CPE-strain and electric field on the drain side of gate edge [4]. Hence, the reduction of peak

vertical electric field in a FG HEMT lowers CPE-strain of a device and enhances its reliability.

Fig. 5.4 illustrates profile of CPE-strain of the devices. The CPE-strain is categorised as

planar and vertical [143]. CPEXX and CPEYY fall under the category of planar CPE-strain,

while CPEZZ is the vertical CPE-strain. It is to mention that FG HEMT exhibits reduced

CPEXX, CPEYY and CPEZZ. This behaviour of FG HEMT can be related to an electric field

profile of a device. Further, it is found that the peak CPEZZ strain in FG HEMT is 25% less

96
TH-2691_166102020



5.3 Results and Discussion

as compared to RG HEMT.
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Figure 5.4: (a) and (b) Planar, and (c) vertical CPE-strain observed in the OFF-state of the devices

Since CPE-strain is a strong function of the gate bias [143], it is essential to examine

variation of CPE-strain with respect to gate bias of the devices as shown in Fig. 5.5. The

general trend remains same for the devices, i.e. CPE-strain decreases as gate bias decreases.

At a given gate bias, FG HEMT has lower CPE-strain as compared to RG HEMT and SG

HEMT. For a device, the accumulated elastic energy depends on the electric field at the gate

edge [143]. Therefore, FG HEMT is expected to have the least accumulated elastic energy.

5.3.3.1 Analytical Analysis of Converse Piezoelectric Strain

In the device structure shown in Fig. 5.1, AlGaN layer is grown on the top of GaN layer,

which means that the lattice constant of both the layers must match at the interface. However,

lattice constant of AlGaN is smaller than GaN, and as a result AlGaN layer experiences strain

in the basal plane (xy-plane) as lattice constant tries to match with an underlying GaN layer.

This basal plane strain is denoted as mention below.

ε1 =
a(0)− a(x)

a(x)
(5.9)

Here, a(0) is lattice constant of unstrained (relaxed) GaN layer and a(x) is lattice constant

of AlxGa1−xN as a function of Al mole-fraction, x in the layer. The symmetry of crystals in the

basal plane results in redistribution of strain uniformly in x and y directions, i.e., ε1 = ε2 [183],

where ε1 and ε2 represent strain in x and y directions, respectively. In a wurtzite crystal, strain
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Figure 5.5: (a) and (b) Planar, and (c) vertical CPE-strain variation with gate bias of the devices

is responsible for the piezoelectric effect, which can be denoted in matrix form below.

e =


0 0 0 0 e15 0

0 0 0 e24 0 0

e31 e32 e33 0 0 0

 (5.10)

Additionally, in wurtzite crystal only five piezoelectric constants are non-zero due to crystal

symmetry, e24 = e15 and e32 = e31. Hence, the above matrix can be simplified as

e =


0 0 0 0 e15 0

0 0 0 e15 0 0

e31 e31 e33 0 0 0

 (5.11)

On the other hand, piezoelectric constant e15 is related to shear strain, which does not

contribute to the polarization and can be assumed as e15 = 0 [183]. Thus, the piezoelectric

matrix is
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e =


0 0 0 0 0 0

0 0 0 0 0 0

e31 e31 e33 0 0 0

 (5.12)

From the above matrix, it can be inferred that three non-zero elements, i.e. e31, e31 and e33,

estimate piezoelectric polarization [42]. The piezoelectric polarization vector (along the c-axis)

can be represented as mentioned below with assumption that ε1 = ε2 as stated earlier.

P3,pz = e31(ε1 + ε2) + e33ε3 = 2e31ε1 + e33ε3 (5.13)

Similarly, strain in Eq. 5.13 can be related as

ε3 = −2
C13

C33

ε1 (5.14)

where, C13 and C33 are crystal’s stiffness constants. Substituting Eq. 5.14 in Eq. 5.13,

following mathematical expression can be obtained.

P3,pz = 2

(
e31 − e33

C13

C33

)
ε1 (5.15)

This piezoelectric polarization vector adds to the spontaneous polarization and is responsible

for the charge at AlGaN/GaN interface. The aforementioned expression (Eq. 5.15) is derived

without considering converse piezoelectric strain that arises due to vertical electric field. To

include converse piezoelectric strain, corresponding stress should be considered. As we know,

the vertical electric field gives rise to the stress, which is responsible for converse piezoelectric

strain. Moreover, the stress and strain are related, which can be expressed in Vigot’s notation

as [141] stated below.

σi = Cijεj − ekiEk (i, j = 1, 2, ..., 6; k = 1, 2, 3) (5.16)

where, σ, ε, e and E represent stress, strain, piezoelectric constant and electric field, respec-
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tively. Using clamped model [141] in Eq. 5.16, planar stress can be denoted as

σ2 = σ1 = (C11 + C12)ε1 + C13ε3 − e31E3 (5.17)

Similarly, ε3 in Eq. 5.17 can be substituted with ε1. Using Eq. 5.16, stress along c-axis, σ3,

is denoted as

σ3 = 2C13ε1 + C33ε3 − e33E3 (5.18)

Also, the stress along c-axis is assumed to be zero, i.e., σ3 = 0. Therefore, Eq. 5.18 is

re-arranged as

ε3 = −2
C13

C33

ε1 +
e33
C33

E3 (5.19)

Eq. 5.19 reduces to Eq. 5.14 when vertical electric field is absent, i.e., E3 = 0. Under

this condition, a negative stress signifies that the interface experiences compressive strain along

z-axis. Substituting ε3 from Eq. 5.19 in Eq. 5.17, the following expression can be formulated.

σ2 = σ1 =

(
C11 + C12 − 2

C2
13

C33

)
ε1 +

(
C13

C33

e33 − e31
)
E3 (5.20)

The above equation denotes the influence of vertical electric field, E3, on the planar stress.

Thus, as electric field moderates in SG and FG HEMTs, stress too follow the similar trend.

While comparing three device structures, FG HEMT possess the least vertical electric field

at the gate edge, which leads to the minimum stress in the device. Additionally, SG HEMT

exhibits reduced vertical electric field than RG HEMT at the gate edge, therefore, stress is

observed to be lower as well. It is evident that the trend of decrease in CPE-strain at the gate

edge of devices closely follow vertical electric field peak, as listed in Table 5.2.
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Table 5.2: Vertical Electric Field and CPE-Strain of RG, SG, and FG HEMT in OFF-state

Device EVertical (MV/cm) CPEZZ (10−4)

RG HEMT -3.14 -1.56

SG HEMT -2.68 (↓ 14.65%) -1.32 (↓ 15.38%)

FG HEMT -2.36 (↓ 24.84%) -1.17 (↓ 25.00%)

5.3.4 Electron Temperature Profile

AlGaN/GaN HEMTs are known to experience a range of degradation mechanisms. Hot

electrons or electron with higher temperature increases trap density under gate and gate-drain

access region [90]. Besides, electron energy is reported to be a contributing factor for the nega-

tive differential output conductance (NDC) in a device, regardless operational power. Moreover,

NDC is due to hot electron being captured in bulk traps [90,184]. This indicates that electron

temperature plays far more crucial role in device degradation than lattice temperature. These

hot electrons are also responsible to shift breakdown voltage of a device [184]. Moreover, it is

assumed that degradation/failure in AlGaN barrier layer is primarily due to electron injection.

The localized strain and/or electron temperature further accelerate the damage due to electron

injection. Hence, it is expected that the combined effect of damages due to elevated tempera-

tures and/or electron injection weaken the barrier layer. The electric field at/under gate creates

a thin Fowler Nordheim injection barrier of ∼ 3 nm. Further, long term device degradation

occurs, when the device is subjected to slow electron injection at elevated temperature and

stress [89]. The high stress may activate chemical processes like impurity diffusion, which can

further degrade device [185]. Although, it is widely anticipated that stress at the drain side of

the gate edge is responsible for structural failure, and it is observed that piezoelectric stress

accounts for about half in it, while the other half is contributed by thermal stress. However,

this stress is not sufficient to trigger any direct structural failures, such as, formation of pit

or crack unless device is under strong electron injection and/or high operating temperature,

which may lower the threshold of material failure. It is experimentally observed, when a device
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is stressed in high power bias condition results in the formation of pits and/or cracks in AlGaN

barrier layer [186,187].

In Fig. 5.6, electron temperature profile of the devices is shown. The electron temperature

decreases as the gate geometry changes from RG HEMT to FG HEMT. The electron tempera-

ture peak at gate edge of RG HEMT, SG HEMT, and FG HEMT are found to be 523.4 × 104

K, 488.33 × 104 K, and 423.18 × 104 K, respectively. Hence, the reduction in peak electron

temperature at the gate edge toward the drain side are 6.7% and 19.14% for SG HEMT and

FG HEMT, respectively as compared to RG HEMT.

Figure 5.6: Electron Temperature profile of the devices at VG= -6 V and VD = 20 V

5.3.5 Breakdown Voltage

Breakdown is the manifestation of thermal runaway in a device, when power dissipation

exceeds a particular threshold [188]. Generally, this occurs when a device is subjected to high

drain voltage in the OFF-state, which results in the exposure of gate-drain junction to a high

reverse bias. Moreover, it is reported that an AlGaN/GaN HEMT experiences time dependent

failure i.e., an AlGaN/GaN HEMT, which has breakdown voltage higher than 1000 V exhibits

time dependent failure, when gets exposed to the OFF-state stress at drain voltage of 600–700

V. Additionally, time to failure (TTF) is exponentially dependent on the strength of stress

voltage and follows Weibull distribution [189]. Similarly, this time dependent breakdown of

the device is due to the failure of SiN passivation/dielectric layer because electric field exceeds

dielectric strength of SiN. Reduction of electric field strength in SiN by process improvements

increases TTF by three orders of the magnitude [190].
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As stated in the earlier section that hot electrons are responsible for the shift in breakdown

voltage, it is essential to understand its role on the breakdown voltage of RG/SG/FG HEMTs.

The breakdown voltage of the devices are extracted and are tabulated in Table 5.3. The

breakdown voltage is extracted, when a device is biased at VGS = -6 V and VDS = 20 V. It

is evident that as electron temperature of the devices decreases in SG HEMT and FG HEMT

as compared to RG HEMT, the breakdown voltage increases accordingly. Hence, decrease in

electron temperature translates as an increase in breakdown voltage of the devices.

Table 5.3: Breakdown Voltage of RG, SG, FG HEMT

Device Breakdown Voltage (V) (% Change)

RG HEMT 120 –

SG HEMT 124 ↑ 3.33%

FG HEMT 129 ↑ 7.50%

Ancona et al. [89] stated that degradation centres initiate the process of defect creation at

localized sites, where electric field, converse piezoelectric strain and electron temperature are

maximum. In the proposed FG HEMT, since electric field, converse piezoelectric strain and

electron temperature are reduced at the gate edge as compared to RG HEMT and SG HEMT, it

is anticipated that localized defect creation is minimum,which reduces degradation phenomena.

Detailed peak vertical/absolute electric field and CPE-strain of the devices in both the bias

conditions (OFF and ON states) are tabulated in Table 5.4.

5.4 Summary

A comparative study of converse piezoelectric strain, electric field distribution and electron

temperature for three different gate geometries are depicted in this chapter. The vertical

converse piezoelectric strain, peak vertical electric field, electron temperature of FG HEMT

geometry is observed to be lowered by 25%, 24.84%, and 19.34%, respectively as compared to

RG HEMT. While comparing with RG HEMT, the reduction in vertical converse piezoelectric

strain, peak vertical electric field, electron temperature of SG HEMT are 15.38%, 14.65%, and
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Table 5.4: Electric field, and CPE-strain of RG HEMT, SG HEMT, and FG HEMT at gate edge in
both the bias condition

State Parameter RG SG FG

OFF

EVertical (MV/cm) –3.14 –2.68 –2.36

EAbsolute (MV/cm) 3.59 3.03 2.36

CPEXX (10−4) -2.14 -1.83 -1.53

CPEYY (10−4) 4.56 3.89 3.26

CPEZZ (10−5) -1.56 -1.32 -1.17

ON

EVertical (MV/cm) -2.19 -1.87 -1.51

EAbsolute (MV/cm) 2.51 2.13 1.66

CPEXX (10−4) -1.37 -1.21 -1.04

CPEYY (10−4) 2.93 2.58 2.22

CPEZZ (10−5) -1.37 -1.21 -1.04

6.7%, respectively. Although SG HEMT is observed to be better than RG HEMT in terms of

the aforementioned parameters, FG HEMT outperforms both SG HEMT and RG HEMT. The

comparative study presented here outlines the fact that the degradation promoting parameters

are significantly reduced by changing gate structure, whereby performance of the devices gets

enhanced. The proposed rounded gate, FG HEMT may find applications typically in the areas,

that requires to be operated at high voltages, thus dissipating a significantly higher power, a

condition generally observed in the power device applications.
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HEMTs with Field Plate

6.1 Introduction

The material properties of AlGaN/GaN, such as wide bandgap, high electron mobility

and high critical voltage are very attractive as compared to popular Silicon based technol-

ogy [191, 192]. The distinct feature of GaN epi-structure is the emergence of two dimensional

electron gas (2DEG) at an interface of AlGaN/GaN on the account of spontaneous and piezo-

electric polarization. This confinement of electrons results into a channel having higher carrier

density even without any doping or gate bias. A significant technological advantage of this

heterostructure is the ability to maintain these properties even when it is grown on non-native

substrates, such as Silicon, Sapphire or Silicon Carbide (SiC) etc., which contributes further

to crystallographic defects in it. The exceptional attribute of thermal conductivity and semi-

insulating nature of SiC as a substrate enables application of AlGaN/GaN HEMTs in RF power

domain.

The wide bandgap property of AlGaN/GaN HEMT allows its operation at a high volt-

age, which generates tremendous electric field at the drain side of gate edge. This electric

field crowding triggers degradation phenomenon, such as avalanche breakdown and thermally-

assisted tunnelling in AlGaN/GaN HEMT [167]. When a device operates at high electric field,

tensile stress enhances in AlGaN barrier layer, which further increases its elastic energy. After

a critical value, this elastic energy gradually relaxes with the development of crystallographic

defects, which acts as conduction paths, and reduces the drain current [88]. This phenomenon

is known as inverse piezoelectric effect (IPE) and is described in [33,193]. The effect of strong

electric field can be observed in the vicinity of gate edge. Transmission Electron Microscopy

(TEM) studies have revealed cracks and pits in the AlGaN surface near gate edge [186]. Ad-

ditionally, the order of drain current degradation is correlated to the depth of damage (pits

and cracks) [194–198]. Although IPE has been observed experimentally, Joh et al. [143] pro-

posed a numerical analysis for modelling this effect based on an electromechanical model (2-D

electrostatic simulation) with reasonable agreement to the experimental observations.

Electrical damages, such as drain current and transconductance reduction, slight shift in
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threshold voltage, and an increase in trapping activity without any trace of structural damages

are observed when a devices is biased in the ON-state [30,199]. This phenomenon is attributed

to hot electron effect induced degradation [30] and is significant even at an average channel

current. It is well corroborated through the observation of electroluminescene investigations

[30]. The degradation due to hot electrons may be accelerated by pre-existing defects, which

absorb energy and become electrically mobile. As we know that the electric field concentrated at

a particular point influences device reliability, it is well-known that electric field affects physical

properties of a device, such as, built-in strain, converse piezoelectric-electric strain, and critical

voltage [32]. Additionally, electric field initiates avalanche breakdown and thermally-assisted

tunnelling in the device [167]. Moreover, the rise in carrier temperature leads to hot electron

induced device degradation, which plays a pivotal role in determining device reliability [160,161].

Any significant rise in the carrier temperature at the edge of field plate results in the

migration of carriers, which creates traps, defects due to piezoelectric stress or dislocations in

the vicinity of field plate edge towards the drain access region. This affect device stability

and may initiate device breakdown [164]. Similarly, as heat diffuses from the hot spot region

to other areas, thermal stress arises in AlGaN and GaN layer [179]. This assists degradation

mechanisms in AlGaN/GaN HEMTs, which are initiated and accelerated thermally [143]. So,

it is essential to mitigate the hot electron degradation with efficient electric field engineering

that can be achieved with device designs, such as gate edge modification, field plates, and

slanted gates etc. [2, 89, 148, 200]. Field plate technology is widely used for the moderation

of electric field at the drain edge of a gate, which results in a uniform distribution of electric

field in the gate-drain access region. Several variations of field plate technology are reported

in literature, such as gate connected [2,116,118,119,201], source connected [121,122,202,203],

and drain connected [123–126, 204] field plates. The field plate topology is known to shape

electric field profile at the drain edge of gate, which improves breakdown voltage of the devices

as well [2, 205]. When a device is operated in the OFF state, electric field peaks at the drain

edge of the gate and with an introduction of the field plate(s), electric field peaks appear at
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their edges.

Subramani et al. [6] observed that the electric field peaks at an edge of the field plate in

the OFF state. Liao et al. [206] had similar observation in their work. Prior work and their

observations are enlisted in Table 6.1, which corroborate the fact that no study/analysis on the

heat profile at the field edge is performed earlier. It is well-known that the localized electric field

in the OFF state facilitates localized electron temperature hotspots. Although literature is well

versed with the heat profile study on the semiconductor devices at the gate edge, it is equally

essential to investigate heat profile at the field plate edge and put forward solution to mitigate

the same. With known prominence of hot electron degradation and its correlation with electric

field peak, it can be inferred that slight reduction in the peak electric field strength can decrease

peak temperature at localized spot improving device reliability and lifetime [160,161,200].

Table 6.1: Prior Works and their observation

S. No. Author Observation
1 Meneghesso et al. [30] Reported the electroluminescene in the SEMI-ON state

signifying peak electron temperature in that state.
2 Subramani et al. [6] Observed electric field peak at the edge of field plate in

the OFF state.
3 Liao et al. [206] Observed electric field at the edge of field plate in the

OFF state.
4 Subhash et al. [207] Reported increase in breakdown of a device using passi-

vation technique.
5 Nirmal et al. [208] Reported new drain current model along with introduc-

tion of a cap layer beneath the gate and passivation.

In the proposed work, we present an investigation of the heat profile at the edge of field

plate and propose an approach to mitigate peak electric field, which is primarily responsible

for the heat at the field plate edge. Thus, the primary objective of the proposed work is to

reduce peak electric field at the field plate edge. This is addressed by modifying access region

stack, wherein a silicon dioxide pocket is created in a diamond layer below the field plate and

on the top of the passivation layer. A detailed analysis of heat profile while varying thickness

of silicon dioxide pocket with diamond layer and passivation layer is presented in this chapter.
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The chapter is organized as follows. Section 6.2 states the model employed for numerical

analysis and calibration of numerical analysis framework. Section 6.3 discusses the result of

the proposed device, and finally, summary of the work proposed in this chapter is presented in

section 6.4.

6.2 Numerical Analysis Framework / Physical Model

The device structure used to investigate the proposed concept is shown in Fig. 6.1. The

gate length (LG), gate-to-drain spacing (LGD), source-to-gate spacing (LSG) are 0.25 µm, 2.7

µm, and 0.8 µm, respectively. The device structure from top to bottom of the composite layer

comprises of a diamond layer (tDia), Si3N4 passivation layer (tSiN), GaN cap layer (2 nm),

Al0.25Ga0.75N barrier layer (18 nm), GaN channel (30 nm), GaN buffer (1.7 µm) and Silicon

Carbide (SiC) substrate (5 µm). A SiO2 pocket around the field plate edge is introduced in

the above mentioned device structure. The proposed idea of SiO2 as a pocket at the field plate

edge is to mitigate the peak electric field observed there. Subsequently, the peak electric field

at the field plate edge may facilitate hot carriers that further generates heat. It is essential that

the heat generated at the field plate edge is extracted efficiently with use of material having

better thermal conductivity. As, the thermal conductivity of SiO2 is not comparable to that of

the diamond. Hence, a SiO2 pocket is employed instead of a layer.

The width and the length of SiO2 are 10 nm and 60 nm, and it is placed at 970 nm from

the gate edge towards the drain terminal. When the length of SiO2 pocket (LSiO2) varies from

60 nm to 80 nm, the variations observed in thermal resistance, peak electric field and eTemp

are 0.91%, 1.9% and 2.79%, respectively, as compared to 16.20%, 10.20% and 5.75% change in

these parameters, respectively, when LSiO2 varies from 40 nm to 60 nm (refer Table 6.2, 6.3,

and 6.4). It is observed that after LSiO2 > 60 nm, all these aforementioned parameters do not

vary significantly. Choosing LSiO2 as 60 nm also provides large overlap margin of SiO2 pocket

with the field plate and aids in better fabrication yield as well. Therefore, a length of 60 nm

for SiO2 pocket is preferred in the numerical analysis of the proposed device.
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Table 6.2: Thermal Resistance, RTH of the devices with variation in length of SiO2 pocket (LSiO2)
with tSiN = 30 nm at VGS = 0V, and VDS = 20V

Device Structure tDia (nm) LSiO2 (nm) RTH (K/W)
R1 – – 6.26
Without SiO2 Pocket 30 – 5.38
With SiO2 Pocket 30 20 4.78
” ” 40 3.95
” ” 60 3.31
” ” 80 3.28
” ” 100 3.28

Table 6.3: Peak Electric Field of the devices at the edge of field plate with variation in length of
SiO2 pocket (LSiO2) with tSiN = 30 nm at VGS = −2V, and VDS = 20V

Device Structure tDia (nm) LSiO2 (nm) E− Field (MV/cm)
R1 – – 1.87
Without SiO2 Pocket 30 – 1.43
With SiO2 Pocket 30 20 1.27
” ” 40 1.18
” ” 60 1.06
” ” 80 1.04
” ” 100 1.03

Table 6.4: Peak eTemp of the devices at the edge of field plate with variation in length of SiO2

pocket (LSiO2) with tSiN = 30 nm at VGS = −2V, and VDS = 20V

Device Structure tDia (nm) LSiO2 (nm) eTemp (× 104 K)
R1 – – 3.312
Without SiO2 Pocket 30 – 3.087
With SiO2 Pocket 30 20 2.924
” ” 40 2.819
” ” 60 2.657
” ” 80 2.583
” ” 100 2.522

Silicon Carbide is a good substrate as it has better lattice match with GaN as compared

to Silicon and Sapphire. It also has a higher thermal conductivity in comparison with the

above mentioned substrates [48]. A field plate of length (LFP ) 1 µm is included in the device

structure, which is pictorially depicted in the figures (refer Fig. 6.1) as a black rectangular box
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to highlight its extent for better clarity, whereas, the actual field plate is in contact with the

passivation layer.

Diamond (tDia nm)

Al0.25Ga0.75N Barrier (18 nm)

GaN Buffer (1.7 um)

Y=0

SiC Substrate (5 um)

X=0

[0
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LG = 0.25 um LFP = 1 um

LGD = 2.7 um

LSG = 0.8 um

GaN Cap (2 nm)

GaN Channel (30 nm)

Si3N4 (tSiN nm)

SiO2

Figure 6.1: Schematics of the proposed device structure in this work (Not to scale). The diamond
layer is introduced below field plate and on the top of passivation layer with SiO2 pocket around field
plate edge

The schematic of device structure is shown in Fig. 6.1. The device is numerically analyzed

using Sentaurus TCAD [68]. Drift-diffusion (DD) transport model is solved self-consistently

with Poisson’s equation and continuity equations. Constant and field dependent mobility mod-

els for carriers (electrons and holes) are included in the analysis. Shockley-Read-Hall (SRH)

recombination model is incorporated to capture generation and recombination of the carriers.

The polarization charge of equal magnitude and opposite polarity developed at the interfaces

maintains an overall charge neutrality even in the absence of electric field [209]. This charge

distribution has also been considered in the present work as illustrated in Fig. 6.2. The

charges at the interface are σ1 = ± 1.23 × 1013 cm−2 (AlGaN/GaN), and σ2 = -2.0 × 1012

cm−2 (SiN/GaN). Similarly, the charges at diamond/SiN and SiO2/diamond interfaces are 1.15

× 1012 cm−2 and -1.15 × 1012 cm−2, respectively. Besides these, donor traps (σ+
D) having a

density of 1.0 × 1013 cm−2 at 0.2 eV below the conduction band have also been considered

at Si3N4/GaN interface. The GaN buffer is doped with Carbon having concentration of 3 ×
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1016 cm−3 with activation energy, EAC = 0.9 eV above GaN valence band. In addition to this,

acceptor traps with a concentration of 5 × 1016 cm−3 at 0.4 eV below the conduction band

is considered. The gate contact is considered as Schottky by employing a metal having work-

function of 5.2 eV. The material parameters employed in the numerical analysis are enlisted

in Table 6.5 [6]. Similarly, thermal conductivity of the materials is stated in Table 6.6. A

thermal contact also known as thermode, defined at the bottom of the substrate is set at room

temperature i.e., 300 K (27 ◦C).

SiN GaN AlGaN GaN

+ σD

+
+ σ1

- σ1  σ2DEG- σ2- σDia

Diamond

Figure 6.2: Polarization charges description at material interface of the device

Table 6.5: Material parameters used in TCAD simulation [6]

S. No. Material property Unit GaN AlGaN
1 Electron Mobility cm2/Vs 1200 300
2 Bandgap eV 3.50 4.39
3 Electron Affinity eV 4.0 3.41
4 Relative Permittivity - 8.9 8.8
5 Electron Saturation Velocity cm/s 2.5 × 107 1.1 × 107

6 Electron Conduction Band Density of States (DOS) cm−3 2.23 × 1018 2.71 × 1018

7 Electron Valence Band Density of States (DOS) cm−3 2.51 × 1019 2.06 × 1019

The numerical analysis framework considering a device without diamond layer, and silicon

dioxide pocket, i.e., tDia = 0 nm, and SiN layer thickness, tSiN = 30 nm, is referred as R1

subsequently as shown in Fig. 6.3 and is calibrated with an experimental data presented

in [6]. The device characteristics, i.e., output (ID versus VGS), and transfer (ID versus VDS)
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Table 6.6: Thermal Conductivity for the materials

S. No. Material Thermal Conductivity (Wm−1K−1)
1 GaN 170 [210]
2 SiC 390 [210]
3 Diamond 2000 [210]
4 SiO2 1.4 [211]

obtained using numerical analysis and experimental results are exhibited in Fig. 6.4. The close

agreement of the analytical transfer and output characteristics with the experimental data

resembles proper tuning of the parameters and model to mimic behaviour of an actual device.

Al0.25Ga0.75N Barrier (18 nm)

GaN Buffer (1.7 um)

Y=0

SiC Substrate (5 um)

X=0

[0
0
0
1
]

X

Y

S

G

D

LG = 0.25 um LFP = 1 um

LGD = 2.7 um

LSG = 0.8 um

GaN Cap (2 nm)

GaN Channel (30 nm)

Si3N4 (30 nm)

Figure 6.3: Schematic of R1 device calibrated with experimental data of [6]
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Figure 6.4: Comparison of DC characteristics from the numerical analysis framework with experi-
mental data of [6]: (a) ID versus VGS (at VDS = 5V); (b) ID versus VDS (at VGS = 0V)
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Given the limitation of drift diffusion model to realize the velocity overshoot, and its over-

estimation, hydrodynamics model (HD) model is utilized while performing numerical analysis.

The hydrodynamics model assists in the evaluation of carrier temperatures (Tn, Tp), described

by Eq. 6.1, and 6.2.

−→
Jn = µn

(
n∇EC + kTn∇n− nkTn∇ ln γn + λnf

td
n kn∇Tn − 1.5nkTn∇ lnmn

)
(6.1)

−→
Jp = µp

(
p∇EV − kTp∇p+ pkTp∇ ln γp − λpf tdp kp∇Tp + 1.5pkTp∇ lnmp

)
(6.2)

In the above equations, the first term (n∇EC and p∇EV ) estimates spatial variation of

bandgap, electron affinity and electrostatic potential of the proposed device. The second

term (kTn∇n and kTp∇p) captures concentration gradient. The third term (nkTn∇lnγn and

pkTp∇lnγp) is related to Fermi statistics, where γn = (n/NC) exp ((EC − EF,n)/kT ) and

γp = (p/NV ) exp ((EF,p − EV )/kT ). The fourth term (λnf
td
n kn∇Tn and λpf

td
p kp∇Tp) results

due to hydrodynamics model, which captures temperature gradient of the carriers. Here, con-

stants f tdn and f tdp are thermal diffusion parameters. The spatial variations in effective masses

are taken into consideration by the last term (1.5nkTn∇ln mn and 1.5pkTp∇ln mp). Similarly,

an energy balance equation in hydrodynamics model is described by Eqs. 6.3, 6.4, and 6.5.

∂Wn

∂t
+∇ ·

−→
Sn =

−→
Jn · ∇EC/q +

dWn

dt
|coll (6.3)

∂Wp

∂t
+∇ ·

−→
Sp =

−→
Jp · ∇EV /q +

dWp

dt
|coll (6.4)

∂WL

∂t
+∇ ·

−→
SL =

dWL

dt
|coll (6.5)

where, Sn, Sp, and SL represent electron, hole and lattice energy flux, respectively. The energy

densities of electron, proton, and lattice are denoted as Wn, Wp, and WL, respectively. The

coll indicates collision in the semiconductor.
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In the thermodynamics (TD) model of carrier transport, current density equations are

analyzed employing temperature gradient given by Eq. 6.6 and Eq. 6.7.

−→
Jn = −nqµn(∇Φn + Pn∇T ) (6.6)

−→
Jp = −pqµp(∇Φp + Pp∇T ) (6.7)

Here, Φn and Φp stand for electron and hole quasi-Fermi potentials. Pn and Pp denote absolute

thermoelectric powers for the carriers and T represents lattice temperature, which is computed

using Eq. 6.8.

∂

∂t
(cLT )−∇ · (κ∇T ) = A+B + C +D (6.8)

where,

A = −∇ ·
[
(PnT + Φn)

−→
Jn + (PpT + Φp)

−→
Jp

]
B = −1

q

(
EC +

3

2
kT

)(
∇ ·
−→
Jn − qRnet,n

)
C = −1

q

(
EV +

3

2
kT

)(
−∇ ·

−→
Jp − qRnet,p

)
D = ~ωGopt

Here, κ and cL stand for thermal conductivity and lattice heat capacity, respectively. The band

energies in conduction and valence bands are given by EC and EV , respectively. Gopt denotes

optical generation rate with frequency ω. The current densities and net recombination rate for

the carriers are denoted as
−→
Jn,
−→
Jp, Rnet,n, and Rnet,p, respectively. The total heat H (for the

stationary case) is given as

H = −∇ ·
[
(PnT + Φn)

−→
Jn + (PpT + Φp)

−→
Jp

]
+ ~ωGopt (6.9)

In this section, we have discussed three transport models, namely, drift-diffusion (DD),

hydrodynamics (HD), and thermodynamics (TD). The numerical analysis includes one of these

transport models based on the necessity of the investigation to be performed. For instance, to
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study carrier temperature, hydrodynamics model is employed, whereas, for self heating study,

thermodynamics model is included, and for the rest, drift-diffusion model is considered.

In this work, a numerical analysis is performed to investigate the proposed device. It is to

mention that in the past, nano crystalline diamond (NCD) have been deposited over SiN layer

of a fully fabricated HEMT to evaluate the performance of diamond in extracting the heat.

This led to utilize diamond in HEMTs due to its high thermal conductivity. The deposition of

diamond in HEMTs is quite challenging as it requires a hostile environment. It is carried out

using chemical vapour deposition (CVD) [212, 213] in the presence of methane. A protective

layer of SiN is employed during deposition process to protect underlying sensitive device from

etching by hydrogen because methane, which is used in CVD, releases hydrogen during this

process. Additionally, it is observed that NCD can be deposited on HEMTs using a SiN

protective layer in microwave assisted plasma CVD process [214]. The NCD can be patterned

using a plasma CVD SiN hard mask as stated in [214] to open windows on the diamond layer.

These windows facilitate etching of diamond layer with high powered inductively coupled O2/Ar

plasma. After NCD removal, SiO2 can be deposited in the pockets using plasma enhanced CVD

(PECVD) [215]. The aforementioned process of diamond deposition on SiN along with etching

and patterning of NCD can be utilized to implement the proposed device structure.

6.3 Results & Discussion

The primary focus of our study is to investigate electric field profile, carrier temperature

behaviour, and self heating effect of a HEMT. The DC characteristics of the calibrated device

R1 and a device with SiO2 pocket is exhibited in Fig. 6.5. It is observed that output drain

current barely changes for these devices and the threshold voltage for both the devices is found

to be almost same as well, i.e., -3.4 V. Moreover, it is observed that ID − VGS and ID − VDS

characteristics remain almost same with the variation in SiN and diamond layer thickness as

shown in Fig. 6.6.

In the proposed study, the selection of VGS = -2 V as SEMI-ON state is determined after
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Figure 6.5: ID −VGS (at VDS = 5V) and ID −VDS Characteristics (at VGS = 0V); (a) R1 device,
and (b) device with SiO2 pocket
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Figure 6.6: (a) ID −VGS (at VDS = 5V), (b) ID −VDS characteristics (at VGS = 0V) of the device
with SiO2 pocket for variation in tSiN = 10/30/50 nm at tDia = 30 nm, (c) ID −VGS (at VDS = 5V),
and (d) ID −VDS characteristics (at VGS = 0V) of the device with SiO2 pocket for variation in tDia
= 30/40/50 nm at tSiN = 30 nm

examining electron-temperature (eTemp) profile of the device for VGS= -6 V to 0 V at VDS=20

V as shown in Fig. 6.7. It has been reported by Meneghesso et al. [30] that the SEMI-ON state

is detrimental to the device, because of a very high electron-temperature in this state. Hence,

VGS = -2 V as SEMI-ON state in our case has been selected by studying eTemp profile. When

VGS is sufficiently low than the threshold voltage of the device, 2DEG channel beneath the gate
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is completely removed, and device migrates in the OFF state [103]. At VGS = -6 V, channel

beneath the gate vanishes completely, which is evident from the electron density profile of the

device illustrated in Fig. 6.8. Thus, gate bias of -6 V is denoted as OFF state of the device.

Initially, the calibrated R1 device is compared to a device having SiO2 pocket (tSiN = 30 nm

and tDia = 30 nm). Later, the same device is analyzed thoroughly by varying tSiN and tDia.

The thickness of SiN passivation layer is varied from 10 nm to 50 nm with a step size of 10 nm,

whereas, diamond layer thickness is varied from 30 nm to 50 nm using the same step size.

Field Plate Field Plate

Figure 6.7: eTemp profile of R1 device; (a) at VGS = -6 V (OFF), and (b) at VGS = -2 V (SEMI-ON)
for VDS = 20 V

The subsequent section of the chapter details carrier temperature profile, electric field profile

and self heating effect of the proposed device.

6.3.1 Carrier Temperature Profile

The electron-temperature (eTemp) profile is essential to study device degradation as high

energy electrons are responsible for electrochemical degradation of AlGaN layer [159]. The

electron-temperature (eTemp) profile of the proposed device is shown in Fig. 6.7. The device

is analyzed for SEMI-ON and OFF states. It is evident that the device under SEMI-ON

state has higher electron-temperature (eTemp) at the edge of field plate as compared to device

under OFF state. Similarly, the electric field of the device in the SEMI-ON state is more as

compared to the OFF state. This phenomenon is also observed by Meneghesso et al. [30] using

Electroluminescence measurements (EL).
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Meneghesso et al. [30] perform “hot-electron-stress” on devices to observe intensity of electric

field in the channel with respect to the variations of device bias. When VGS is kept lower than

the threshold voltage, a higher electric field is observed due to the influence of gate-drain

voltage VGD. Under this circumstance, electroluminescence is not realized in the channel due

to the absence of electrons. As VGS increases to the threshold voltage, electrons in the channel

start accumulating, and they get “heated” due to the existence of high electric field in the

device. Further, increase in the carrier concentration of primary electrons increases intensity of

electroluminescene till a particular value of VGS, beyond which it reduces with further increase

in VGS (refer Fig. 6 in [30]). Corresponding to a fixed VDS, electroluminescene emission first

increases and then reduces signifying electron energy lowering at both the extremes of VGS.

The VGS, at which peak of electroluminescene is observed, is denoted as SEMI-ON state of the

device. It is to mention that with the differences in the structures and technology of the devices

along with testing conditions and failure criteria, a comparison of experimental results reported

in the literature is extremely difficult. However, it is observed in AlGaN/GaN HEMTs that a

gradual deterioration in drain current and transconductance is associated with the hot electron

phenomenon [216–220].

The electric field profile of the device under OFF and SEMI-ON states is shown in Fig.

6.9(a). It is observed that the electron velocity is higher in SEMI-ON state as compared to
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Figure 6.9: (a) Electric Field, and (b) Electron Velocity profile of the R1 device under two bias
condition; VGS = -6 V and VGS = -2 V at VDS = 20 V

OFF state, as depicted in Fig. 6.9(b). In the SEMI-ON state, device has a considerable number

of carriers, while there are no carriers in the OFF state. Although, the number of carriers in the

SEMI-ON state is less than the ON state, it is evident that the carriers undergo less collision

resulting into an increase in the average mean free time of carriers. As we know that velocity

of carriers is linearly dependent on the average mean free time, which aids carriers to possess

higher velocity in the SEMI-ON state. The extracted carrier (electron) velocity of R1 device

at field plate edge in the SEMI-ON and OFF states are 2.1 × 107 cm/s, and 3 × 106 cm/s,

respectively. The higher carrier velocity and electric field in the SEMI-ON state leads to hot

carriers, which makes SEMI-ON state to be of major concern in AlGaN/GaN HEMTs. However

at x = 2 µm, electric field in the OFF state of the proposed device is observed to be higher than

the SEMI-ON state. This leads to high gradient of electric field in the OFF state, which may

be responsible for higher electron velocity than its velocity in the SEMI-ON state at x = 2 µm.

In order to address the issue of eTemp at the field plate edge, we propose a diamond layer

on the top of the SiN passivation layer, and SiO2 layer around the field plate edge in the

diamond layer, which is preferred due to its high thermal conductivity. With the SiO2 around

the field plate edge, it is observed that eTemp of the device decreases in the SEMI-ON state,

which is illustrated in Fig. 6.10. The eTemp of R1 device and the device with SiO2 pocket

(tSiN = tDia = 30 nm) are 3.312 × 104 K and 2.657 × 104 K, respectively. This is basically
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Field Plate Field Plate

Figure 6.10: eTemp profile of: (a) R1 device, and (b) with SiO2 pocket (tSiN = tDia = 30 nm), at
VGS = -2 V (SEMI-ON) and VDS = 20 V

due to reduction of peak electric field at the field plate edge because of employing SiO2 pocket

(refer Section 6.3.2 for details).
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Figure 6.11: eTemp profile of R1 device, and with SiO2 pocket for the device with tSiN = 30 nm
and varying tDia, at VGS = -2 V (SEMI-ON) and VDS = 20 V

The eTemp comparison of R1 device and the device with SiO2 pocket having diamond layer

is shown in Fig. 6.11. It can be seen that increasing thickness of diamond layer decreases eTemp

near field plate edge in the proposed device. The reduction in hot carriers further lowers device

degradation and improves device reliability [148,161,200]. Details of eTemp of the devices with

the variation in thickness of SiN passivation layer and diamond layer is presented in Table 6.7.

Although eTemp estimated around 3E4 K may seems to be high, but a wide range of

localized eTemp are reported in the literature. For instance, Kuzmik et al. [221] predicted

eTemp as high as 20000 K, while Tapajna et al. [90] reported localized eTemp at 30000 K.
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Similarly, Shigekawa et al. [222] found eTemp in the range of 2000-2400 K, while in [223–230],

eTemp at 1700 K was reported. A substantially higher eTemp at 5000 K was determined

in [231]. Similarly, eTemp of around 6000 K [153] to 7000 K [165], and ∼ 13000 K [200] was

also reported. It may be noted that localized hot electron temperature (eTemp) depends on the

bias condition and device structure, therefore, a fair comparison of eTemp cannot be provided.

Table 6.7: Peak e-Temp at Field Plate edge of the devices in SEMI-ON state. The column (%
Change) indicate the change in e-Temp of the devices w.r.t R1 device

tSiN tDia e-Temp (× 104 K) % Change
R1 [6] – 3.312 –
10 nm 30 nm 2.931 ↓ 12.05%

40 nm 2.814 ↓ 15.04%
50 nm 2.593 ↓ 21.71%

20 nm 30 nm 2.823 ↓ 14.76%
40 nm 2.627 ↓ 20.68%
50 nm 2.365 ↓ 28.59%

30 nm 30 nm 2.657 ↓ 19.78%
40 nm 2.411 ↓ 27.20%
50 nm 2.128 ↓ 35.75%

40 nm 30 nm 2.455 ↓ 25.88%
40 nm 2.180 ↓ 34.18%
50 nm 1.915 ↓ 42.18%

50 nm 30 nm 2.231 ↓ 32.64%
40 nm 1.958 ↓ 40.88%
50 nm 1.745 ↓ 47.31%

6.3.2 Electric Field Profile

Field plate technology is widely implemented to address electric field crowding at the gate

edge of a device. Since field plate is incorporated in a device, additional electric field peak

appears at the edge of the field plate. Due to proximity of field plate edge to the drain terminal

of a device, significant electric field of comparable order is observed in the OFF state and

SEMI-ON state of the device as depicted in Fig. 6.9(a)). The electric field is observed to be

comparable under OFF and SEMI-ON states. This high electrical field can lead to localized

Schottky-barrier breakdown at a small drain voltage [116] along with avalanche breakdown and
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thermally-assisted tunnelling in the device [167]. The electric field peak at the field plate edge

interacts with drain terminal, which results in an isolation breakdown of the device [120].
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Figure 6.12: Electric field profile of the device; R1, and device with SiO2 pocket (tSiN = tDia = 30
nm), at VGS = -2 V (SEMI-ON) and VDS = 20 V

As electric field is one of the contributing factors of eTemp in the device, it is essential to

reduce electric field at the field plate edge. For this purpose, SiO2 pocket around the field plate

edge is employed, which helps in reducing electric field as shown in Fig. 6.12). The electric

field at field plate edge in SEMI-ON state for the R1 device, and the device with SiO2 pocket

(tSiN = tDia = 30 nm) are 1.87 MV/cm and 1.06 MV/cm, respectively. This can be correlated

with the boundary conditions of dielectrics. Further, the regions SiO2 pocket and the diamond

layer are characterized by εSiO2 and εDiamond, where ε is the dielectric constant of a particular

material. The electric flux densities of SiO2 pocket and the diamond layer, DSiO2 and DDiamond,

respectively, can be represented by following mathematical expression under the assumption

that no charge exists at the SiO2 and diamond interface.

DSiO2 = DDiamond (6.10)

Since, electric flux density, D = εE, Eq. 6.10 can be written as

εSiO2ESiO2 = εDiamondEDiamond (6.11)

The Eq. 6.11 can be rearranged further as
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EDiamond =
εSiO2

εDiamond
ESiO2 (6.12)

Since dielectric constant of diamond is higher than the dielectric constant of SiO2, (εDiamond >

εSiO2), which implies EDiamond < ESiO2 . This validates our observation of subdued electric field

in diamond layer and in the device below the field plate. As a consequence, eTemp at the field

plate edge is reduced significantly for the device with SiO2 pocket around the field plate edge

as illustrated in Fig. 6.10. The electric field profile at the field plate edge of the devices with

respect to the thickness of SiN layer and diamond layer is depicted in Fig. 6.13 validating our

claim.
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Figure 6.13: Electric Field profile of (a) R1 device, and with SiO2 pocket for the device with tSiN
= 30 nm and (b) for combination of tSiN and tDia, at VGS = -2 V (SEMI-ON) and VDS = 20 V

6.3.3 Self Heating

As it is extensively discussed in the preceding section about the behaviour of devices un-

der “SEMI-ON” state, it is equally essential to explore self heating behaviour of the devices

as well. Although GaN has higher thermal stability as compared to Si [232], heating effect

reduces mobility of electrons in the channel, which subsequently lowers drain current [48,233].

This hinders prolonged use of GaN-HEMTs under such condition. As we know, degradation

mechanisms in AlGaN/GaN HEMTs are thermally initiated and are accelerated [30]. At a

higher drain bias, due to high temperature and accumulation of heat, wavefunction of electron

penetrates AlGaN barrier and triggers scattering [33]. Also, conduction to other areas in the
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HEMT from the hotspot region increases thermal stress in AlGaN and GaN layers [179]. It is

to mention that the degradation mechanism is of diffusive nature because its generation and

evolution are directly proportional to the square of time [30]. It has been reported that devices,

which are subjected to high temperature for a prolonged duration, exhibit degradation initiated

by converse piezoelectric effect and are further accelerated by the high temperature [90].
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Figure 6.14: Self heating phenomena in R1 device and lattice temperature along with electric field
profile of the device at VGS = 0V and VDS = 20V

Self heating behaviour is observed in a device, when it is operated in the ON state. As

we know, AlGaN/GaN HEMT is ON at VGS = 0V, the self heating is observed under bias

conditions, VGS = 0V and VDS = 20V as shown in Fig. 6.14. The mathematical models, which

need to be plugged into the numerical analysis framework to observe self heating is described

in Section 6.2.
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The simultaneous solution of lattice temperature with current density equations exhibits

a practical lattice temperature distribution. This carrier transport model incorporates device

self-heating phenomenon. The ID − VDS characteristics of the devices with the incorporation

of thermodynamics model is shown in Fig. 6.15. It is evident that the impact of self heating

in the output characteristics is less in the device with SiO2 pocket as compared to R1 device.

This is mainly due to subdued degradation of mobility of the carriers in the former device. As

a result, drain current increases while channel temperature deceases in the devices having SiO2

pocket. Hence, this device is expected to have better performance at higher temperature.

Field Plate Field Plate

Figure 6.16: Self heating phenomena; (a) R1 device, and (b) device with SiO2 pocket (tSiN = tDia
= 30 nm) at VGS = 0 V and VDS = 20 V

Moreover, to illustrate the effect of self-heating phenomenon using ID − VDS characteristics,

Fig. 6.15 showcases ID − VDS characteristics with and without thermodynamics model. The

absence of thermodynamics model in the equations exhibiting device characteristics transforms

them to drift-diffusion model. As we know that this model does not account thermal effects,

the evaluation of current densities by thermodynamics and drift-diffusion models are different.

Hence, ID − VDS characteristics of both the above mentioned models differ. Similarly, lattice

temperature profiles of R1 device and the device having SiO2 pocket are shown in Fig. 6.16. It

is observed that SiO2 pocket in AlGaN/GaN HEMTs aids in reducing hotspots and improves

device performance as well as longevity. It is to mention that the lattice temperatures at the

field plate edge of R1 device and device with SiO2 pocket (tSiN = tDia = 30 nm) are 437 K and

382 K, respectively.
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It is necessary to extract thermal resistance (RTH) in order to understand the behaviour of

heat conduction in a device. The thermal resistance is calculated by considering temperatures

at two different points. First point, T1, is the location of a hotspot and the second point, T2

is the region having uniform temperature distribution, refer Fig. ??. Here, we have considered

bottom of GaN Buffer or top of the SiC substrate as T2. The temperature drop (∆T = T1 − T2)

is related to thermal resistance given by Eq. 6.13.

∆T = RTH × PDissipation, or RTH =
T1 − T2
PDissipation

(6.13)
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where, PDissipation is the power dissipation in the device. The bias condition for the evaluation

of thermal resistance, RTH , are VGS = 0V and VDS = 20V. Employing the self heating profiles

of the devices shown in Fig. 6.16, RTH is estimated and is shown in Table 6.8. The lattice

temperature profiles of the devices with respect to the thickness of SiN and diamond layers are

shown in Fig. 6.17. Moreover, Fourier’s law of heat conduction states that the rate of heat

flow is inversely proportional to the thermal resistance [234], which indicates that the heat flow

improvises with lower thermal resistance. Further, lower RTH also implies that the proposed

device can operate at higher ambient temperature with reduced mechanical deformation due

to low lattice vibrations [210]. Thermal resistance of the devices with respect to the thickness

of SiN and diamond layer is shown in Fig. 6.19. This indicates that a device with SiO2 pocket

offers less thermal resistance and improves its reliability. This can be corroborated with the

findings of [210,235].

Table 6.8: Estimation of Thermal Resistance, RTH for R1 device, and device with SiO2 pocket

Device Structure T1(K) T2(K) IDS(A) VDS(V) PDissipation(W) RTH = T1−T2

PDissipation
(K/W)

R1 [6] 437 318 0.95 20 19 6.26
With SiO2

Pocket, tSiN =
tDia = 30 nm

382 317 0.98 20 19.6 3.31
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Figure 6.19: Thermal Resistance, RTH for the device with SiO2 pocket with varying tSiN and tDia
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6.4 Summary

In this work, we have primarily focused on the degradation issue of AlGaN/GaN HEMTs

in the SEMI-ON state. The electric field and velocity profiles of the device in the SEMI-ON

state clearly indicate that the degradation mechanism is of greater significance in this state as

compared to the OFF state. The average velocity of energized carriers in the SEMI-ON state

is one order higher than the velocity of carriers in the OFF state. These energized carriers tend

to accumulate at the edge of field plate due to the presence of high electric field. To mitigate

this issue, a diamond layer is employed on the top of SiN passivation and a SiO2 pocket is

incorporated around the edge of field plate. Consequently, for a device having SiO2 pocket

along with SiN and diamond layers of 30 nm thickness, it is observed that the electric field

and eTemp at the edge of field plate reduce by 43%, and 20%, respectively, than the device

without SiO2 pocket around the edge of field plate. Further, it is found that the self heating

effect in the proposed device is lowered by 13% than the device without SiO2 pocket. Also, the

thermal resistance of the proposed device is reduced by 47% due to the incorporation of diamond

layer and SiO2 pocket in it. The eTemp, electric field, self heating and thermal resistance of

our proposed device at the field plate edge varies consistently with the thickness of SiN and

diamond layers. The proposed device exhibits superior performance and better reliability as

compared to the existing HEMTs, and can be utilized in high power device applications.
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7.1 Summary of the Observations

In this chapter, we present a brief summary of the proposed research work and its future

directions. As AlGaN/GaN HEMTs can be devices for next generation technology, such as 5G,

space exploration and high power, the present work tries to focus on the reliability and efficient

high power devices.

• Reliability enhancement of AlGaN/GaN HEMT is a significant thrust area due to rapidly

improving material and processing technology. A detailed analysis of rounded gate Al-

GaN/GaN HEMT with field plate is presented in this thesis. Although AlGaN/GaN

HEMT with field–plate is well-known, its blending with gate–shaping leading to more

robust and reliable behaviour is presented in this thesis. It is observed that the thresh-

old voltage and transconductance invariably remain constant for various combinations of

rounded gate and field plate length. The threshold voltage for all the devices are found

to be –5.8 V. The peak transconductance of the devices without field plate and with

field plate is ∼ 0.16 S/mm and ∼ 0.15 S/mm, respectively. Apart from leakage current,

the electric field also gets mitigated for both rounded gate and field–plated devices by

∼ 45% and ∼ 68%, respectively. The moderation in electric field further assists in the

reduction of electron temperature for rounded gate and field–plated structures by ∼ 12%

and ∼ 85%, respectively. Additionally, breakdown voltage increases for the rounded gate

devices to 133 V as compared to 120 V obtained using rectangular gate devices without

field plate. Significant reduction in leakage current, electric field and electron tempera-

ture is accompanied by a minor increment in the capacitance of field–plated structure,

hence the proposed structure is expected to enhance reliability of the device. Thus, it is

anticipated that the proposed devices with enhanced reliability may be a step ahead of

rectangular gate devices and would find major applications in the high power domain.

• As it is evident that converse piezoelectric strain leads to degradation, such as structural

deformation, creation of traps, etc. in AlGaN/GaN high electron mobility transistors
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(HEMTs). We have presented a comparison of peak vertical electric field and vertical

converse piezoelectric strain for these devices with rectangular gate structure, staircase

gate structure and rounded gate devices. It is found that in rounded gate devices, the

peak vertical electric field and vertical converse piezoelectric strain reduces by almost 25%,

while electron temperature reduces by 20% as compared to rectangular gate HEMTs. It is

also observed that the reduction in peak vertical electric field and peak vertical converse

piezoelectric strain is more than staircase gate structure device. Thus, the proposed

rounded gate device is expected to be a potential candidate, which can tackle converse

piezoelectric strain induced damages in AlGaN/GaN HEMT devices.

• Although field plate technology assists in the mitigation of electric field at the gate edge in

a device, however electric field peaks at field plate edge in the SEMI-ON state. Electric

field in a device varies as it switches between ON and OFF states. These states have

different intensities of electric field and carrier density. The regions having high electric

field are not only the point of contention but also affects reliability of a GaN HEMT. In an

AlGaN/GaN HEMT, degradation primarily initiates as a result of electric field crowding

near its gate/field plate edges. The proposed work aims at suppressing high electric

field in the SEMI-ON state at the field plate edge by incorporating a SiO2 pocket at its

edge. Numerical analysis is performed using a calibrated setup to investigate viability

and performance of the proposed device. It is found that the electric field and electron

temperature in the SEMI-ON state reduce significantly by incorporating a SiO2 pocket

around the field plate edge in the drain access region. For the device having SiO2 pocket,

in which Diamond and passivation layer thickness kept at 30 nm each, the electric field,

carrier temperature and self heating reduces by 43%, 20%, and 13%, respectively at the

field plate edge along with 47% reduction in the thermal resistance.

Therefore, it may be concluded that a rounded gate field plate AlGaN/GaN HEMT and

Diamond/SiN stack with SiO2 pocket can be a suitable device structure for high power applica-

tions with an enhanced reliability. It is predicted that the continued research in this direction
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would help scientific community to improve existing efficiency of AlGaN/GaN devices.

7.2 Proposed Future Work

Since we have explored the rounded gate with field plate and Diamond/SiN passivation stack

with SiO2 pocket for the mitigation of high electric field at the field plate edge, it is anticipated

that investigation of drain connected field plate or multiple field plate configuration with SiO2

pocket can be among the possible direction in the development of high power device technology.

Further, various approaches to understand the minimization of parasitic capacitances in the field

plate devices can also be pursued. Although GaN based devices exhibit superior performance

as compared to Silicon based devices, there are certain issues that needs to be addressed to

realize full potential of HEMTs.

• As GaN devices operates with very high switching speed, the high frequency content of

the resultant voltage signals translates small inductances into high impedances, whereas

low capacitances results into low impedances. Thus, not only the passive components but

the layout and the interconnection of the individual components also need to be carefully

designed. Reduction of inductances by shortening the connection length may be limited

by the requirements on insulation distances and/or loss density.

• The high current density, higher operating temperature and higher switching frequency

requires better handling. This includes new packaging solutions, improved passive com-

ponents, such as capacitors and inductors, improved dielectric materials as well as new

materials solutions with low-CTE (coefficient of thermal expansion) to increase yield and

reliability during thermal stress. Furthermore, completely new topologies might be ex-

plored to make better use of GaN devices and modules.
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In chapter 4, we have proposed rounded gate devices for the mitigation of electric field in

the vicinity of gate edge of the device. It is known that gate shape modification leads to change

in electric field profile in the vicinity of gate edge in the rounded gate devices. Hence, it is

essential that an analytical formulation for the electric field and charge density at the gate

edge of the device is developed. For the development of analytical model of charge density and

electric field of the proposed rounded gate devices, several assumption are taken into account,

which are elaborated below.

• The proposed rounded gate device structure with field plate is represented in Fig. A.1,

in which regions between gate contact and drain contact are categorized as Region 1 and

Region 2.

• Here, Region 1 corresponds to a fully depleted semiconductor, while Region 2 corresponds

to the extension of depletion region beyond the metal boundary at the surface. Details

regarding conformal mapping of Region 2 can be found in [166,236].

• The channel under gate and field plate is considered as depleted, which results in a

positive charge sheet (σz) in the channel. The dielectric constant (εu) of the material

between channel and gate/field-plate metal is assumed to be constant.

• The distance from field plate to the channel is denoted as ai and gate-to-channel is denoted

as a0. The charge is assumed to be either on metal or in the channel. It is presumed that

boundary of Region 1 extends from -∞ to +∞ and left boundary of Region 2 extends to

-∞, which is equivalent to a long gate and field plate approximation.

ai+1

Region 1

‘R’

ai

ai

b

Region 2

+ + + + + + + + + + + + + + + + + + ++ + + + + + + + + + + + + + + + + + + + + +

Figure A.1: Representation of Region 1 and Region 2 to be used for conformal transformation
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Considering 2D nature of the device structure and charge appearing only at the boundaries,

conformal mapping can be utilized for analyzing complex charge density function. For the

application of conformal mapping as shown in Fig. A.2, Region 1 needs to be rotated so that

metal contact is at the bottom, while drain contact is at the right side and is labelled as

z-plane. Using Schwarz–Christoffel transformation [237, 238], the region between metal and

positive charge sheet is transformed into upper half of w1 plane. The relation between z and

w1 as stated in [239] is given below for completeness.

πz

a0
= λcosh−1

[
(2w1a

−2
0 − (λ2 + 1))

(λ2 − 1)

]
− cosh−1

[
((λ2 + 1)w1a

−2
0 − 2λ2)

((λ2 − 1)w1a
−2
0 )

]
(A.1)

where, λ = a1/a0. Eq. A.1 is normalized with respect to gate-to-channel spacing, which

allows solution to change proportionately with the change in parameters. The transformation

from w1-plane into the w2-plane is performed using relation w1 = a20e
πw2 . Also, z and w2 are

given by following mathematical expression.
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πz

a0
= λcosh−1

[
(2eπw2 − (λ2 + 1))

(λ2 − 1)

]
− cosh−1

[
(λ2 + 1)eπw2 − 2λ2

(λ2 − 1)eπw2

]
(A.2)

Let gate–shape parameter, ‘dr’ be represented by polar equation, s = s(θ), then the curva-

ture R can be defined as

R =
|s2 + 2(s′)2 − ss′′|

[s2 + (s′)2]
3
2

(A.3)

Considering metal region and charge being extended from -∞ to +∞, the complex potential

due to unit charge located at w0 = u0 + i [237] can be depicted as

Ψ[w2, u0] = (2πεu)
−1 ln [(w2 − w∗0)/(w2 − w0)] (A.4)

From the conformal mapping theory, the proposed modified charge density in w2 plane is

defined as [237,238]

σ[u0] = σz

(
∂z

∂w1

∂w1

∂w2

)∗
|w2=u0+i = σzσ1

(
eπu0 + 1

eπu0 + λR

)1/R

(A.5)

where, R is the parameter that takes into account the effect of proposed gate modification.

Subsequently, the complex potential, Φ in w2 plane is defined as

Φ[w2] =

∫ ∞
−∞

σ[u0] Ψ[w2, u0] ∂u0 (A.6)

Hence, the electric field, E can be evaluated from complex potential [237,238] as mentioned

below.

E[ω2[z]] = −
(
∂Φ

∂z

)∗
=

∫ ∞
−∞

σ[u0]

(
−∂Ψ[w2, u0]

∂z

)∗
∂u0 (A.7)

The parameter, R in Eq. A.5 accounts for the charge density of the proposed rounded gate

device. As the reduction in charge density is predicted by Eq. A.5, this confirms a decrease in

electric field of the proposed rounded gate device and is stated in Eq. A.7.
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