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Abstract

With the rapid industrialization, there is a huge demand for electricity to
cater the needs of ever expanding industry and in every walks of life. Thus,
managing the utilization of electricity is of utmost importance. With the growth
of semiconductor market and emergence of newer semiconductor materials, the
ancestry of devices have changed from Silicon to Wide Bandgap (WBG) based
semiconductors. Gallium Nitride (GaN), a WBG semiconductor has emerged
as the next generation material for semiconductor device applications. Device
operation at high frequency with elevated power is simultaneously possible using
GaN technology. A High Electron Mobility Transistor (HEMT) is designed using
an AlGaN/GaN heterostructure and has proved to have great potential both in
high power and Radio Frequency (RF) applications.

The performance of a device directly affects its demand. Existing capability and
reliability of the devices can be improved by the use of newer structure and de-
sign approaches. Technology Computer Aided Design (TCAD) aids engineers to
improve and design newer devices, and to understand the internal phenomenon,
thus, improving its capabilities.

An AlGaN/GaN HEMTSs have been chosen to understand reliability issues that
are being currently faced by it in the high power applications. In this thesis,
a detailed numerical study is performed to observe the impact of gate shaping
(filleting) and the use of an elevated substrate pillar on the performance of an
AlGaN/GaN HEMT. It is observed that the converse piezoelectric strain in the
AlGaN barrier layer, electron and lattice temperatures get suppressed due to

filleting of the gate geometry. To substantiate, a comparison is presented be-
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tween field plate rectangular gate HEMTs and filleted gate HEMT with and
without field plate. In case of HEMTs without field plate, filleted gate has 44 %
lower converse piezoelectric strain than the conventional HEMT. For filleted gate
HEMTSs with and without field plate, the electric field and converse piezoelectric
strain is lower by 38% and 30%, respectively, as compared to rectangular gate
HEMT with a field plate. With the increase in filleting radius, the gate leakage
current reduced by two orders of the magnitude as compared to a conventional
HEMT. The reduction in OFF state converse piezoelectric strain and electron
temperature are observed due to filleting, which enhances OFF state reliability.
Gate shaping and elevated substrate pillar in HEMTs are able to reduce opera-
tional temperature by 4 and 19 K, respectively. Analysis presented in this thesis
concludes that filleted gate and elevated substrate pillar can help to improve the

reliability of HEMTs.

Keywords: AlGaN/GaN HEMT, Converse piezoelectric strain, Electric field,
Electron temperature, Elevated substrate pillar, Gate geometry, Joule heating,

TCAD.
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1. Introduction

1.1 Background

The first patent on field-effect transistor like device “Method and Apparatus for Control-
ling Electric Currents” was filed by Julius Edgar Lilienfeld in 1926. His idea was implemented
by M. M. (John) Atalla and Dawon Kahng of Bell Labs when they developed the first suc-
cessful insulated gate Field Effect Transistor (FET) in 1959. Kahng vouched for its ease
of fabrication and the possibility of it being implemented in integrated circuit technology.
After some initial hiccups, 16-transistor integrated device was demonstrated by Radio Cor-
poration of America (RCA). Most of the success story of Silicon has to be credited to the
popularity of Metal Oxide Semiconductor Field Effect Transistors (MOSFETS). Researchers
have been working hard to invent ingenious approaches to satisfy the fundamental laws of
semiconductor physics just to continue scaling and keep Silicon alive.

Success of Silicon has been challenged by the emergence of High Electron Mobility Tran-
sistors (HEMTSs) using Wide Bandgap (WBG) semiconductor material, first among them be-
ing the Aluminium Gallium Arsenide/Gallium Arsenide (AlGaAs/GaAs) HEMTs. Takashi
Mimura and his colleagues at Fujitsu Laboratories Ltd., developed the first AlGaAs/GaAs
based HEMT in December, 1979. They employed modulation-doped heterojunction with a
Schottky gate contact to confine the carriers (electrons) in the GaAs [12]. It is to mention
that HEMTs work on the same underlying principle of confining electrons in a narrow chan-
nel.

In the year 1985, using the GaAs-HEMT amplifier, the Nobeyama Radio Observatory
of Japan, for the first time reported the discovery of a hydrocarbon molecule unknown to
humanity in a dark space. It was only possible for the low noise amplification capability of
the HEMT, which the contemporary devices lacked. The technology was bound to progress
as it matured quickly and found a market within five years of its invention. Due to the
high gain of these amplifiers, the parabolic antenna size could be reduced to half and they
revolutionized the electronic communication systems.

In the past decade, Gallium Nitride (GaN) has emerged as a promising alternative to
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1.2 Reliability Issues in A1GaN/GalN HEMTSs

GaAs-HEMTs. Gallium Nitride has a bandgap of 3.49 eV as compared to 1.42 eV for
GaAs [13]. This large bandgap enables fabricating devices with high breakdown field, re-
silience and immunity to radiation. A breakdown field of 3300 kV /cm has been reported [14]
for GaN. Polarization fields in AlGaN/GaN HEMTSs are five times higher as compared to
GaAs HEMTS, resulting in carrier densities well above 10"cm™2 [14]. Tt is to mention that
there is no need for a modulation doped barrier layer in Gallium Nitride High Electron Mo-
bility Transistors (GaN-HEMTSs) which was required in GaAs based HEMTs. Due to these
advantages, record power densities up to 40 Wmm~™! [15,/16] have been obtained. GaN-
HEMTSs have better linearity, capability to handle large load impedance, high breakdown
voltage, high power density, high efficiency, safe operation at high temperature, etc. Silicon
may be the winner at low power but GaN-HEMT's have proven their capability in military

RADARs, where stringent norms are applied.

1.2 Reliability Issues in AlIGalN/GaN HEMTs

GaN-HEMTsSs are one of the few such devices whose advertised performance matches with
the actual circuit performance. However, temperature and electric field are known to play
key roles in its degradation. The presence of a strong electric field and high temperature
in any critical device region accelerates its degradation and adversely impact the reliability.
Hence, for the development of successful commercial, defence or space applications of GaN
devices, the device designers must develop methodologies to improve their long term relia-
bility [17-21] and mitigate the effect of traps, current collapse [22}23], parasitic and deep
level effects [24], requirement of rugged gate supply circuitry [25}26], etc. Since the GaN
devices are making their presence globally, the need for enhancing the reliability is gaining
importance every year.

One of the critical reliability issues in AlGaN/GaN HEMTs is the generation of con-
verse piezoelectric (CPE) strain in AlGaN barrier layer. During the OFF state operation,
rectangular gated HEMTSs suffer from the presence of a high electric field at the gate edge

on the drain side. This strong electric field under the gate gives rise to CPE strain in the
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AlGaN barrier layer [17,27]. Due to this strain, when the stored elastic energy inside the
AlGaN barrier layer increases significantly above a critical value, the AlGaN layer relaxes
by forming crystallographic defects. These additional defects act as charge-trap centres in
the AlGaN barrier layer [17,[28]. Furthermore, the presence of a strong electric field can fill
these traps with electrons, thereby, lowering the 2-dimensional electron gas (2DEG) density
and reducing the drain current during the HEMT ON state operation [29]. The CPE strain
induced defects can also initiate a leakage path between the channel and gate increasing the
gate leakage current [30]. In the worst case scenario, the CPE strain induced defects can
also lead to the permanent failure of the HEMT [17,[29]. Figure pictorially shows the
most common issues that arise at the gate edge towards the drain side.

AlGaN/GaN HEMT suffers from a variety of degradation mechanisms. A few among
them are initiated by electrons having a higher temperature, and these hot electrons are
responsible for increasing the trap density beneath the gate [31] as well as in the gate-drain
access region. It has been reported that electron energy is responsible for inciting a small
negative differential output conductance (NDC), irrespective of the operational power in the
device. This suggests that the electron temperature has a major role to play rather than the
lattice temperature. This NDC has been ascribed to the capturing of hot electrons in bulk
traps [31,32].

Self-heating in GaN-HEMT results in the decrease of mobility and saturation velocity

sin | G /D SN

S | AlGaN D

Converse piezo strain Thermal hotspot

Hot electron zone

GaN

Substrate

Figure 1.1: Common issues at the right gate edge towards the drain side of conventional Al-
GaN/GaN HEMT.
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of electrons, causing significant performance degradation. Even, the failure rate of GaN-
HEMTs is linked with peak temperature in the device. The failure of GaN-HEMTSs can be
caused by any of the several temperature and field dependent phenomena. However, it is
generally accepted that temperature is likely to have a bearing on almost all such phenom-
ena. Hence, to ensure a reliable operation and to mitigate the chances of time-dependent
or catastrophic device failure, GaN-HEMTs are usually mandated to operate below “safe”
levels of power, current as well as temperature. The maximum permissible channel temper-
ature, Tyax not only determines the maximum power delivering capability and expected
life of the device, but it also plays a important role in the design of the heat sinks, de-
vice package, etc. [33]. Therefore, quantification of self-heating is vital for predicting device
performance, assessing lifetime and reliability, and system design. Two out of the three
parameters determining the device “safe” operation region, namely output power and cur-
rent can be easily measured, but the determination of temperature distribution across the

device [34] and identification of hot-spots is a difficult task.

1.3 Motivation

As discussed above, AlGaN/GaN HEMT faces a number of challenges as far as its re-
liability and stability is concerned. Some of the issues are listed below in these devices,
which has motivated to undertake the present work reported in the thesis. In the thesis, a
reliability enhancement approach by gate shaping of AlGaN/GaN HEMT is proposed which
is validated by numerical simulations the proposed device structure. The motivation behind

the proposed work is summarized below.

(i) The piezoelectric nature of AlGaN/GaN composite layered structure causes the devices
to fail by generating additional strain through CPE in the presence of an electric field.
In a HEMT very high electric field exists at the gate edge towards the drain side, this
initiates the CPE. As CPE is directly proportional to field applied, hence, it is essential
to tailor the electric field at the gate edge particularly on the drain side to improve

device reliability.
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(i)

(i)

1.4

Hot electrons are also a major concern as has been outlined in the prior art on Al-
GaN/GaN HEMT (refer Chapter [2| section . The primary cause again is the pres-
ence of a high electric field. Gate leakage, reduced breakdown voltage, distortion of
transconductance and trapping of electrons are a few issues that occur due to the hot

electrons.

Managing self-heating is a non-trivial and critical issue. Joule heating gets concentrated
at the gate edge towards the drain side and it encourages other degradation mechanisms
to quickly get into action, which might have been inactive in its absence. It is worth
reiterating that the self-heating peaks up in the same region where electric field peaks.
The Schottky contact which is responsible for controlling the device operation, has
exhibited instability due to the self-heating. Gate metal interdiffusion has also been

reported due to the self-heating.

Objectives

Based on the motivations identified, an attempt has been made to address the following

objectives.

(1)

To resolve the issue of a high vertical electric field, filleted gate shape HEMT is pro-
posed to be used to perform the numerical analysis to understand its advantage in
suppressing the electric field which leads to a lower CPE. It is also reported in the
literature that field plates can be employed to reduce the electric field in the gate drain
access region, hence, they are proposed to be used individually as well as in combina-
tion with filleted gate HEMT to observe the impact they have in reducing the electric

field as well as mitigating CPE.

Similar approach of tailoring the vertical electric field by adopting a filleted gate es-
tablishes the need for experimentation to prove its suitability in mitigating the hot

electron effects.
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(iii) Considering the self-heating aspect, the use of filleted gate to control electric field in

the proximity of the gate edge is anticipated to mitigate self-heating.

(iv) Innovative approaches for heat extraction from the active heat generating region of
the device has been explored in the past. In the thesis, an elevated substrate pillar of
Silicon Carbide (SiC) is proposed to be used underneath the gate so that a low thermal
resistance path is provided for the heat to flow. It is anticipated that the SiC pillar
structure due to its high thermal conductivity might increase the heat flux, which would
reduce the channel temperature. A comparison between standard structure (without

elevated substrate pillar) and the proposed structure is aimed to be performed for

establishing efficacy of the proposed method (refer Fig. in Chapter [6]).

1.5 Thesis Outline

The report is organized as follow:

e Chapter 2 illustrates detailed information about the material properties and compar-
ison thereof, highlighting the advantages of GaN as a material meant for fabricating
HEMTSs. Formation of 2DEG, which is the critical part of AlGaN/GaN HEMTs, is
presented. Later, in this Chapter, the working principle of HEMTs are explained.
Finally, a review of various degradation and reliability issues being reported by other

researchers on AlGaN/GaN HEMTs are depicted.

e Chapter 3 discusses the simulation setup, tools used and the device design approach
followed in the work. This Chapter also mentions the various considerations incor-
porated while designing the structure encompassing various physics based modelling

strategies.

e Chapter 4 describes the reliability issue due to converse piezoelectric phenomena in
GaN devices. Converse piezoelectric strain inside the AlGaN barrier is one of the

critical reliability issue in AlGaN/GaN HEMTs. In the OFF state, presence of a high
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electric field at the gate edge towards the drain side creates CPE in the AlGaN barrier
layer. Under the condition when the stored elastic energy inside the AlGaN barrier
layer increases significantly above a critical value, defects are created. This Chapter

outlines the CPE concern and an approach to resolve it.

Chapter 5 discusses the hot electron issues in HEMTs. These promote trapping,
leading to an increase in leakage current and other associated ill effects. Hydrodynamic
simulation has been employed to visualize the existence of hot electrons and to estimate

the leakage current in the proposed device structure.

Chapter 6 presents the self-heating in an AlGaN/GaN HEMT. As a very high current
flows in the channel of the HEMT, significant Joule heating occurs. This self-heating in
association with the other degradation mechanism mentioned above leads to other as-
sociated degradations. Mechanisms to suppress self-heating it in AlGaN/GaN HEMTs

has been discussed in this Chapter.

Chapter 7 presents the summary of the results obtained and future directions of the

work presented in this thesis.
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2. Fundamentals and Prior Art of AlGaN/GaN HEMT

2.1 Introduction

Gallium Nitride belongs to the III-V group and it occurs in two forms, wurtzite and zinc
blende. Among these, wurtzite is more stable and it manifests strong polarization fields. It
is the channel material for various heterojunction devices. It is a wide bandgap semicon-
ductor and is a popular material having excellent physical properties making it a suitable
candidate for the applications in the power electronics and Radio Frequency (RF) domains.
Devices based on GaN have a reliable performance at elevated temperatures and are known
to operate at very high switching speeds. Hence, these are the natural choice for power
electronics applications as these have better power conversion efficiency, and are capable of
reliable power distribution. Among the various advantages of using a wide bandgap semi-
conductor, the most important is the large reduction of chip area due to the drastic fall in
gate width, which reduces power loss. The power density increases due to a decrease in the
transistor size, hence, packaging needs improvement to dissipate the generated heat. While
comparing the material properties of the popular semiconductors, it can be seen that GaN

is a suitable material for high power and RF applications.

2.2 DMaterial Considerations and Properties

Silicon has primarily dominated semiconductor development from the beginning. Silicon
dioxide (SiO2) appeared as a boon for Silicon as it is it’s native oxide that could be grown
by oxidizing Silicon and the interface between the two is excellent. Due to the development
of semiconductor domain and the emergence of associated manufacturing accessories, the
compound semiconductors surfaced. The first infra-red LED was invented by Robert Biard
and Gary Pittman in 1961 using GaAs at Texas Instruments. Subsequently, in 1962, Nick
Holonyak, Jr. invented the first LED that emitted visible red light using GaAs. The long
awaited GaN based blue LED was invented by Shuji Nakamura along with Isamu Akasaki

and Hiroshi Amano in 1993. Further, white light emitting LED was invented which revolu-

10
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2.2 Material Considerations and Properties

Table 2.1: Comparison of physical parameters of popular semiconductors [4].

Parameter (Units) Si  GaAs 4H-SiC GaN AIN
Energy bandgap (eV) .12 1.42 3.23 3.39 6.2
Relative dielectric constant, (e,) 11.7 129 9.66 8.9 8.5
Breakdown electric field (MV /cm) 0.3 0.4 2.5 3.7 11.7
Saturated electron velocity (107cm/s) 1 2 1.9 2.5 1.4
Electron mobility at 300 K (cm?/Vs) 1350 8500 900 1265 300
Baliga figure of merit (BFOM) (e, E2,) 0.051 0.716  0.668 1  1.386
Baliga high freq. FOM (BHFFOM) (1, E2,) 0.007 0076 0316 1  2.300

tionized panel display technology. In 1993, Khan et al., demonstrated the first AlGaN/GaN
HEMT [35]. In reality, GaN which was considered to be useless as a semiconductor sud-
denly resurfaced as an unbeatable choice for the power semiconductor device [36]. While
comparing the material properties, it can be observed that the prospect of GaN HEMT is
immense. In this Chapter, the fundamentals of AlGaN/GaN material and HEMT are pre-
sented. Material properties of a few popular semiconductors are enlisted in Table 2.1 It
is apparent from Table that GaN is a promising material for various applications and
emerging device technologies. A pictorial representation of comparison between competing

semiconductor materials is shown in Fig.

2.2.1 Bandgap

It is essential to use a large bandgap, high thermal conductivity, lower dielectric constant
and high value of critical electric field for the material that has to be used for designing
devices which operate either at high power or at RF. A high electric field can be supported
and sustained by the materials having wide bandgap and they are also intrinsically radiation
hardened. The terminal impedance of a device depends on the dielectric constant of the

material which dictates its capacitive loading as well. As compared to a conventional semi-
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Critical field
(MV/cm)

T

SiC

Thermal cond.
Energy gap <  (W/em °C)

(V)

Electron velocity Melting point
(x107 cm/s) (x1000°C)

Figure 2.1: Comparison of material properties of popular semiconductor materials.

conductor, the dielectric constant of a wide bandgap semiconductor is lower by 20%, which
enables the device sizes to be increased by 20% while maintaining the same impedance. The
increased area allows devices to handle higher current [37]. It can be seen in Table 2.1] that
GaN has a large bandgap of 3.39 eV, which has two main advantages. First, the material
can be used over a wide range of temperatures and second, a very high breakdown electric
field can be sustained by it. Another aspect of wide bandgap semiconductors is that these
materials have very low intrinsic leakage. Among all the materials enlisted in Table [2.1]
only GaN has the capability to form a 2DEG (with AlGaN, but not limited to), hence Al-
GaN/GaN heterostructure is widely used to design HEMTs. The lattice constant [6] is also
crucial to select the right lattice match between layers to avoid strain among them (refer

Fig. 2.2).
2.2.2 Critical Electric Field

Breakdown voltage, Vpgy, of a device depends on the critical field of the material which
is employed for its fabrication. Since GaN has a large bandgap, it can withstand a high

electric field. The high electric field in the materials enables to design devices having higher

12
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AIN (6.28 eV, 0.498 nm)

GaN
(3.43 eV, 0.519 nm)

Band Gap (eV)

InN (0.77 eV, 0.570 nm)

0.50 0.52 0.54 0.56 0.58
Lattice constant along c-axis (nm)

Figure 2.2: Bandgap and lattice constants of Nitride semiconductors.

breakdown voltage. Due to a large electric field, these devices (HEMTs) have lower switching
losses, which is evident from Eq.

P \/T
Losss,min
\/:EECT

(2.1)

where, Prosssmin 15 the minimum power loss, v is the carrier mobility, f is the frequency
of operation, and FE¢, is the critical electric field. It is well known that an AlGaN/GaN
HEMTSs does not have ionized donors, hence, these devices have higher mobility. The only
scattering that may happen is due to Gallium (Ga) and Aluminium (Al) atoms that are
randomly distributed in the AlGaN layer. It can be concluded from the above deliberations
that the critical electric field has a very significant contribution to the electrical aspect of
the device. The breakdown mechanism is largely dependent on material aspects of AlGaN

and GaN as well as that of substrates, hence, an appropriate choice of substrate is crucial.

2.2.3 ON Resistance

ON resistance is a fundamental parameter that is related to the efficiency of the device.

Devices having higher resistance lose efficiency because of the large voltage drop across the

13



2. Fundamentals and Prior Art of AlGaN/GaN HEMT

devices’ internal resistance. The ON resistance of an AlGaN/GaN HEMT is the sum of the
channel (Rcopy) and drift region (Rp) resistances. The drift region is the zone between the
drain and gate, also called as gate drain access region. The resistance Rcy and Rp can be

expressed as,

Lo 1
Ry = — 2.2
M7 We quaN, (22)
L, 1
RD_WD N
G qHUniVs (23)

o <VBV 1 )

WG ECT QIanN s
where, pu, is the mobility of the electrons in 2DEG, W and Lg are the gate width and
length, respectively, Lp is the length of the drain access region, Ny is the carrier density of

2DEG, FE¢, is the critical electric field and other symbols have their usual meaning. The

total ON resistance is determined by adding (Rcy) and (Rp) components of resistances,
RON — RCH F RD (24)

There are several kinds of losses in an energized semiconductor device, viz. conduction loss,
driving loss and switching loss. Conduction loss is always present and it is due to the Roy
resistance of the device. The conduction loss is by itself frequency independent whereas, the
duty cycle does affect the average conduction power loss. The origin of driving loss is related
to the removal and addition of charge to the gate to turn the device ON/OFF. Driving loss
is dependent on the applied voltage to the gate and its switching frequency. Switching loss
is due to the device’s internal capacitances. The switching loss also depends on the device’s

gate resistance and the switching frequency.

2.3 Substrate Selection

Native substrate for growth of GaN was unavailable for a long time. Hence, GaN was
grown on foreign substrates [38]. Substrate selection is an important criterion as it affects the
device electrical aspect as well as its reliability. GaN devices fabricated on Silicon substrate

have a premature breakdown due to the abrupt rise of vertical component of the electric field
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2.3 Substrate Selection

Table 2.2: Common substrates used for growth of GaN [5]/6].

Substrate Diamond Sapphire SiC AIN Si

Lattice mismatch with
11 1 4 1 1

GaN (%) 3 3 ’
Thermal conductivity
(Wm-! K1) 2000 50 490 200 150
Thermal expn. coeff.
(10-5K-1) 0.8 7.5 4.2 4.2 3.59
Electrical isolation 1013 _ 1016 ] S 101 > 1012 1-3 x10°
(Qcm)

as the Silicon substrate is grounded. Hence, the breakdown in this, case is largely dependent
on the GaN epitaxial layers. Silicon is a popular substrate and is very cheap, but there is
a compromise in the performance. Various considerations for substrate selection are: (i)
Lattice mismatch of the GaN layer with the substrate, (ii) Substrate thermal conductivity
as well as coefficient of thermal expansion, (iii) Device electrical isolation with the substrate,
(iv) Bowing and warping of wafers (v) Defect density on the substrate surface (vi) Substrate
diameter (vii) Wafer cost, etc. Basic properties of common substrates used in an AlGaN/GaN
HEMTSs are listed in Table It is to mention that, before the growth of GaN on any
substrate, a thin nucleation layer is grown. This helps in stopping the migration of defects
from substrate to upper GaN layer. This inter layer increases the thermal resistance of the
composite layer, which leads to an increase in the channel temperature of HEMT. Among the
substrates enlisted in Table 2.2] Diamond has the highest thermal conductivity, followed by
Silicon Carbide (SiC), which is a popular substrate having better lattice match with GaN.
Silicon Carbide is one of the most preferred substrates as all the parameters like lattice
mismatch, coefficient of thermal expansion, thermal conductivity and electrical isolation are
of an optimum numerical value. In applications, where performance is the key, HEMT on
SiC substrates are utilized. Sapphire is also a popular choice for growing GaN and it has
been widely used in developing HEMTs. Power density of > 12 Wmm™! [39] have been

reported even though it has a very high lattice mismatch with GaN. Sapphire faces a major
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2. Fundamentals and Prior Art of AlGaN/GaN HEMT

issue in thermal management as it has low thermal conductivity. Since it is a very hard
material, thinning it to improve the thermal characteristics is challenging. Also, due to large
lattice mismatch, the wafer bows which impacts lithography process. Silicon is a low cost,
popular substrate material. Due to the maturity in Silicon based growth technologies, the
HEMTSs grown on Silicon substrate are cheaper, but they suffer from premature breakdown.
Lattice mismatch is of Silicon with GaN is high (17%), yet they are great substrate because

of Silicon is almost defect free.

2.4 Polarization

Nitrides belonging to the III-N family are commonly grown on the c-plane of the hexago-
nal wurtzite structure. Such a growth approach, when followed, creates polarization charges
located at the opposite surface layers. These charges create internal electric fields and, the
direction of this electric field depends on the internal strain and the face of the hexagonal
crystal (N or Ga face). The polarization that occurs naturally at equilibrium due to built-in
polarization field is referred to as spontaneous polarization. The strength of spontaneous
polarization in Nitrides is shown in Fig. 2.3l The same concept of polarization in III-Nitride
materials is also applicable to the AlGaN/GaN HEMT. It is this crucial material property
that enables these devices to be extremely successful as a high speed transistor, capable of
handling large amounts of current. The macroscopic polarization arises in materials having
bound charges primarily due to microscopic polarization as there is an asymmetry in charge
distribution. The individual polarized dipole atoms have a dipole moment, p. Polarization
in these materials is expressed by a vector ? and it referred to as electric polarization. The

electric polarization the dipole moment per unit volume is related as,

np ) ( )
where, Q() is the volume occupied by an individual dlpole and n it the total concentration

of dipole. In a specific group of crystals (like GaN) which has a single rotation axis or no

rotation axis, exhibit pyroelectricity, thus, they have inbuilt spontaneous polarization Psp
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Figure 2.3: Spontaneous polarization of group III Nitride materials [1].

(even without application of mechanical or electrical forces). The ionicity of the constituent
atoms determines the intensity of the spontaneous polarization. In GaN-HEMTs, the GaN
layer is thicker (in gum range) than AlGaN layer, as shown in Fig. . The AlGaN layer in

an AlGaN/GaN heterostructure develops a strain which is expressed as,

~a(0) —a(x)
€= T (2.6)

where, x is the Al fraction in AlGaN layer, a(0) and a(x) are lattice constants of an unstrained
GaN and strained Al,Ga;_,N layer, respectively. Figure exhibits an arrangement (left
side image in Fig depicting the difference in lattice constants of the heterostructure.
During the growth of an AlGaN/GaN heterostructure, lattice constant of AlGaN has to
increase to adjust itself with the underlying GaN layer. This increase in lattice constant of
AlGaN creates a strong strain in AlGaN layer (right side image in Fig[2.4)). The unstrained
AlGaN layer is shown by dashed line in Fig[2.4] This strain creates a piezoelectric polariza-
tion, Ppz, in the piezoelectric materials. Thus, the total polarization is obtained by adding

spontaneous and piezoelectric polarizations, P = Psp + Ppz. The middle structure (in
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Figl2.4)) represents the hexagonal crystal orientation of wurtzite structure (both AlGaN and

GaN). The polarization induced charge, (o) is associated with the gradient of polarization

4-
y_

Al Ga, N lPSP

| |

| S—e—s—e 01 T - . T

T \ - |A1XG31-XN lPSP lPPll =
GaN PSP E GaN lPSP

Figure 2.4: Strain representation in an AlGaN/GaN heterostructure.

(0 = VP). At an abrupt interface where AlGaN is the top layer and GaN is the bottom

layer, the polarization sheet charge density is defined as [1],

0 = Pgan — Paigan
oo + Pety — Pilan — Phitan (2.7)
= P5F(0) + PP%(0) — P5P(z) — PP%(2)

where, = is the Al mole fraction in Al,Ga;_,N. Here, GaN layer does not contribute to
piezoelectric polarization as it is relaxed, therefore, Ppz(0) = 0. The AlGaN layer has
higher spontaneous polarization as compared to GaN, hence, a positive charge develops
at the AlGaN/GaN interface. A very high value of sheet charge o/e of 1.4 x 103 ¢cm™2
has been found in the AlGaN/GaN heterostructure for an Al mole fraction of 0.25. This
sheet charge at the AlGaN/GaN interface is about ten times higher than in other I1I-V
heterostructure [40], therefore, a higher sheet carrier charge inducted by polarization can be

observed.

2.5 Formation of Two Dimensional Electron Gas

When a thin layer of AlGaN (20-25 nm) is grown on a thick GaN layer, a very dense

concentration of electrons forms at the AlGaN/GaN interface but in the GaN layer (in the

02024
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2.5 Formation of Two Dimensional Electron Gas

lower bandgap material) due to strong polarization fields. These electrons get confined in
a very narrow triangular potential well. As the density of the electrons are very high, they
appear like a cloud of dense gas, hence, popularly known as two dimensional electron gas
(2DEG).

In the wurtzite compounds, there is a hexagonal basal plane and the growth happens on
this plane, and perpendicular to the plane is c-axis (growth axis). In case of GaN and
AlGaN, the growth happens along the c-axis. During growth, one of the hexagonal layers
become anionic and the other catatonic, whereby the faces turn polar. Thus, while moving
in any of the directions along c-axis, ([0001] or [0001]), either Gallium or Nitrogen atoms
can be encountered first. Moreover, due to strong ionicity of Nitrogen atoms, the charges
are displaced, causing it to be polarized. This is the reason for the GaN being anisotropic.
This anisotropy governs the growth of heterostructure for HEMT applications as Gallium
face is used to grow AlGaN layer above it, which facilitates the formation of 2DEG. Due to

the strain in AlGaN layer, a piezoelectric polarization develops, which is given as,

a — Go Ci3
Ppy =2 — e 2.8
PZ o (631 €33 033) ( )

where, C13 and Cs3 are elastic constant, a and ag are unstrained lattice constants of the GaN
and AlGaN layer, respectively, e3; and es3 are piezoelectric constants. In Eq. the term,
[e31 — e33(C13/Cs3)] is always < 0 for any mole fraction of AlGaN, thus, the piezoelectric
polarization is always negative for tensile strain.

As polarization induced charge at the AlGaN/GaN interface is positive (+0) for Fig. [2.5
(a) and negative (—o) for Fig. [2.5] (b) due to change in face of terminating atom. This (+0)
introduces a cloud of negative charge in Fig. (a), which gets trapped in a triangular
well and is referred to as 2DEG. However, in Fig. (b), due to change in atom face,
the —o charge introduces a concentration of holes in GaN and is generally referred as two
dimensional hole gas (2DHG). When strain is changed in the system, as shown in Fig. [2.5
(c) and (d), the charges that get generated at the interface, changes. In case of Fig. [2.5] (¢),

—o charge appears at the interface, which creates 2DHG in GaN, whereas, in Fig. 2.5 (d)
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Figure 2.5: Figure (a) and (b) depicts the polarization field condition when AlGaN (thin layer)
is under tensile strain for Ga and N face, respectively. The direction of polarization field in the
heterostructure changes when the strain and the atom face is varied, as shown in Fig. (c¢) and (d).
When GaN thickness is reduced and AlGaN thickness is increased, GalN experiences a compressive
force as AlGaN in now thick and relaxed.

2DEG is formed in GaN as +o charge appears at the interface, but the polarization fields
are opposite, hence, it is not relevant for HEMT applications. Figure (a) is suited for the
AlGaN/GaN HEMTs [41] and the charge distribution for this is shown in Fig. wherein,
complete charge balancing is shown (except 2DEG, all other are bound charges). In the
case of HEMTSs, both the polarizations are negative, which add up and point towards the
substrate. At a critical barrier thickness, which is shown in Fig. 2.7 the surface states reach
the Fermi level and electrons from these states are released and get driven into the 2DEG by
strong polarization induced electric field in AlGaN [42]. Figure shows a typical charge
generation and its balancing in an AlGaN/GaN HEMT. The large polarization difference
at the heterostructure interface produces a high concentration of bound charge (+0), which
in turn generates a high electron sheet density referred as 2DEG, whose concentration is

denoted as ny . The electron density is influenced by the barrier height ¢, [43], and the
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Figure 2.6: Charge generation and balancing in an AlGaN/GaN heterostructure. Due to a positive
sheet of bound charge, +041Gen, & 2DEG (—0gen) is formed in GaN.
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Figure 2.7: A representation showing the variation of the surface donor level energy in conduction
band as the AlGaN layer thickness (d), is varied.
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2. Fundamentals and Prior Art of AlGaN/GaN HEMT

electron sheet charge density, (ny), can be calculated [41] as,

_o(z)  ee(w)
ns(z,d) = 0 d (qou(z) + Er(z) — AEc(2)) (2.9)

where, z is the Al mole fraction in AlGaN, ¢ is the charge induced by polarization, Er is
the Fermi level, AE¢ is the offset in conduction band, q¢, is the Schottky barrier height,
is the vacuum permittivity and ¢ is the relative permittivity of barrier layer, d is the width

of the barrier layer.

2.6 Device Operation

A HEMT working principle is similar to other field effect devices. The electrons in 2DEG
travel along the GaN channel without facing ionized donor atoms, hence, these have high
mobility, favouring fast response time. The source and drain contacts are formed on GaN
using a metal stack of Ti/Al/Ni/Au, whereas, the gate contact is formed by Ni/Au on AlGaN
and is Schottky in nature. The basic underlying principle is the depletion of the conducting
channel (2DEG) to stop the carrier flow from source to drain. Since channel is naturally
present, therefore, a negative bias at the gate is required to deplete the channel. When the
channel depletes, the current flow is obstructed and under this condition, the drain bias is
not capable of driving the current through the device, thus, the device is driven to OFF
state. Figure [2.8| presents various bias condition and their corresponding electrical operating
point. For instance, Fig. (a) exhibits the scenario in which gate bias is higher than the
threshold voltage. Under this condition, 2DEG exists but there is no current flow as drain
source bias (Vpg) is held at zero. In Fig. (b), it can be seen that the channel depletes
because gate bias is held lower than the threshold voltage. In this circumstance, the drain
source bias cannot initiate the current to flow as the channel is no longer continuous, hence,
the device is in OFF state. Whereas, in Fig. (¢), when the 2DEG is continuous (Vg >
Vi), a positive Vpg can initiate a current flow from the source to drain, thus, turning the

device on.
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(a) when Vo>V, and Vpg =0V

Substrate

(b) when Vo < Vi and Vpg =0V

SiN G |
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(¢c) when Vg >V, and Vg =10V Drain current flow
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Figure 2.8: Schematic of an AlGaN/GaN HEMT structure, showing its working. Figure (a) shows
the condition when channel is present, (b) demonstrates the situation when the channel is depleted,
even if Vpg is greater than 0 V, hence, the drain current cannot flow in this case and (c) represents
the scenario when extant channel helps in current conduction when Vpg is greater than 0 V.
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2.7 Prior Art on A1GaN/GaN HEMT

AlGaN/GaN HEMT technology has turned as an ultimate choice for application in de-
fence, space, power conversion and control, to name a few. However, there are various
reliability aspects which are responsible for the failure of these high power devices. Material
aspects of I1I-V semiconductors acted as a boon for AlIGaN/GaN power devices by enabling
the formation of 2DEG and withstanding high electric field. However, when devices are
fabricated using these semiconductors, the devices start exhibiting nonidealities and failures
mostly attributed to their inherent material properties. The 2DEG is a physical phenomenon
harboured at the heterojunction which gave birth to HEMTs. However, numerous physical
mechanisms create conditions that at times may be a threat to the existence of 2DEG. Hence,
this section summarizes various challenges encountered by both academia and industry on

HEMTs.

Ambacher et.al., [41] discussed the material properties that are necessary for the forma-
tion of the 2DEG in an AlGaN/GaN heterostructure. In the Al,Ga;_ (N layer, the Al mole
fraction (x) is varied from 0.15 to 0.5 and its thickness is varied from 20 to 65 nm. The
charge carrier profiles are evaluated for various combinations of thickness and mole fraction
of AlGaN. The most important result of the study relevant for HEMT's is that GaN layer has
to be Gallium (Ga) face and in a relaxed state, whereas, the AlGaN layer deposited on GaN
needs to be in the strained state. Such a condition aligns the spontaneous and piezoelectric
polarization in the same direction, thus creating a 2DEG in GaN. For Nitrogen (N) faced
GaN, with the same strain condition as discussed above, a two dimensional hole gas (2DHG)
is formed instead of the 2DEG in the GaN. Therefore, it is essential to maintain the crystal
face as well as the strain conditions for the formation of a 2DEG. As Aluminium (Al) mole
fraction is increased, the sheet carrier concentration of 2DEG increases due to an increase
in the strain in AlGaN layer. A detailed discussion of the properties of piezoelectric mate-

rials relevant for an AlGaN/GaN heterostructure has been presented and the work depicts
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the guidelines for the selection of material composition and their thickness for achieving a
required carrier concentration in the channel. This work is a classic and forms the basis for
all kinds of fundamental understanding regarding an AlGaN/GaN heterostructured devices
based on spontaneous and piezoelectric polarizations.

Jogai et.al., [44] studies the effect of electromechanical coupling on the strain in an Al-
GaN/GaN HEMT. In the presence of an electric field, a coupling happens between mechani-
cal and electrical properties of heterostructure because the AlGaN/GaN layer is piezoelectric.
Thus, it is important to understand the effect of electromechanical coupling and its effect on
device performance. In their work, Jogai et.al., coupled the mechanical and electrical prop-
erties of an AlGaN/GaN layer and proposed corrections in strain, electric field and electron
concentration. The coupling modifies several physical parameters as compared to that of
an uncoupled case (uncoupled case correspond to initial studies which do not consider elec-
tromechanical coupling). The 2DEG charge in HEMT reduces built-in electric field through
screening effect, created by fixed space charge that is associated with it. As a result of the
shielding effect, electromechanical coupling is lowered. Therefore, the result obtained from
a fully coupled model agrees with that of an uncoupled case. Nevertheless, corrections are
essential as they help in proper estimation of charge and strain, thus, leading to accurate
calculation of drain current.

In another work, Sarua et.al., [45] explored the effect of bias on the piezoelectric strain
in an AlGaN/GaN HEMTs using Micro-Raman spectroscopy. They were aware of the fact
that the converse piezoelectric effect arose due to an external electric field and measured
the CPE strain in the HEMT using Micro-Raman spectroscopy. They observed the CPE
strain by employing phonon shift emerging from a biased heterostructured device, and the
recorded shift was directly proportional to the applied electric field. A TCAD simulation
was also performed by them to observe CPE arising out of the vertical electric field. The
strain results observed using Micro-Raman measurements matched with that of the TCAD

simulation, hence, it is concluded that the vertical electric field is crucial for studying CPE

in HEMTs.
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Joh et.al., [28] proposed that the applied electric field causes degradation in an Al-
GaN/GaN HEMTs. They suggested the concept of critical voltage for electrical degradation
of HEMTs. They also mentioned that the degradation arising due to the CPE phenomenon
results in crystallographic defect formation. It is observed, the mechanical strain produced
by the electric field adds to the already present residual tensile strain in HEMT due to lattice
mismatch. Strain in AlGaN layer also depends on the vertical electric field and is linearly
dependent on it, whereas, the elastic energy in AlGaN layer is proportional to the square
of the strain. The moment this elastic energy exceeds a threshold value, crystallographic
defects are generated, which in turn act as trapping sites for electrons. It is also reported
that the strain field contributed by the source gate voltage (Vsg), is also responsible for
influencing the critical voltage. Their emphasis is on the electric field related issues faced by
HEMTsS.

Alamo et.al., |17] emphasized the role of vertical electric field in creating CPE in an
AlGaN/GaN HEMT. They supported the idea that the basic cause of defect formation and
degradation is through CPE. They were of the idea that the CPE is not a current driven
mechanism. There is a sudden and a large increase in gate leakage current due to this
phenomena. It has also been reported by them that transistors having a short gate length
are more prone to such a mechanism, wherein, the source to gate voltage (Vsg) influences
the critical voltage. The critical field for device degradation was evaluated by the same
group [27], in which the role of Vgg was emphasized. Once traps are formed due to strain
relaxation, newly formed traps get filled by the presence of high electric field, thus, lowering
the concentration of electrons in the channel [29]. High strain can also lead to the permanent
failure of the devices. The fundamental approach to resolve such an issue is to contain the
intensity of vertical electric field. Hence, Alamo et.al., [17] suggested that a device redesign
approach either with a slant or rounded gate could reduce the intensity of CPE. Simulation
showing the effect of gate filleting has not been explored. Therefore, this thesis aims to
understand the influence of such a gate shape on the internal phenomena of the device.

Ancona et.al., [46] also used the coupled model to study degradation mechanism in an
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AlGaN/GaN HEMT. They reported that both bias strain/stress are responsible for the
degradation in a HEMT. The co-existence of high vertical electric field along with high cur-
rent and high working temperatures are the main contributors that initiate defect formation
in the heterostructured devices. It has also been pointed out that the degradation centres
start creating defects at a localized location where the CPE strain, electron temperature,
self-heating and electric field are the highest. At high temperatures, there can be degrada-
tion caused due to chemical processes. They also highlighted the significance of gate shaping
without detailed simulation and suggested that such an approach might spread the electric
field in the gate vicinity, thereby, enhancing the breakdown voltage, minimizing the gate
leakage current, and subsiding the hot electron related damages. In a typical experiment of
slant gate, they found that the electric field and CPE were lower as compared to a conven-
tional rectangular gate HEMT. They also used an initial crack intentionally incorporated in
a device and observed that it relocated itself during bias stress.

Meneghesso et.al., [14] resorted to EL measurements for studying hot-electron phenomena
in GaN-HEMT. Even the gate current is mostly due to tunnelling of carriers, therefore,
it cannot act as an indicator for the presence of hot electrons. Hence, EL measurement
was the only way out to observe the hot electrons and their dependence on bias state.
When EL spectra were observed at high drain bias, there was no indication of electron/hole
recombination in these spectra. The light emission in these devices is primarily due to
highly energetic electrons which negotiate intraband transition. The degradation due to hot
electron is maximum when both the drain current and the electric field are the highest. It was
observed that in ON state (Vpg =20 V and Vgg = 0 V), EL signature from HEMT channel
was same throughout indicating uniformity in the energy of channel electrons, whereas, in
OFF state (Vps = 20 V and Vgs = — 6 V), EL became nonuniform and particular locations
had higher EL as compared to others due to the injection of hot electrons from gate electrode.
In the OFF state, electrons acquire high energy as the gate drain bias is sufficiently large,
which facilitates enhanced photon emission. It was concluded by observing the EL spectra

that Vgg played a significant role in enhancing/depleting and imparting energy to electrons.
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To ascertain the degradation, DC tests were performed and it was found that the partial ON
state (Vps = 20 V and Vgg = — 5.5 V) proved to be fatal for the device as there was a fall
in transconductance, (g,), and the devices under such a test also exhibited gate lag. The
strain relaxation after very high CPE leads to an increase in gate leakage current through
trap assisted tunnelling and hopping in the AlGaN layer.

Zhu et.al., [47] discussed the various stress conditions that a HEMT can undergo during
its operational life. The stress can be elaborated as: bias stress due to reverse bias of
gate, OFF/ON state high field stress and ON state low field stress. The hot electrons
created due to electrical stress of reverse biased gate could distort the typical bell-shaped
transconductance curve, and it introduced a double peak in it. The distortion got prominent
as the duration of stress increased. This feature evolution in transconductance is credited
to the filling of donor traps at low field and subsequent emptying because of a high electric
field. This emptying of electrons somehow attempted to restore the characteristic shape
of transconductance. They concluded that the electric field at the gate edge is to be held
accountable for most of the trapping in its vicinity.

Braga et.al., [32] report that electron energy is responsible for inciting a small negative
differential output conductance (NDC), irrespective of the operational power in the device.
Hence, they suggested that the electron temperature has a major role to play rather than
lattice temperature and that the NDC has been attributed primarily to the capturing of hot
electrons in bulk traps. The electrons after attaining high energy from gate edge on the drain
side may get spilt over the AlGaN barrier into GaN bulk. They also proposed that trapping
lifts conduction band under the gate leading to a potential barrier, thus, obstructing the
carrier flow. They further deliberated that these hot electrons also play an important role in
altering the breakdown voltage of the device. In this thesis, hydrodynamic simulations have
been performed to observe the presence/variation of electron energy in the proposed HEMT
structure.

Tapajna et.al., [31] discussed various degradation mechanisms in InAlGaN/GaN HEMT

due to hot electrons. Hydrodynamic simulations were performed to arrive at the conclu-
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sion. These hot electrons having a higher temperature are responsible for increasing the
trap density underneath the gate as well as on the surface and interface in the gate-drain
access region. They reported that the electron temperature could locally reach up to 30,000
K and the degradation was maximum in the semi-ON state. The 6 and 12 pm drain to
source spacing devices had a similar value of electron temperature, which implied that it
was independent of source to drain spacing. The electron temperature increased from 27,000
to 29,000 K as the gate bias was varied from 0 to — 2.5 V, respectively. In their experimental
measurement, the measured electron temperature was found to increase from 4700 K to 8000
K with decreasing Vgs (Vas becoming more negative, causing the electric field to increase).
However, the temperature rise was not monotonic but fell when Vqp was increased beyond
a certain value (carrier velocity falls), thus ascribing a typical bell-shaped characteristics
to the electron temperature. Semi ON state stress promoted an increase in the density of
pre-existing traps. The Vy, transients were very sensitive to trap locations underneath the
gate, whereas the Ip was not much sensitive. In the stressed devices, the already existing
traps further increased in number due to the stress. When the electrons are emitted by gate,
they could be trapped in these traps. These traps were also responsible for the increase in
the channel resistance. Hot electrons could also initiate the physical mechanism of Hydrogen
removal. For reference, an AlGaN/GaN HEMT was also used in their work, and the electron
temperature in those devices was found to be 11,400 K at Vgs =0 V.

Meneghini et.al., [48] discussed about E, trap in GaN buffer. Their work used a Iron (Fe)
doping in the GaN and they focused mainly on analyzing the effects of these traps on current
collapse in HEMTs. These traps originate due to the native defect and are not dependent
on Fe doping as generally believed. They found that capturing of electrons in these traps
are bias dependent. In the OFF state, the trapping takes place due to gate leakage cur-
rent, whereas in semi-ON state, the trapping occurs due to hot electrons injection from the
2DEG into the GaN buffer as the electric field is high at the gate edge towards the drain. In
another work, Meneghini et.al., |[49] performed a study on a vertical Au/Ni/AlGaN/GaN /n-

GaN/AIN/Si Schottky diode to observe reverse bias leakage mechanism. It was found that
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the high energy electrons were responsible for the creation of shallow donor traps at 0.12 eV
from the conduction band. Meneghini et.al., [50] carried another experiment to distinguish
the effect of ON and OFF state stress conditions in influencing the trapping. Their obser-
vation was that in OFF state stress, a trapping occurred in the gate drain access region and
it was dependent on the drain bias. In the ON state bias stress, the trapping was due to
injection of hot electrons into the traps from the channel.

Zanoni et.al., [51] reported the reliability of the gate edge of Schottky junction in an Al-
GaN/GaN HEMT. A numerical simulation was performed to understand the effect of gate
length on the critical voltage. It was found to increase with the increase in gate length.
Regarding the CPE, it has been pointed out that a 0.076% increase in uniaxial strain de-
creased the critical voltage from 25 V to 20 V. It was also reported that a unison between
lattice temperature, electric filed and CPE led to the initiation of crack formation, which
later migrates. They also found that the degradation was electric field driven. As the reverse
voltage was further increased, the number of defects increased rather than enlargement of
the already defective areas. In EL measurement, the EL spots were found at both the gate
edges. Even they have reported the electrochemical degradation of AlGaN and GaN. Inter-
diffusion between metal and semiconductor due to thermal mismatch, strain and defects has
also been reported. Gold diffusion occurred in Ni/Au metallization of Schottky contacts and
in some cases it was observed that Au reached AlGaN layer through migration along gate
edges.

Binari et.al. [52] reported that the presence of traps promoted trap assisted tunneling,
thus degrading devices’ performance. When the drain was biased at a high voltage, hot
electrons spilt into the buffer and upon being captured by the buffer traps under the channel,
creating a virtual gate which depleted the 2DEG. They also proposed that it was possible
that these hot electrons spilt over the channel and get captured by the traps outside the
channel.

Sarua et.al. [53] discussed the thermal and piezoelectric stress in an AlGaN/GaN HFET

devices with doping of GaN buffer layer by Iron (Fe). In the undoped buffer, peak electric
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field stood at 0.7 MV /cm, whereas, for the Fe doped GaN buffer, electric field increased to
2.4 MV /cm, this would be detrimental to the device in the pinched OFF state, where electric
field was very high. They observed that in ON state near the thermal hot-spot, thermal and
piezoelectric stresses were of the same order of magnitude but opposite in sign, as a result,
the gate edge at the drain side had lower stress, unlike the source side gate edge, where
there was no hot spot. This implied that in OFF state when the self-heating was absent, the
devices had higher strain, which resulted in higher degradation in OFF state as compared
to ON state.

Shur [54] predicted the high power capability of GaN by demonstrating higher velocity
overshoot of approximately 1.5 times in GaN as compared to GaAs, when electrons were
injected into these materials with low velocities in a region of a constant electric field. It was
also commented that the temperature did not have much effect on the electron velocity in
GaN as compared to that of GaAs. The higher power dissipation capability of these devices
were also studied, and this high power finally exhibited itself in the form of self-heating.

Hosch et.al. |55] discussed field dependent self-heating in AlGaN/GaN HEMTs. They
found that as the drain voltage was increased, the temperature profile broadened, and it
shifted towards the drain side where a higher temperature was recorded. They also observed
that the channel temperature increased when drain voltage was increased even if the power
level was held constant. This may be happening due to an increase in the electric field
at gate edge due to the drain bias coupling through gate electrode. In such a scenario, it
is expected that gate shaping would cut the intensity of electric field in and around gate
vicinity.

Singhal et.al. [56] reported that those devices which operated at an elevated temperature
had a higher drift (reduction) in drain current for a fixed operational lifetime of 20 years and
had an exponential decrease in the mean time to failure. They also demonstrated that there
was a degradation of the interfacial layer in the gate contact region leading to an increase
in Schottky barrier height thus leading to an increase in threshold voltage, which reduced

the drain current [56]. They also pointed out that self-heat has a major impact on the gate

31



TH-2694

2. Fundamentals and Prior Art of AlGaN/GaN HEMT

contact and leads to its permanent degradation.

Jung et.al. [57] reported that the Gold from Ni/Au contact tend to migrate to the AlGaN
surface through the gate edges at around a stress voltage of Vpg = 50 V with wafer backside
temperature of 100 °C. The outcome of this migration is an increases in gate leakage current.
An anomaly that needs to be pointed here is that, even though the barrier height of both
Gold (5.1 eV) and Nickel (5.15 eV) are almost the same, there is still an increase in gate
leakage current.

Zanoni et.al. [58] observed that the Schottky and Ohmic contacts in an AlGaN/GaN
HEMTs were stable in the absence of electric field even when the temperature was very
high. They observed gate edge degradation either in OFF state bias or during the reverse
bias of Schottky junction due to very high gate-drain bias. A sudden increase in gate leakage
was observed within minutes of applying the bias conditions mentioned above. An increase
in the trap density in AlGaN layer was also noted due to this bias state. This mechanism
of degradation was referred to as “Gate edge degradation” Therefore, in order to improve
reliability of the gate edges at high temperature in the presence of an electric field, tailoring
of electric field is essential.

Hodges et.al. [59] discussed the impact of thin GaN device channel on the thermal be-
haviour of an AlGaN/GaN HEMTs. The idea behind their work was that as any material is
thinned, its thermal conductivity reduces. Raman thermography was used to measure the
operating temperature. As per their observation, the thermal conductivity of thin GaN layer
was found to be about 50% lower than the bulk GaN leading to higher channel temperature.
Therefore, they suggested that the GaN layer should not be thinned below 10 nanometers.

Wu et.al. [60] reported unusual degradation of the gate edge on the source side. As the
gate edge degrades, gate leakage increases, the increased gate leakage further worsens the
degradation. They also reported that gate sinking and permanent positive threshold voltage
shift issue when the device operated at higher temperatures. Hence, it is essential to lower
the interface temperature of the gate/metal contact.

Chatterjee et.al. [61] performed the coupled thermoelectric reliability study of AlGaN/GaN

[T
W
[0}
H=
[(m]
N
(=]
o
S

32



2.8 Summary

HEMTSs. The devices used in their work were symmetric (equal spacing between source gate
and drain gate). Infrared (IR) thermal microscopy and thermoreflectance thermal imaging
systems were used to measure the device temperature. Both the measurement techniques
produced the same pattern of heating and they found that very high temperature was ob-
served when the channel was pinched-off (Vpg was high). In contrast, for low Vpg (no
pinch-off), the temperature was evenly distributed around the gate. One crucial observa-
tion was that the 2D thermal simulations yielded a higher temperature as compared to 3D
simulation as the third axis was missing.

Hwang et.al. [62] performed a numerical simulation of a device structure on Silicon sub-
strate which had a copper plug below the active heat dissipating junction. A via-hole through
the substrate was formed, and the thermally resistive AIN layer was removed. The plug was
later electroplated with Copper. It was found that the temperature reduced from 146 to 120
°C at 5 W/mm power density. The copper plug was able to reduce the junction tempera-
ture, but the work presented in this paper did not discuss the issues that would arise due to
thermal expansion of Copper.

Mohanty et.al. [63] measured temperature of the hot-spot in HEMT by Infrared ther-
mometry. A Silicon substrate was employed to fabricate HEMT. Silicon substrate was etched
(AIN layer left intact) to create a micro-trench which was later electroplated with Copper.
They could demonstrate a 22 °C fall in hot-spot temperature in a micro-trenched device as
compared to an identical device without trench at the same bias power. An improvement
in drain current and transconductance was reported to be 17% and 26%, respectively. The

threshold voltage was almost the same for both the devices.

2.8 Summary

Evolution of newer materials has led to the emergence of the state of the art devices with
improved performance and power handling capability. Ingenious device concepts, aided by a
better understanding of solid state physics concepts led to the emergence of (AlGaAs/GaAs)

HEMTs. The same concept was utilized in AIGaN/GaN layered structure to create HEMTs.
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Since then, HEMTSs have benefited from the material properties of AlGaN/GaN heterostruc-
ture. Several issues which limit the utilization of full potential of HEMT's have been reported.

As the issues get resolved, GaN HEMTSs are poised to capture the high power device market.
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3. Simulation Approach and Setup

Technology Computer Aided Design (TCAD) simulation of a semiconductor device has al-
ways been a primary approach in understanding solid state electronics and to frame guidelines
for the evolution of next generation technology. Design of a semiconductor device requires
the basic understanding of physical phenomena and mechanism occurring in the semiconduc-
tor material as well as in the device structure under study. A TCAD tool assists designers
in visualizing the internal fields and carrier dynamics in a device structure. This helps in
further improvement of device characteristics. Device structures evolve on a regular basis
which increases design complexity. The responsibility of TCAD designers is of paramount
importance, whereby they need to develop advanced device models and improved mathe-
matical solvers possessing enhanced predictive capabilities.

Electronics design and technology is advancing fast. Hence, there is a need as well as com-
pulsion to keep up with the developments. Ability to quickly design and test devices based
on emerging materials is the need of the hour in the post CMOS era. The responsibility
to quickly design such devices, not only lies on the designer but also on a device simulator.
TCAD plays a vital role in pushing the advancements in research and development of semi-
conductor devices by optimizing the existing semiconductor processing technology. Different
types of device structures and geometries can be studied with a TCAD simulator. With the
help of various semiconductor models (such as; Drift-Diffusion, Hydrodynamics, Boltzmann
(Monte Carlo), Quantum Corrected Boltzmann, Non-equilibrium Greens Function [64]),
these device structures can be analyzed to predict approximate device characteristics.
Numerous physical models that mimic the behaviour of semiconductors are already incor-
porated in a simulator. These models are a set of mathematical equations which replicate
the device physics. A general model is in the form of a partial differential equations (PDEs).
These PDEs needs to be converted into a numerically solvable problem with the help of
various discretization schemes. Among the various discretization techniques available, finite
difference method (FDM) and finite element method (FEM) are popular. FDM is faster and
computationally less intensive for simpler one dimensional (1D) structures, but it tends to

perform poorly when the structure complexity increases. These PDEs with suitable bound-
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3.1 TCAD Software Engine

ary conditions are solved on a specific device geometry to simulate different transport models
of a semiconductor device. The computation complexity of such kind of problems increases
if the device structure becomes complicated. For regular and simple structures, these PDEs
can be analytically solved, but one has to resort to numerical methods, if the structure is
complicated. This Chapter presents the simulation setup and outlines the basics of all the
tools employed and methodology adopted for simulation in this thesis. All the design and

simulations presented in this thesis have been carried out using Sentaurus TCAD engine [65].

3.1 TCAD Software Engine

Sentaurus TCAD [65] comprises of various modules each intended to perform specific
tasks. It has a GUI based operating environment for creating, organizing, simulating and
analysis of devices through simulation. The graphical design of the interface easily allows a
designer to quickly setup a simulation environment. A large set of simulation with numerous
design parameters can be setup easily. There are various features of Sentaurus TCAD, and

only the relevant ones that have been used in this thesis are being discussed.

3.1.1 Workbench

Sentaurus workbench [66] aptly referred to as SWB, is a GUI based visual environment
which binds together all the important tools in Sentaurus TCAD bundle. All the simulation
tools are integrated together in a graphical interface, which allows easy access to the sim-
ulation process flow. All the simulations are arranged as per user planning in the form of
projects which can be easily explored. This frontend also helps in easy setup of simulation
tool, parameterizing the experiments and easy retrieval of results for visualization. Once a
simulation is planned using a set of tools, the flow of information is automatically routed
from the tool which completes its task to the next waiting in queue. Figure |3.1| shows a
typical workbench frontend in which a parametric simulation has been planned. As we know,
that workbench has the capability to accept parameters and variables which help in running

comprehensive parametric analyses to observe the change in device performance w.r.t the

37



TH-2694_

3. Simulation Approach and Setup

Broject Edit Scheduler Yiew Sgenario Jool Paraneter Experipents bNodes Variskles POM Studio Extensions Hele

D-BBE S G %[(s ® @ fscemriofl Als oo EE-® @ PR3 @ R QRGP D TA
Pro jects [V Project | Scheduler |
L3

/opt/sunopsys fsentaurus/_2)

(] Araloz E@Lé‘ E;Lé‘, E;Lé‘,

B Backend 4 I ] ]

&~ Bipolar 5o | EDEvICE | Eoevice [EevIcE |

% oS dr | [ | ol

B FirFET

1 N . __| [ni0511: 0 | [n3231: 20 | [n10913: — | [n1131]: —

Dﬁmmaﬂﬁ“ted o | M0 O I TinesT 5 [ ni0311s 20 [nicoR]: - [ [nil@]: —

&

B~ MNode Dat L
Madls ¢ 323 Defined Parametersfd 1 20 g
Hast s chakra e J il

Started On;  13:43;28 May 11 2020 Length FP : 0.3 C

Job ID: local: 18547 Led 1 3 |-

Status: done Extracted Data [afi
Teol Mane:  sdevice L
IB Tool Name: sdevice J L
Parameter: W ¢ 20 -
Project. Hane: /howe/bsushanta/Gate_FP_HD_11MAY2020 S
~Treut and Dutedt Fi. r

Al 1D Gais | /howe/bsushanta/Gate FP_HD11HAY2020/n323_des.out = C
contact voltaze electron current hole_current  conduction current o
e ‘ cRE CTESETT TR RS i
— I — zate + . - -3, - . -
ST (WS (S source 0.600E+00 -1.601E+00 -11021E-57 -11001E+00 r
RES DidAn FOIES Heats eTemp =q,  hlemp e, Temp eq,  units L
sun i) seiesls  Blemeti  olomed o
Standard Output. sunlH| 7.025E+400 0.000E+00 0.000E+00 W I
s iH) 3203414 OLOO0EXO)  Q.O00EY00  H/omes3 o
Standard Error ninth)  -L.0BEE-14  0JG00E-00  0,000E-00  W/cmess L
(~Job Low InF LTnin:  300.000 1lawe: 200,000 1Twax: 300,000 r
oo meR Shini 299998 el ERE0 inal B« H
Iob Log File | hTnin: 300000 hlave: 300:000 ATnax: 300,000 K L
Erolozus Simulation Epilozue | Conputting step Fron ©=0.789158 to t=L (Stepsize: 0.0108147) : L
Extrapolatine valies For L
anpirre Eoiei2at™] hoteton-saidtonia} . 1 electran-cauat ionfs)
Tdvd n323 des.plt olo st ionls) 11 elostron Eemperatira-seuat ionts) ) o
IdVg 323 des.plt using Bark/Rese nonlinear solve L
323 des.arr [
FE23 des gk Iteration  IRhs! Factor  lstenl  error  ¥imner Hiterative time
pa2s s oz o 1.05e+10 3.52 L
et 1 2105e¢0/  1,00e400 3,620-02 3.9%+0d O 20 14713 r
524 des bl 2 2'40c+0d  1000e+00  21672-03  2.10e+03 O 20 2479
rEZs des st H 8l025-01 1l008+00 5E0s-05  5.B4e01 D 19 3ml33 -
323 des.tdr 1180007 1.00e+00 1.0le-07 1.3%a-01 © 3 d5iEE L
n323_local.err Finished, because
Error swaller then'i ( 1.3260E-01 ). o
/hone fbsushantalGate_FP_HD_11MAY2020 = fezumtanzd wanes: r
fssembly Tine: | 20,9 ¢ il
olue tlmE‘ s r
Pattemn Rel] Total timei 45083 s =L
VLEmErIgEth | Launch L
== Gearch [
T T e TINL3EUTT =& TIALSELIT 2w 1Nl JT ==k == r

Figure 3.1: Main GUI window of Sentaurus Workbench, overlaid image shows the intermediary
results obtained during a device simulation.

variation in one or many parameters. Figure exhibits Structure Editor (SDE) and SDE-
VICE (right side) in workbench GUI. It can be seen in Fig. that the Structure Editor
has a device parameter “dr” which can be varied as per design requirement. SDEVICE has
also been included in simulation flow. It has two other parameters, V, and V4 for gate and
drain bias voltage, respectively. The SDEVICE solves the devices structures for the bias
conditions set for the parameters V, and Vg4 to obtain its electrical characteristics. Each
simulation has a unique node number assigned to it (e.g., n323). An overlayed window on
SWB (refer Fig. is showing the intermediary result of Node-323. Once the simulation

is set up, the flow of information takes place as depicted in Fig. 3.2}

3.1.2 Structure Editor

Device structure are designed using Sentaurus Structure Editor (SDE) [67]. It helps in
designing 2D /3D structures using various materials available in its database, and existing

structures can also be edited with it. The devices can be designed using Tool Command
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Command
and
Comfnand Comfnand Comfnand Parameter
File File File Files
Y Y Y Y
Structure
Workbench —>» Editor —>| SNMESH |—>»| SDEVICE |—>» SVISUAL
: A e M A
| Structure |- 3 % eshe 4 | Solution ... 3
>»|Structure > Structure [ >

Figure 3.2: A representation of files required and device simulation process in Sentaurus TCAD.

Language (TCL) commands by writing TCL scripts. Structure Editor’s GUI is shown in Fig.

. As the structures keep getting designed, SDE prints the related script commands (in

04 Viow Draw Mesh Dovice Coniacis

mEEEEEEERlERSRR S
Oooee HOED

TCL Window

?-Y

Figure 3.3: Structure editor GUI window showing important tools for structure design. The
TCL window at the bottom of GUI displays the commands corresponding to each process in the
structure design using the Tools of the toolbar.

the window labelled Scheme Commands in Fig. [3.3)) which corresponds to a GUI operation.
All the important properties of a device are fixed here, like device structure and dimensions,
material selection, doping, contact placement and meshing, to name a few. With the help

of workbench, the Structure Editor can even generate parametric device models.
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3.1.3 Sentaurus Mesh

Sentaurus Mesh (SNMESH) [68] discretizes the device using a mesh and then the semi-
conductor equations are solved in it. Therefore, meshing is a very important part of device
design. SNMESH can generate modular Delaunay 2D and 3D meshing on the device and
can also create axis-aligned as well as tensor meshes that can be used for discretization of
device structure either through finite-difference time-domain (FDTD) or box discretization
scheme. This tool also acts as a doping profile generator and all the information required
for a device simulation is available on a meshed device. Sentaurus mesh has to work in
close association with any tool (like Sprocess and Structure Editor) to generate meshings on

device structures.

3.1.4 Device Simulator

Numerical analysis of the device structure is performed using Sentaurus Device (SDE-
VICE) [69]. It can simulate electrical, thermal and optical characteristic of any semicon-
ductor device and is capable of simulating 1D, 2D, and 3D device behaviour. Various kinds
of operating conditions can be incorporated into the simulation. The flow of information
and instructions among the tools, along with input and output files are shown in Fig. [3.4]
The various kinds of input and output files generated by the tools and their description is

mentioned below.

e A grid file generated by Structure Editor is in TDR format and contains information
regarding device geometry, wherein, additional mandatory specifications like materials
involved with their corresponding region name, meshing, contact placement and doping
profiles are mentioned. This is an input file for the simulation using SDEVICE. Along
with all these information, the physical parameters of the materials involved need to

be supplied for numerical simulation to proceed.

e After the simulation is over a file with extension _des.tdr is generated in which so-

lutions of various variables like carrier densities, electrostatic potential, electric field,
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carrier density, etc. are present. A user can generate additional record which contains
information of electrode current, charge, time, and temperature if a thermal simulation

is also activated.

e A log file with extension _des.log is generated and it has very useful information about
the simulation like the progression of iteration, intermediary results obtained at all
the iterations. It also displays error and convergence related issues and can help in

locating region on the device structure having convergence problem.

command boundary command parameter
_dvs.cmd _fps.tdr _des.cmd name.par

current

Sent: _> _des.plt
entaurus
i Sentaurus
Structure _> grid ' :
Editor Device _> \
plot

_des.tdr

output output
_msh.log _des.log

Figure 3.4: Flow of command, information and input and output files required and generated in
Sentaurus Structure Editor and Sentaurus Device.

3.1.5 Visualization Tool

The visualization tool in Sentaurus is Sentaurus Visual (SVISUAL) |70] and can visualize
results of 1D, 2D and 3D devices. Cutlines can be marked on the structure to observe a
physical parameter, such as carrier density, potential, etc. Structures can be superimposed
to observe differences in the solution obtained because of parameter variations. Band di-
agrams can be observed in any region of the structure. Various mathematical operations
can also be performed on the results using SVISUAL. Data export in ASCII format is also
possible for plotting and further analysis. A SVISUAL window is shown in Fig. with
a HEMT_1139_000000_des.tdr file opened for visualization. The meshings overlayed on the

H=
W
[0}
H=
[(m]
N
(=]
o
S

41



TH-2694

3. Simulation Approach and Setup

device structure is shown in Fig. In the same SVISUAL window on the right side, there
are various short cuts (X/Y - cutline, integration, overlay, measurement tool, etc.) to ob-
serve the results. On the right side of the scalars tab, various results obtained for a structure
can be selected and then it appears on the structure displayed in the centre. The vector
tab allows the selection of vector fields of the simulated device. In the selection tab, various
materials appear, and they can be checked /unchecked to view/overlook a particular region.

A host of other features can be explored using Menu tabs on the top right of SVISUAL

window.
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Figure 3.5: Visualization tool, “SVISUAL” of Sentaurus TCAD.

3.2 Proposed Device Model

It has been previously suggested that the gate geometry modification during HEMT
device design can reduce electric field at gate edge [17]. Endoh et al. have reported a
redistribution of electric field from the gate edge towards the substrate using a staircase gate
HEMT [71]. In this thesis, a filleted gate geometry, which has subdued electric field at the
gate edge, has been used. To validate the claim, two Alyo5Gag7sN/GaN HEMT structures
with (a) traditionally used rectangular gate (RG) and (b) filleted gate (F'G) with a varying

filleting radius (dr) have been simulated using Sentaurus-TCAD engine [65]. The electric
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3.2 Proposed Device Model

field at the gate edge can also be reduced using field plates (FP), wherein a metal layer
in contact with the gate is laid over the passivation dielectric [72]. Hence, another set of
similar simulations have been performed by incorporating the field plates to both RG and
F@ structures (discussed in the subsequent chapters). The device geometry of the simulated
HEMTs are shown together in Fig. wherein all the gate shapes under consideration,
are exhibited. All the devices have an effective gate length of 1.5 um, gate-to-source and
gate-to-drain spacing of 1.5 um and 3 pm, respectively. For FG HEMT structure, a gate
filleting or rounding radius (dr) of 0.02, 0.05 and 0.07 um have been employed. Henceforth,
in all the references to the gate shape, the nomenclature would be RG = dr0; dr = 0.02 um
= dr2; dr = 0.05 pm = drb; dr = 0.07 um = dr7. The filleted gate is also collectively referred
as F'G HEMT and it refers to the entire group of such devices unless a special distinction
is indicated. RG HEMT refers to HEMTs with a vertical gate edge (dr = 0). Another
device group, in which field plate has been incorporated is referred to as rectangular gate
with field plate as RGF P and filleted gate with field plate as FGF P. The filleting radius
of FGF P is the same as mentioned above for FG HEMTs. Beyond dr = 0.07 um, a slant
gate would be preferable approach as the numerical values of results obtained in this thesis
starts saturated and no major changes are observed (between dr5 and dr7 variants of F'G
and FGF P gate type, refer Table in the next Chapter, Section [4.2). Hence, simulations
are not performed beyond dr = 0.07 um. The field plate lengths of 0.5, 0.7, 1.0 and 1.5 um
are considered in the simulations, for both the RG and FG HEMT, however, the peak local
electric field at the right gate edge on the drain side is not much sensitive to the field plate
length variation. Hence, the results of a field plate for a length 1.0 ym are reported in this
thesis. The proposed structure is shown in Fig. [3.6] Table lists the parameters of the

device that has been used in the simulation.

3.2.1 Simulation Setup

The initial simulations on the above mentioned structures have been performed using

drift diffusion (DD) model. In this model, drift diffusion, continuity and Poisson’s equations
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Lg=1.5um
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Figure 3.6: Simulated HEMT device structures showing the rectangular and filleted gate geome-
tries with and without field plate. The gate length of the device is 1.5 pum, gate-to-source and
gate-to-drain spacing is 1.5 ym and 3 pm, respectively. The gate footprint (gate length) has been
held constant to a value of 1.5 um irrespective of the filleting radius.

are solved at each mesh point of the device structure |73]. The DD model is computation-
ally less intensive and produces reasonably accurate results. However, the limitation of this
model is that it cannot exhibit effects like self-heating and predict electron temperature in
a device. The main objective behind performing DD simulation is to obtain current-voltage
(I-V) characteristics exhibiting the difference in currents due to variation in piezoelectric
polarization because of gate shaping. Another consideration in this thesis is the variation
of carrier temperature in the device. Since HEMT is a heterostructured device, an energy
transfer takes place across the interface. To model this phenomenon, a hydrodynamic carrier
transport model is employed [69]. Hence, the carrier energy distribution is extracted in the
proposed and conventional device structures using this model to understand the role played
by hot electrons in affecting the device performance. The electron temperature results thus
obtained showcases the actual carrier temperature. This helps in understanding the degra-
dation mechanisms which are initiated by carriers having a high temperature.

Typically, high current flows through HEMT channel, which results in a significant Joule
heating (popularly known as self-heating). This necessitates the use of thermodynamic

transport model [74] to perform coupled electro-thermal calculations over the device region.
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3.2 Proposed Device Model

Table 3.1: Device parameters used in TCAD simulation

Description Parameter Dimension
Gate Length L¢ 1.5 pm
Source to Gate Spacing Lsg 1.5 pm

Gate to Drain Spacing Lep 3.0 um

Field Plate Length Lpp 1 um

Fillet Radius dr 0.0 - 0.07 um
Thickness of SigNy layer 1Sis Ny 50 nm
Thickness of AlGaN layer t AlGaN 25 nm
Thickness of GaN layer tgaN 3.0 um
Thickness of Substrate layer tsyp 0.5 pm

Electron concentration affects heating which affects electron concentration subsequently,
hence, thermodynamic transport model uses a set of coupled device equations along with
lattice heat flow equation to perform device simulation. This approach aids in understanding
the influence of internal device temperature on basic physical phenomena, such as, Shockley-
Read-Hall (SRH) generation-recombination, carrier mobility, and avalanche generation. An
equivalent thermal boundary resistance of 3.3 x 107* cm?KW~! is employed at thermode
contact [75]. The source and drain contacts are set as Ohmic. The gate is considered
to form a Schottky contact (gate metal work-function = 5.2 eV) on AlGaN barrier layer.
Recombination—generation model for heat is employed to account for the heat generated
during recombination and generation process. Temperature-dependent thermal conductiv-
ity model, carrier density with no band-gap narrowing, Shockley generation-recombination
as a function of doping and temperature are employed as well. Anisotropic model is incor-
porated to account for asymmetry along c-axis, which also happens to be the growth axis
(Ga-face [0001] direction) of GaN crystal structure. The polarization model is activated
for charge generation at AlGaN/GaN hetero-interface. Additional gate-dependent polariza-

tion is included in the simulation to account for adjusting the polarization charge due to
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converse piezoelectric effect. Deep acceptor type traps having a uniform concentration of
5 x 10 cm™ located at 0.9 eV above the valance band are used in GaN buffer [76]. This
concentration of acceptor traps in GaN helps to create a semi-insulating GaN buffer [77].
In the AlGaN layer, a uniform donor type trap concentration of 5 x 10'® em™3 located at
1 eV below conduction band is used [78]. For estimating CPE strain, following equation

(expressed in the strain-charge form) is considered.

[5i]6><1 = [dij]ﬁxi’) [Ej]3><1 (Z =1,2,..,6;5 =12, 3) (3'1>

where, € is a dimensionless strain matrix; d is the CPE coefficient (m/V), and E is the
applied electric field (V/m) [69]. The device structure, along with dimensions and simulation
coordinates, is shown in Fig. , in which Y-axis runs through the (negative) c-axis and
X-axis lies in the basal plane. The voltage bias for the simulation are: Vpg is ramped to 20
V, whereas Vg is kept as — 6/0 V for simulating HEMT OFF/ON state, respectively. The
devices are intentionally driven to ON/OFF state stress to increase the density of existing
traps [31]. Since RG HEMT has a corner, there can be a singularity in the simulation result.
The meshing around corners play a significant role and it is suggested in [46] to observe
results at a distance greater than 3 A from the corners at the interface. All the graphs
(X-Y plots) presented in this paper have been obtained by performing a cutline along the
channel (Y- cut) at a distance of 2 nm below the SiN/AlGaN interface in AlGaN layer. This
thesis aims to perform a physics based TCAD device simulation to understand degradation
mechanism that has been practically observed. We also aim at minimizing degradation

promoting mechanism employing gate shaping approach.

[T
W
[0}
H=
[(m]
)]
(=]
o
S

46



Converse Piezoelectric Phenomena

Contents
4.1 Converse Piezoelectric Related Degradation . .. ... ... .. 49
4.2 Moderation of CPE Using Filleted Gate HEMT ... ... .. 54

4.3 SUMIMATY . ¢ v v v v v v v vt e ettt e e e e e e e e e e e

TH-2694_136102024
47



TH-2694

4. Converse Piezoelectric Phenomena

Piezoelectricity is the best known form of electromechanical coupling. It was discovered by
Jacques and Pierre Curie in the year 1880. They proposed that when pressure is applied to
certain crystals, charges of opposite nature develop on its opposite surface. Few examples of
such crystals are zinc blende, quartz and Rochelle salt. There are two forms of piezoelectric-
ity, direct and indirect (converse). In case of direct piezoelectricity, an electric polarization
develops on the faces of the crystal which is directly proportional to the mechanical strain
applied on it [79]. The indirect effect occurs when a crystal develops a strain upon applica-
tion of an electric field to its faces. Equation and represents the direct and indirect

(converse piezoelectric) effect, respectively.
P; = eijre;i (4.1)

€ij = diji by (4.2)

Where, P stands for the polarization, ¢ denotes the strain tensor, e is the piezoelectric
constant and d is the piezoelectric moduli. To deduce the constitutive equation for elec-
tromechanical effect in a semiconductor, it is considered to be a dielectric in which the

change in total energy stored can be mentioned as

dU = dUmech + dUelect
(4.3)

where, © stands for temperature, the change in entropy is denoted by dS, o is stress, €
is the strain, E is the electric field and dD is the change in electric displacement vector. To

proceed with the derivation, electric enthalpy, H, is depicted as,
He = U — E;D; (4.4)

where U is the total internal energy. The equation has to meet the condition mentioned

below.

dH ! = ©dS + oypdey, — DidE; (4.5)
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4.1 Converse Piezoelectric Related Degradation

Now, differentiating Eq[4.5] by chain rule, the following is obtained.

o aDl - aQHelect . 82Helect . 80kl (4 6)
i 6€kl I N 8ek18Ei n 8E1-66kl N 8EZ I ’

The electric permittivity as

oD;

Ko = <—> (4.7)
Lk ) 5

and elastic (stiffness) coefficient as,

Jo

D(E kl

Cklr(rm) - (8 ) (4.8)

€mn /) D(E)

The physical parameters o(¢) and D(E) in Eq. and Eq. [.8 respectively are held
constant while performing the differentiation. In a condition where both electric field and
strain are absent, and only physical component present being the spontaneous polarization,

then the contribution of P*P to electric displacement can be denoted as,

D; D;
Di = P;p—i- (a > Ek+ (a ) €Ll
8Ek a a€kl E (49)
= B’ + K By, + eincn
0 0
o () 5 (2
i/ e e (4.10)

The above equations (Eq. and [4.10]) are employed to understand and analyze electrome-
chanical effects in semiconductors |79]. The interplay among various parameters relevant to

electromechanical coupling of crystals can be summarized as shown in Fig. [4.1]

4.1 Converse Piezoelectric Related Degradation

Recent advancement in AlGaN/GaN technology has resulted in the aggressive adoption of
HEMTSs in commercial high power and high-speed devices [80]. However, several reliability
issues have been limiting the full potential of AlGaN/GaN HEMTs [20,81]. One of the
critical reliability issues in AlGaN/GaN HEMTsS is the generation of converse piezoelectric

(CPE) strain in AlGaN barrier layer. During the OFF state operation, traditionally used
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Figure 4.1: Relation between various physical parameters related to the electromechanical cou-
pling in a crystal [2].

rectangular gated HEMTSs suffer from the presence of a high electric field at the gate edge
on the drain side. This strong electric field under gate gives rise to a CPE strain in AlGaN
barrier layer |17,[27]. Due to CPE strain, when stored elastic energy in AlGaN barrier
layer increases significantly above a critical value, AlGaN layer relaxes by the formation
of crystallographic defects. These additional defects act as charge-trap centres in AlGaN
barrier layer |17,28]. Furthermore, the presence of a strong electric field can fill those traps
with electrons, thereby lowering the 2DEG density and reducing the drain current during
HEMT ON state operation [29]. The CPE strain induced defects can also introduce a leakage
path between the gate and the channel, thus, increasing the gate leakage current [30]. In
the worst case scenario, the CPE strain induced defects can also lead to permanent failure
of HEMT [17,129]. Thus, framing guidelines to reduce CPE strain in future high power
AlGaN/GaN HEMTS is necessary.

In this Chapter, the aim is to reduce CPE strain in AlGaN/GaN HEMTs by adopting a gate
geometry modification. Simulations have been performed on 2D HEMT structures to analyse
the distribution of electric field and CPE strain under the gate. A filleted gate geometry is

shown to outperform other gate geometries in reducing CPE strain in AlGaN barrier layer.
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4.1 Converse Piezoelectric Related Degradation

The analysis reported in this thesis highlights the importance of modifying gate geometry to
mitigate CPE strain induced damages in future AlGaN/GaN HEMTs. Both AlGaN and GaN
belong to wurtzite family and they are piezoelectric materials. They exhibit piezoelectric and
converse piezoelectric effects. The piezoelectric effect occurs due to (residual /inbuilt) strain,
whereas, CPE develops by application of electric field in these materials [17]. The effect of
both of these phenomena is the creation of strain in the device. It has been pointed out that
a 0.076% increase in uniaxial strain decreases the critical voltage of the device from 25 to
20 V [51]. Converse piezoelectric effect adds to already present piezoelectric strain and has
been found to affect not only AlGaN/GaN HEMT [17,28] but AlGaN/GaN Schottky barrier
diodes as well, in which donor like traps are created in the GaN layer [49]. The co-existence
of high vertical electric field along with high current and high working temperatures are the
main contributors that initiate defect creation in the heterostructured devices [46]. All of
these physical effects are present together in an energized device. This thesis aims to reduce
the CPE in AlGaN layer by tailoring vertical electric field as lateral electric field does not

create large scale degradation [45].

4.1.1 Modelling CPE in AlGaN/GaN HEMT

During growth, both GaN and AlGaN crystallize in hexagonal closed packaging (HCP)
structure and have different lattice constants in the unstrained state. For device applications,
an AlGaN layer is grown on the top of a thick GaN layer. Since both the materials are of
HCP family, they share a common growth axis, also called as c-axis around which there
exists a rotational symmetry on all six sides of the hexagonal structure (in the basal plane).
When an AlGaN layer is grown above the underlying GaN, the lattice constant of the AlGaN
needs to increase to match the lattice constant of the relaxed GaN (thick layer); as a result
AlGaN layer comes under the influence of strain in the basal plane (zy-plane). The strain in
x and y directions are denoted as €; and €,, respectively. Due to symmetry of the crystal in

the basal plane, strain redistributes itself uniformly in x and y directions, hence, €; = €5 [82].
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The basal plane strain in an AlGaN/GaN layered structure is estimated by using Eq. 4.11}

a — Qo

€1 = (411)

Qo
where, a and aq are the unstrained lattice constants of GaN and AlGaN, respectively. This
strain is responsible for producing piezoelectric effect. For a wurtzite crystal, only five
piezoelectric constants (responsible for transforming strain to piezoelectric polarization) are

nonzero, which is exhibited in the matrix form below.

0 0 0 0 €15 0
e=|10 0 0 e5 0 O (4.12)

€31 €31 €33 0 0 0

The crystal structure symmetry makes constants esy = €15 and ez = e3; equal, hence, they
have already been replaced by their counterparts in the above matrix. In actual HEMT
device, the piezoelectric constant ey5 is related to the polarization induced by shear strain.
Since this does not contribute to the polarization, hence, it is assumed to be zero [82].

Finally, the strain matrix relevant to AlGaN/GaN HEMT can be denoted as,

e=l0o 0 0 0 0 0 (4.13)

€31 €31 €33 0 0 0

For estimating piezoelectric polarization field, only three nonzero elements esq, e31, e33 are
needed [2], as mentioned in Eq. [£.13] These nonzero constants in combination with the
basal plane strain can be used to obtain piezoelectric polarization vector along the c-axis.
Using the piezoelectric constants, e3; and es3, and €; = €5, the nonzero component of the

piezoelectric polarization vector along the c-axis (P4°) can be stated as shown in Eq. |4.14]

PY* = e31(€1 + €2) + es3€3
(4.14)

= 263161 + €33€3
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Since the basal plane strain is already known, Eq. needs to be modified to express the
piezoelectric polarization vector along the c-axis (P{%) only in terms of €;. Interestingly, the
strain €; and €3 are related, so this relation is employed to eliminate (e3) from Eq. 4.14. The

relation between €; and €3 can be depicted in Eq. [4.15]

S bt 4.15
€3 033 €1 ( )

where, (13 and Cjs3 are the stiffness constants of the crystal. Using the value of €3 from Eq.
and replacing it in Eq. the final expression for polarization vector in the c-axis
can be formulated as shown in Eq. [4.16]

C
P?f)z =2 (631 - 6330—13) €1 (416)
33

The polarization vector PY* of Eq. is responsible for creating piezoelectric polarization
and acts along the c-axis. This piezoelectric polarization adds to spontaneous polarization
to create charge at the interface of AlGaN/GaN heterostructure. It is to mention that
Eq. is an uncoupled equation as it does not include electromechanical effect (converse
piezoelectric effect) which arises due to vertical electric field at the gate edges. Therefore,
to account for the presence of an electric field at the gate edges, additional CPE needs to be
incorporated in Eq. to make it fully coupled [83]. In addition to strained AlGaN layer
already present, CPE creates additional strain in AlGaN, which is additive. The CPE is
responsible for the device degradation and failures [17,28,30,49,51]. Work presented in this
thesis, focuses on reducing this converse piezoelectric polarization which has its roots in the
high electric field at the gate edges. For incorporating the effect of CPE in an AlGaN/GaN
system, a relation between strain and stress has to be utilized, in which an additional term
corresponding to the stress arising because of electric field has to be added. Using Vigot’s

notation, an expression to address the above mentioned issue can be described below [83].

g; = OZ‘]‘EJ‘ - e;m-Ek (’L,j = 1, 2, 76, k= 1,2,3) (417)
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where, o is the stress; € is the strain; e is the piezoelectric constant and FE is the electric
field. Using Eq. and later applying simplifying assumption of clamped model [83], the

planar stress, can be modeled as,
oy = 01 = (C11 + Chz)er + Crzes — e31 F3 (4.18)

where, Fj is the vertical electric field. From Eq. [£.18] in order to eliminate €3, the equation
for the stress along the c-axis (03) needs to be expressed using Eq. [£.17 It is assumed that
the stress along the c-axis, (03), in AlGaN is zero. Hence, o3 = 0 and the resultant equation
is,

03 =0 = 2C13¢61 + C33¢3 — e33F5 (4.19)
Rearranging Eq. to obtain strain along the c-axis,

Ci3 €33
= —2— —F 4.20
S T T O (4.20)

In the absence of a vertical electric field (Es), it is to mention that only first term in Eq.
is dominant and is negative. This depicts that the system (along the z-axis) is under
compressive strain because of tensile basal strain in AlGaN in the z and y directions. Using
the expression for e3 from Eq. and replacing €3 in Eq. [4.18] the expression for planar

stress including the CPE can be depicted as,

09 = 01 = 011 + 012 —2— €1 + ——€33 — €31 E3 (421)
Css Cs3

4.2 Moderation of CPE Using Filleted Gate HEMT

The proposed device structure along with all the gate shape and field plate combina-
tions used for the numerical analysis are exhibited in Fig. 4.2 The device dimensions and
simulation coordinates are indicated on the proposed structures. When gate bias is held at
zero or is reversed biased, the vertical electric field (Es) is positive. This further adds to the
planar strain (o; and oy), since e3; < 0, eg3 > 0 and all Cj; are positive [30,69]. Since the

electric field for a RG HEMT is higher at the gate edges, the planar strain becomes higher,
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Lg=1.5um
fp——
Y=0 4 G G [T Si,N, (50 nm)
S AlGaN (20 nm) D

GaN (3 um)

[—X=0 | IRectangular Gate
I \ JFilleted Gate

fe—Lrp—
Rectangular Gate with Field Plate

X
Filleted Gate with Field Plate

Y

[0001]

Substrate

Thermode

Figure 4.2: Simulated HEMT device structures showcasing rectangular and filleted gate geome-
tries with and without field plate. The gate length of the device is 1.5 um, gate-to-source and
gate-to-drain spacing is 1.5 pym and 3 pm, respectively. The gate footprint (gate length) is held
constant to 1.5 pum irrespective of the filleting radius.

which in combination with self-heating acts as a centre point for initiating all degradation
mechanism. This increased planar strain also increases the piezoelectric polarization for a
RG HEMT, and due to this, it has the highest current. This can be validated from the I — V
characteristic as shown in Fig. which compares the drain current for various filleting radii
of the gate. Figure (a) and (b) exhibits Ip — V¢ characteristics of the HEMTs having
similar threshold voltage. Since FFG HEMTSs have a lower vertical electric field (E3), the
total strain including CPE is low, because of which the total piezoelectric polarization in
these gates is less. This may be confirmed by a lower drain current as shown in Fig. .3
Due to the reduction in electric field at the edges, F'G HEMTSs have a lower localized strain
at the gate edges. Therefore, higher reliability is expected from them. Since the spontaneous
polarization contributes a major fraction to the total charge at the interface (in 2DEG) as
compared to the piezoelectric polarization, even though there is a large change in the electric
field, the current changes only by a fraction. Due to the gate shaping, it is seen that the
CPE strain diffuses as well as reduces significantly. Table lists reduction of CPE and

electric field because of gate shaping as well as introduction of FP on RG and FG HEMTs.
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Figure 4.3: ON state I — V characteristic for (a) HEMT without FP and (b) with FP, at a bias
of Vo = 0V and Vpg = 20 V, respectively. The drain current varies due to change in filleting
radius. Inset showing zoomed section of I — V from Vpg of 15 V to 20 V.
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Figure 4.4: Ip — Vg characteristic for (a) HEMT without FP and (b) with a FP length of 1 pm.
The drain current shows minimal variation due to change in filleting radius and incorporation of
field plate. The gate bias, (Vgs) has been swept from — 10 to 1.5 V at a constant drain bias, (
Vpg) of =5 V.
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4. Converse Piezoelectric Phenomena

Table 4.1: Comparison of peak electric field and CPE strain observed in different HEMT gate
geometries for with and without field plate obtained by a Y-cut.

Gate Type State Parameter RG dr2 drs ar7
Everticat (MV/cm) -9.42 -6.29 -5.21 -5.20

OFF CPE-YY (107%) 3.46 2.31 1.92 1.91

CPE— 77 (107%) -1.62 -1.09 -0.9  -0.88

Without FP
EVertical (MV/CIH) -6.49 -4.41 -3.68 -3.64
ON CPE—-YY (1073) 239 1.62 1.35 1.34
CPE —ZZ (1073) -1.12 -0.761 -0.636 -0.627
Evertical (MV/cm)  -7.50 -5.35 -4.64  -4.62
OFF CPE-—YY (10°3) 276 197 1.70  1.69
CPE — ZZ (1073) -129 -0.92 -0.80 -0.79
With FP

Evertical (MV/cm) -3.09 -2.31  -2.00  -2.08
ON CPE—YY (107%) 113 085 077 0.76
CPE —ZZ (107%) -0.53 -0.40 -0.36  -0.35

Table 4.2: Comparison of peak lateral electric field as observed in different HEMT gate geometries
without field plate obtained by a Y-cut.

Gate Type State Parameter RG dr2 dr5 dr7
ELateral left gate edge (MV/CH]) 0.91 0.46 0.32 0.32
ON
ELateral right gate edge (MV/CHI) -4.74 -2.55 -1.85 -1.76
Without FP
ELateral left gate edge (MV/CII]) 2.93 1.51 1.03 1.00
OFF

ELateral right gate edge (MV/CHI) -7.02 -3.81 -2.82 -2.72
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Table 4.3: Extracted value of different parameters in GaN region for various device structures
without FP (the indicated results are integrated values of the physical parameters in GaN).

Region Parameter RG dr2 dr5 dr7
Piezo Charge (10° 1) -1.8232 -1.8231 -1.8219 -1.8214

GaN  Current Density-X (1072 A) -6.1445 -6.0923 -6.0258 -5.9682
eDensity (10° p~1) 8.4403 8.3602 8.3475  8.2800

CPE Field-Z
3.1 3.15

3.1 3.15 3.2 3.1 3.15 3.2

Figure 4.5: Figure exhibiting ON state CPE field for HEMTs without FP (bias condition: Vgg =
0 V and Vpg = 20 V). Figure (a) and (b) shows compressive CPE-ZZ field for ON state in HEMTs
with fillet radius of 0 and 0.07 pm, respectively. Very high compressive CPE-ZZ is observed at the
gate edge towards the drain side for RG HEMT (see inset of Figure (a)), whereas the same field
gets diffused due to gate filleting (see Figure (b)) and no localized CPE field is observed. Figure
(c) and (d) corresponds to CPE-YY with dr = 0 and 0.07 pm, respectively in the ON state. Again
very high tensile planar CPE-YY strain at the gate corner (see inset Figure (c)) is observed for RG
HEMT which again reduces to a low value due to filleting (see Figure (d)).
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'CPE Field-ZZ (x10°%) B-7171 CPE Field-ZZ (x10%) H-7.171
3.1 3.15 3.2 3.1 3.15 3.2

0
(d)

3.1 3.15 3.2 3.1 3.15 3.2

Figure 4.6: Figure showing ON state CPE field (bias condition: Vgg = 0V and Vpg = 20 V) for
HEMTs with F'P. The peak CPE field at the vertical gate edge persists for RGF P and diminishes
for FGFP HEMT.
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0.02
0.04
0.06

0.08

3.1 3.15 3.2

3.1 3.15 3.2 3.1 3.15 3.2

Figure 4.7: Plot corresponding to CPE field in OFF state operation with a bias of Vgg = -6 V
and Vpg = 20 V for structures without FP. Figure (a) and (b) shows compressive CPE-ZZ field
in HEMTs with fillet radius of 0 and 0.07 pum, respectively. Similar results with higher CPE-ZZ
are observed for dr = 0.02 and 0.05 um as compared to dr = 0.07 ym. Very high compressive
CPE-ZZ is seen at the gate edge towards the drain side for RG HEMT in the OFF state (see inset
of Figure (a)), whereas the same field gets diffused due to gate filleting (see Figure (b)). Figure (c)
and (d) corresponds to CPE-YY with dr = 0 and 0.07 pm respectively. Again very high tensile
planar CPE-YY strain at the gate corner (see inset Figure (c)) is observed for RG HEMT which
again reduces to a low value due to filleting (see Figure (d)).
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CPE Field-ZZ (

3.1 3.15 3.2

3.1 3.15 3.2 3.1 3.15 3.2

Figure 4.8: Plot corresponding to CPE field in the OFF state operation with a bias of Vgg = — 6
V and Vpg = 20 V for HEMTSs with FP. The peak CPE field at the vertical gate edge gets diffused
due to filleting. The CPE field reduces because of the introduction of FP in both HEMT types.
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Figure 4.9: Figure (a) and (b) illustrates electric field in the ON and OFF states, respectively.
Figure (c) and (d) exhibits CPE strain along c-axis (ZZ) in the ON and OFF states, respectively.
Figure (e) and (f) depicts CPE strain along the basal plane (YY) in the ON and OFF state,
respectively. Both compressive (ZZ) and tensile (YY) CPE fields increase in the OFF state. CPE
field as well as electric field shows a reducing trend with the increase in filleting radius and also
due to the introduction of FP. They attain the lowest value for dr = 0.07 pm fillet radius.
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Figure 4.10: Variation of CPE w.r.t the gate bias while the drain bias (Vpg) is held at 20 V.

The peak lateral electric field for the devices without FP has been listed in Table and it
can be noted that there is a reduction in lateral electric field as the filleting radius increases.
There is a trend in the reduction of the electric field, when all the parameters related to
it reduce. Locally, the electric field at the gate edge on the drain side for F'Gdr7 is about
44% lower as compared to RG HEMT and CPE reduces in the same proportion according to
Eq. (refer Chapter [3)). The electric field in FGdr7 and FGF Pdr7 is lower by 30% and
38%, respectively as compared to RGF P. Filleting is the key to the reduction in peak local
electric field by diffusing effect. However, when field plate is added to FG HEMT, the electric
field reduces further (refer Table [1.1)). Incorporating FP in a RG HEMT shrinks the local
peak electric field at the gate edge, however, the field is still higher as compared to F'GdrT.
The electric field for FP HEMTs varies slowly over FP length and peaks at the end of FP.
However, for FGdr7 HEMT without FP, the peak local electric field is lower, which would
lower the CPE at the gate edge. The drain current in Fig. (b) is lowered as compared
to (a). This is because of the fact that the 2DEG concentration reduces due to trapping
in AlGaN layer for HEMTs with FP, which has also been reported in [84]. Therefore, the
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depletion region width in the vicinity of the gate edge is thinner in FP HEMTs, which leads
to higher leakage as well as lowering the drain current [85]. It is pointed out in [46] that
the degradation centres start creating defects at a localized location, where CPE strain,
electron temperature, self-heating and the electric field is the highest. Since in the proposed
structure, the ill effects just mentioned above are not localized but are spread out with the
values lower than the peak value of either RGF P or RG HEMT. Therefore, in this condition,
it is expected that the local defect creation can be minimized in F'G gate HEMT. It can
be observed from Fig. and (non FP HEMTs), Fig. and (with FP) that
the prominent peak around the gate edge is reduced significantly. It can also be seen from
Table [4.3] that the physical parameters inside GaN have a direct effect on the gate shaping.
Results for dr2 and drb are not been shown in Fig. [4.7] and [4.§] for brevity as the
similar behaviour can be observed from Table (4.1l

Reducing trend of both CPE-YY (tensile) and CPE-ZZ (compressive) fields are observed
from dr0 (RG HEMT) to dr7, with the lowest for dr7, hence, for comparison only dr7 with
and without FP is fielded against RG and RGFP HEMTs (as shown in Fig.
and . As apparent from Fig. to Fig. , rectangular gate HEMT's have higher CPE
fields at the gate edge, whereas, it diffuses for the filleted gate. A consolidated graph of
CPE strain and electric field obtained in the ON/OFF state is exhibited in Fig. for all
HEMT types considered for the analysis. Either in the ON or the OFF state, the peak local
electric field and CPE strain have the lowest value for dr7. It is also described in section [6.4]
of Chapter [0] that the self-heating at the interface reduces because of filleting. Therefore, the
magnitude of the degradation contributing mechanism, all of which needs to act together to
degrade the device shrinks. Thus, the OFF as well as the ON state degradation is the lowest
for filleted gate with dr = 0.07 pm. It is evident from the preceding discussion that the
filleted gate without FP performs better as compared to rectangular gate HEMT with FP.
Therefore, in subsequent Chapters, an attempt has been made to highlight the advantages
of FG HEMTs without FP. The strain in AlGaN layer depends on the vertical electric field

and is linearly dependent on it as illustrated in Fig. 4.10, The elastic energy in AlGaN
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layer is proportional to square of the strain. The moment this elastic energy exceeds the
threshold value, crystallographic defects gets generated, which in turn acts as trapping sites
for electrons [28]. It is to mention that FG HEMT has a lower CPE as compared to RG

HEMT at all the gate biases.

4.3 Summary

In this Chapter, a comparative study of electric field distribution and converse piezoelec-
tric strain for different HEMT geometries is presented. Locally, the electric field at the gate
edge on the drain side for F'Gdr7 is about 44% lower as compared to RG HEMT, and CPE
reduces in the same proportion. The electric field in F'Gdr7 and FGF Pdr7 is lowered by
30% and 38%, respectively, than RGEFP. Filleting is the key to reduce peak local electric
field by diffusing effect, however, when field plate is added to F'G HEMT, the electric field
reduces further (refer Table . Incorporating FP in a RG HEMT decreases local peak
electric field at the gate edge, however, the field is still higher than F'Gdr7. The electric
field for FP HEMTSs varies slowly over FP length and peaks at the end of FP, whereas, for
the FGdr7 HEMT without FP, the peak local electric field is lower, which reduces CPE at
the gate edge. Thus, it can be concluded that the filleted gate HEMT geometry can be a
potential candidate to mitigate converse piezoelectric strain induced damages in the future

high power AlGaN/GaN HEMTs.
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5. Hot Electron Related Issues in HEMTs

The first step in understanding any semiconductor’s device physics is to know the distri-
bution of carriers in it. This is accomplished by utilizing a well known Fermi-Dirac (FD)
distribution function. This distribution function explains the distribution of electrons either
in energy or in momentum space. The FD distribution function describes a system under
thermal equilibrium in the presence of external influences, thus, it is necessary to put Boltz-
mann’s transport equation (BTE) to use. BTE describes charge transport in a semi-classical
approach, which implies that the transport is described by classical equations of motion and,
the occurrence of collisions and scattering phenomena is described by the laws of quantum
mechanics [86]. BTE including the quantum effects is expressed by the following equation

given below.

8tf+u.vrf+%.ka=0[f] (5.1)

where f(k,r,t) denotes six dimensional phase space distribution of carriers; u is the group
velocity; F is the force exerted on carriers in the presence of magnetic and electric fields and
C[f] estimates change in f caused by random collision. From the above equation, the group
velocity is given by,

u(k,r) = %Vks(k, r) (5.2)

where, u represents group velocity and € denotes kinetic energy of the carriers. The inverse

of the effective mass tensor (® denotes tensor product) is depicted as,

1 1
mt(k,r) = ﬁVk ®@u(k,r) = ?Vk ® Vie(k,r) (5.3)

When a charged particle moves in an inhomogeneous medium in the presence of both electric
and magnetic field, it experiences a force. This force depends on the magnitude of wave

vector, k and position r and is expressed as,
F(k,r) = =V (Eo(r) +e(k, 1)) — q(E(r) + u(k,r) x B(r)) (5.4)

where, V, is responsible for accounting change at the bottom of conduction band E,, and

shape of the conduction band; (e(k,r)), E and B are electric and magnetic fields, respectively.
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When the influence of magnetic field is ignored, Eq. simplifies to an electrostatic force,
F(r) = —qB(r) (5.5)

BTE is computationally very intensive, therefore, its various simplifications are being read-
ily employed in various applications. There are several other popular models based on
simplified BTE and are being used to study carrier dynamics in engineering domain; no-
table among them are Monte Carlo (MC), Electro-thermodynamics (ET), Hydrodynamics
(HD) and Drift-Diffusion (DD). Again MC is accurate, but is also computationally intensive,
hence, at many times it serves as a benchmark for lesser accurate models which are popular
for being fast and fairly accurate. It is to mention that a Hydrodynamic device simulation
is a good approach to visualize the internal carrier dynamics considering its accuracy and
also for being computationally less intensive. It is a compromise between computationally
intensive Monte Carlo and Drift-Diffusion models. The DD model fails to generate accurate
results as the device lengths approach towards characteristic thermal wavelength. The hy-
drodynamic model employs carrier temperature as an additional parameter for describing
the carrier transport. This Chapter discusses hydrodynamic modelling that has been used

to study the proposed structure. The HD model that has been incorporated in this thesis,
is described by Eq. and

Jn = ptin(NV B¢ + kT, Nn — nkT,Viny, + A, fknVT, — 1.5nkT,VIn m,,) (5.6)

Jy = 1,(pV By — KT,Np + pkT,Vny, — X, fi'kpVT, + 1.5pkT,VIn my,) (5.7)

In the above equations, the first term (nVEq and pVEy ) estimates spatial variations of
bandgap, electron affinity and electrostatic potential. The second term (k7,,Vn and k7, Vp)

captures concentration gradient, whereas, the third term (nkT,Vlnvy, and pkT,Vinvy,) is

related to Fermi statistics, where v, = §-exp (ECZ?F’"> and v, = Z-exp (%) The
fourth term (X, fi%nVT, and A, fi%pVT,) is an important part of HD model, which cap-
tures temperature gradient of the carriers. Here, constants f¢ and fl’;d are thermal diffusion

parameters. The spatial variation in effective masses is supervised employing the last term
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(1.5nkT,,VIn m,, and 1.5pkT,VIn m, ) [69].

5.1 Hot Electrons

When a group of electrons gain higher energy as compared to their other counterparts
under the influence of high electric field, they become hot. However, the temperature is
simply a measure to indicate their kinetic energy, as they are no more in thermal equilib-
rium with the crystal lattice. The energy that these electrons achieve is either due to high
electric field or excitation by light. These hot electrons also exchange energy with the elec-
tron cloud and can affect their distribution. The impact of hot electron on the breakdown
of insulator was first reported by von Hippel in 1937. He advanced the idea of the inability
of the electrons to lose energy gained from the electric field during inelastic collision, hence,
leading to breakdown by initiating avalanche breakdown. These hot electrons are also re-
sponsible for influencing and initiating breakdown in semiconductors [87]. The scattering
mechanism largely affects the properties of hot electrons and makes the study of breakdown
more complex. A better understanding of the behaviour of these carriers could only be
possible in semiconductors, wherein the concentration is midways between a metal and an
insulator. This low concentration of carriers could enable the application and sustenance of
high electric field. Also in a non-degenerate semiconductor, the average energy of an electron
is anywhere between 1-50 meV, so it is easier to bring a change in energy as compared to
metal, where electrons have an average energy of around 1 eV [88].

Hot electrons are not only bane but they are boon also for transferred electron devices like
Gunn-effect diode (in GaAs), impact ionization avalanche transit-time diode (IMPATT),
trapped plasma avalanche triggered transit (TRAPATT), barrier injected transit-time (BARITT),
etc. In Gunn effect, the electrons jump from lower I' valley to higher L valley of the con-
duction band. These valleys in GaAs are separated by an energy difference of 0.36 eV. To
surmount this energy difference, the electrons need to be hot. In devices like IMPATT, TRA-
PATT and BARITT, impact ionization plays an important role, and the electrons involved

in impact ionization are hot. These hot electrons also have a negative effect and degrade the
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material and device, leading to catastrophic failures.

5.2 Hot Electron Induced Degradation

A HEMT can undergo various stress condition during its operational life. The stress can
be elaborated as, bias stress due to reverse bias of gate, OFF/ON state high field stress
and ON state low field stress. The hot electron created due to electrical stress of reverse
biased gate may distort typical bell-shaped transconductance (g,) curve and introduce a
double peak in it. The distortion gets prominent as the duration of stress is increased. This
feature evolution in g, is credited to the filling of donor traps at low field and subsequent
emptying because of high electric field. This emptying attempts to restore the characteristic
shape of g, curve. The electric field at the gate edge is to be held accountable for most
of the trapping in its vicinity [47]. There are various other kind of degradations that are
promoted by these hot electrons and are discussed in this Chapter. Hot electron presence
in AlGaN/GaN HEMT is determined using Electroluminescence (EL) measurements. Since
GaN is a direct bandgap semiconductor, inter-band transition of very high energy electrons
leads to the generation of EL in the channel [89,90]. It is observed that during ON state (Vpg
=20 V and Vgg = 0 V), EL signature captured from HEMT channel is same throughout
indicating uniformity in energy of channel electrons, whereas, in the OFF state (Vpg = 20
V and Vgg = — 6 V), the EL becomes non-uniform and particular locations have higher
EL as compared to others due to the injection of hot electrons from gate electrode. In
the OFF state bias, the electrons acquire large energy as the gate drain bias is very high
which facilitates enhanced photon emission. It is concluded by observing EL that Vg plays
a major role in enhancing/depleting and imparting energy to the electrons. To ascertain
the degradation, DC tests are performed and it is found that the partial ON state (Vpg
=20 V and Vgg = — 5.5 V) proves to be fatal for the devices because of fall in (g,).
The devices under test also exhibits gate lag [14]. A simple conclusion is drawn that hot

electrons lead to degradation by trapping when devices are stressed for a longer duration.

A study is conducted on a vertical Au/Ni/AlGaN/GaN/n-GaN/AIN/Si Schottky diode to
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Figure 5.1: Trapping at various sites in AlGaN/GaN HEMT initiated by the hot electrons.

observe the reverse bias leakage mechanism. It is found that the high energy electrons are
responsible for the creation of shallow donor traps at 0.12 eV below the conduction band [49).
Hot electron have also shown to promote hydrogen poisoning (trapped hydrogen in device
package) resulting in threshold voltage shift, drain current reduction and increase of trap
density [91]. These traps increase trap assisted tunnelling and degrades device’s performance.
When the drain is biased at a high voltage, the hot electrons spill into a buffer and upon
being captured by the buffer traps under the channel, thus, creates a virtual gate which
depletes 2DEG. It can also happen that hot electrons spill over the channel and get trapped
by traps outside the channel [52]. Hence, the primary aim of designing a HEMT should be
the reduction of electric field, which could prohibit electrons from picking up energy. The
GaN buffer has a E2 trap. The capturing of electrons in this trap is bias dependent. In the
OFF state, the trapping takes place due to gate leakage current, whereas in semi-ON state,
the trapping occurs due to hot electrons injection from 2DEG into GaN buffer because of
the electric field being high enough at the gate edge towards the drain [48] end. Figure

illustrates various trappings that can happen in an AlGaN/GaN HEMT.
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5.3 Electron Temperature Related Reliability Issues

AlGaN/GaN HEMT suffers from a variety of degradation mechanisms. A few among
them are initiated by electrons having a higher temperature, and these hot electrons are
responsible for increasing the trap density underneath the gate [31] as well in the gate-drain
access region. It has been reported that electron energy is responsible for introducing a
slight negative differential conductance in the output (NDC), irrespective of the operational
power in the device. This suggests that the electron temperature has a crucial role to play
rather than the lattice temperature. The NDC occurs due to capturing hot electrons in

the bulk traps [31},32]. It has been shown earlier that the moment drain voltage reaches 5

Lg=1.5 um

le
J g
Y=0 & TG G ) Si;N, (50 nm)
S Electric Field AlGaN (20 nm) | D
More Leakage Less Leakage GaN (3 um)
“X=0 | W\ 187
High electron energy Low electron energy X
= Rectangular Gate Filleted Gate
= Y
S
=
Thermode

Figure 5.2: Simulated HEMT device structures showing rectangular and filleted gate geometries
and the effect of these gates on electric filed and leakage current.

V, electrons are already in the high electron temperature (eTemperature) domain [92]. On
the other hand, it is expected that at such a low drain voltage, there may not be significant
Joule heating in the device causing this effect. Therefore, the aim of this thesis is to estimate
eTemperature in the structures considered through hydrodynamic TCAD simulations. This
approach helps in portraying correct eTemperature variations in the device [74,93]. Although

hydrodynamic simulations are not suitable for long channel devices, however, it is a powerful
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method to study and understand the role played by hot electrons in degrading the device
performance. These hot electrons also play an important role in altering breakdown voltage
of the device [32]. Thus, hydrodynamic simulation is an indispensable tool to study and
understand the internal physics of a device. Thus, a similar approach is followed in the
present work to observe the variations of eTemperature in the structure shown in Fig.

(without FP).

5.3.1 OFF State Electron Temperature Reduction

The HEMTSs having various gate shapes are analyzed by driving them in DC ON/OFF
state bias stress to study the effect of gate filleting on eTemperature map in the device.
Subsequent effect on the gate leakage and drain currents due change in eTemperature are
also studied. During ON state bias stress, Vgg is set to 0 V and Vpg is ramped to 20 V. It
is observed that due to increase in the filleting radius, electric field magnitude reduces and
field strength diffuses around the gate edge on the drain side. It is because of the diffusing
effect of electric field that the cross-sectional area of the region where eTemperature is high
gets reduced. This also causes eTemperature hot-spot region to shift towards GaN bulk
as shown in Fig. and Fig. [.4] which correspond to ON and OFF state bias stress,
respectively. There is also a minor shift in the eTemperature local peak towards bulk with
an increase in filleting radius. It is believed that this region creates a channelling path
through which electrons get injected into AlGaN [51]. Since this channelling region shifts
towards bulk, the carrier leakage into AlGaN reduces. Due to the shift in local eTemperature
peak towards bulk, the electron trapping in AlGaN region decreases, while the drain current
remains constant for dr7 gate HEMT. This is apparent from I-V characteristic shown in
Fig. (a). Contrary to this, RG HEMT has a higher eTemperature over a larger area,
thus creating a larger channelling region promoting siphoning of electrons towards AlGaN
layer, which reduces drain current as shown in Fig. (a). It can be observed, due to this,
there is a drop in drain current for RG HEMT. This implies that there is leakage of carriers
in AlGaN because of that the gate current also rises fast as shown in Fig. (b). This
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decrease in drain current is attributed to the creation of deep level traps in the device .

31 32 33 34 31 32 33 34

Figure 5.3: Variations in eTemperature for different gate structure at Vgs = 0 V and Vpg =
20 V (ON state). Figure (a) — (d) are arranged in terms of increasing fillet radius (dr0 to dr7).
The cross sectional area as well as the leakage channel penetration in the AlGaN layer exhibits a
diminishing trend with the increase in filleting radius resulting in reduced spillover effect, which
leads to the lowering of gate leakage current.
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31 32 33 34 31 32 33 34

Figure 5.4: Higher cross sectional area as well as higher eTemperature values can be observed
for devices biased in the OFF state ( Vgs = — 6 V and Vpg = 20 V). There is a high electric field
below the gate edge as compared to ON state. Figure (a) — (d) are arranged in terms of increasing
fillet radius.
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Figure 5.5: Electrical characteristic of various gate structures. Figure (a) shows the drain current
characteristics for Vgs = 0 V and Vpg ramped till 20 V from which it can be inferred that the
increase in filleting radius reduces spilling and channelling of electrons from 2DEG. Figure (b)
illustrates gate leakage current of the HEMTs for the bias condition of Vg = — 6 V and Vpg
ramped till 20 V and it can be observed that for dr = 0.07 um gate leakage current is low. The
leakage current for dr7 is two orders of magnitude lower as compared to dr0 HEMT.
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The gate leakage current is primarily due to tunnelling instead of thermionic emission because
the observed leakage current is independent of temperature and there is no difference between
leakage currents either at 100 K or at room temperature [85]. Incidentally, it has also been
observed that the polarization field reduces the depletion region in AlGaN layer because of
which gate leakage current increases. Thus, the gate tunnelling current can be decreased by
increasing depletion region in AlGaN barrier layer [85]. The proposed structure in this thesis
has a lower polarization. Hence, it does not reduce the depletion region width in the manner

RG HEMT does. It can be observed from Table [5.1], that the space charge decreases in our

Table 5.1: Space charge in the AlGaN layer.

Parameter RG dr2 drs dr’7
Space Charge (10* pm~') -1.1631 -1.1105 -1.0992 -1.0833

proposed structure, thus, implying a larger depletion width in the AlGaN layer and lowering
the leakage current in filleted gate HEMT as compared to RG HEMT. Therefore, the filleted
gate HEMT exhibits low gate leakage current (see Fig. [5.5 (b)). The leakage current for
dr7 and RG HEMTs are 4.1 x 107®A/mm and 1.03 x 107%A/mm, respectively. Another
mechanism that affects gate leakage is the Poole-Frenkel (PF) emission. It is dependent on
the applied field and temperature of the device. The PF emission depends on the square
root of applied field [94] and is lower in a structure which has a low electric field. Therefore,
the proposed device has a lower gate leakage current due to various advantages explained

above.

5.4 Summary

A hot electron is generally formed due to the presence of high electric field and the
degradation mechanism caused by it is mostly very active in the semi ON state of the device.
It has been found that filleting of the gate helps in controlling electric field by diffusing it
at the gate edge. This approach has shown that its benefits are significant and the gate

leakage reduces by two orders of magnitude. The electrons having high eTemperature also
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5.4 Summary

decreases in the OFF state by adopting a filleted gate approach. As the density of hot
electrons reduces, the number of trapping events as well as the leakage current decreases.

This also lowers the rate of hot electron promoted degradation.

TH-2694

H=
W
[0}
H=
]
)%
[»]
&
S

79



TH-2694

5. Hot Electron Related Issues in HEMTSs

[T
W
[0p]
H=
]
)%
[»]
&
S

80



Limiting Self Heating in HEMT's

Contents
6.1 The Heating Effect . ... .. ... ... ... ..., 83
6.2 Self-Heating Related Degradation . .. ... ...........
6.3 Solutions to the Heating Problem ... .............. 88
6.4 Gate Filleting for Self-Heating Reduction . ... ... ... .. 89
6.5 Heat Extraction Through Elevated Substrate Pillar. . . . . . . 92
6.6 SUMIMATY . . . v v v v v vttt e e e e e e e e e e e e e

TH-2694_136102024
81



TH-2694

6. Limiting Self Heating in HEMTs

Self-heating arises in a semiconductor device due to Joule heating effect caused by the current
flowing in it. In a MOS chip, the temperature rise is attributed to the high transistor density,
whereas, in the power devices, it is primarily due to high current density. Owing to the high
electron mobility, saturation currents in GaN-HEMTSs can reach as high as 1.9 A/mm [95]
and 2.3 A/mm [96]. At such high currents, there is a significant Joule heating effect in
the transistor [97]. Power densities in an AlGaN/GaN HEMTs can be unusually high due
to the simultaneous presence of high currents and high voltages. Thermal management is
an important aspect, irrespective of the size of the transistor to enhance its life. The heat

generated in a semiconductor can be classically expressed as,
- (6.1)

where, J and E are, respectively, the local current density and electric field. Gallium Nitride
High Electron Mobility transistors have emerged as a promising alternative to Silicon based
transistors in the past two decades, especially in the field of power [98] and RF electronics [99],
because of its high saturation currents and high breakdown voltage [100]. As we know that
with any new technology in its infancy, the HEMTs as well, suffers from critical problems
such as current collapse [101}/102], self-heating [56,/57,97,103-105], failure due to CPE [17,
28,/46], etc. A device progresses into degradation, mainly because of temperature and the
simultaneous presence of an electric field further accelerates the degradation mechanism. It
is also reported that some of the degradation mechanism observed are unique to GaN [106].
Self-heating alters electric field near the gate edge on the drain side, and this accelerates
electrons from the channel towards the surface states of the device [107]. Therefore, to
understand and determine the reliability of a GaN-HEMT, channel temperature plays a
crucial role [34]. These challenges are critical and need to be addressed so that GaN-HEMT's

could revolutionize the power and RF' electronics industry.
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6.1 The Heating Effect

Joule heating occurs in a GaN-HEMT as a very high saturation current flows in its
channel [97]. Although Gallium Nitride has a higher thermal stability as compared to Silicon
[108], the heating causes mobility of the electrons in 2DEG to drop which results in the
reduction of current [96,/109]. This hinders prolonged use of GaN-HEMTs. A detailed
analysis of the heating effect reveals that the temperature rise is concentrated at the drain
side of the gate edge where the formation of thermal hot-spot is found [3]. The self-heating
contours portraying the temperature variations are illustrated in Fig. where it can be
observed that the temperature increases at the gate edge on the drain side and the maximum
temperature, as high as 900 °C [74], can reach. The temperature rise in the device can be
seen as a linear function of the drain source voltage, (Vpg) which decreases the current

obtained from the negative slope of I-V curve.
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Figure 6.1: Contour diagram exhibiting distribution of temperature in Kelvin for GaN-HEMTs
on Silicon Carbide for various substrate lengths: (a) for 50 pm and (b) for 3 mm. An isothermal
boundary condition is maintained at the bottom of the substrate. The biasing conditions are Vpg
=50 Vand Vg =0V [3].

6.1.1 Modelling Heat Flow and Carrier Transport

In any semiconductor TCAD simulator, a set of well-defined semiconductor equations
are analyzed, which are Poisson, Current and Continuity equations. These equations are

iteratively solved to obtain the desired device characteristics. The carrier transport in the
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device is governed by current density equations [69] and is described by Eq. and [6.3]

on
- Jn = qRuetn — 6.2
\% qLinet,n + 4 BN (6.2)
0
-V Jp = anet,p + q8_€ (63)

where, J,, and J, represent carrier current densities and, R, , and R, , represent carrier
recombination rates. Depending on the model used, the method of computing J,, and J,
varies. In the standard drift-diffusion model, J,, and J, are computed according to Egs.
and [6.5]

Jp = pn(nVEg — 1.5nkTV Inm,,) + D, (Vn —nVIn~,) (6.4)

Jp = 1,(pVEy + 1L.5pkTV Inm,) — D,(Vp — pVinry,) (6.5)

The first term in the above equations include combined effect of contributions due to variation
in the bandgap, electrostatic potential and electron affinity in the space. The rest of the
terms describe contribution due to spatial variation of the effective masses (m,,, m,) and
the concentration gradient of carriers. The D,, and D, are given by Einstein’s relation for

mobilities, where D,, = kT'u,,, D, = kT, v, and -, for Fermi statistics are defined as,

. n EC’ — EF,n

Y = No exp ( T ) (6.6)
o p EF,p - EV

Tp = Ny exp <—kT > (6.7)

where, k is the Boltzmann’s constant; 7" is the temperature; Ec and Ey are conduction
and valence band edge; No and Ny are the conduction and valence band effective density
of states; Er, and Ep, are quasi-Fermi energies for electrons and holes; n and p are the

electron and hole concentrations, respectively. When Einstein’s relation satisfies, the current

equations (Eq. and can be reduced to Eqs. and .

Jp, = —nqu, Vo, (6.8)

Jp = =pqpp Ve, (6.9)
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Here, ®,, and ®, represent electron and hole quasi-fermi potentials, respectively. The drift-
diffusion model is solved by assuming an isothermal condition, hence, it does not evaluate

temperature distribution in the device.

6.1.2 Thermodynamic model

In the thermodynamic model of carrier transport [69], the current density equations are

solved considering temperature gradient as expressed in Egs. and

Jn = —nqu,(V®, + P,VT) (6.10)
Jp = =papp(V®, + P,VT) (6.11)

Here, P, and P, are absolute thermoelectric powers of the carriers and 7 represents lattice
temperature. The temperature is estimated by using equations for lattice temperature which

are expressed in Eq.

9 (e1T) =V - (ks VT)=—

m [(PT + @p)Jn + (BT + ®p)Jp)

1

1 3
_a <_EV -+ §kT) (—V 0 Jp - anet,p)

+RwGePt (6.12)

Here, k,; is the thermal conductivity; ¢z, is the lattice heat capacity; Ec and Ey are con-
duction and valence band energies, respectively, and G is the optical generation rate due
to photons. The RHS of Eq. is equal to the total heat, H. If a stationary case is

considered, the second and the third terms can be ignored, and Eq. can be expressed

as Eq.
H=-V-[(P,T+®,)J, + (P,T+ ®,).J,] + hwG» (6.13)

The coupled solution of lattice temperature with current density equations manifests a more
realistic lattice temperature distribution and a carrier transport model that incorporates

device self-heating.
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6.2 Self-Heating Related Degradation

The degradation mechanisms in AlIGaN/GaN HEMTSs are thermally initiated and accel-
erated [58]. At a high drain bias, due to high temperature and accumulation of heat, the
electron wavefunction starts spreading into AlGaN barrier, which causes scattering [110].
Thermal stress arises in AlGaN and GaN layers as heat diffuses to other areas of HEMT
from the hot-spot region [111]. The degradation mechanism is of diffusive nature as the
generation and evolution of degradation follows a square law dependence with time [112].
It has been reported that devices which are subjected to a long duration high temperature
operation test, exhibit degradation that is initiated by CPE and further accelerated by high
temperature. The primary location of this degradation is at the gate edge on the drain side.
This led to the reduction of drain current as well as transconductance because of the trapping
in gate drain access region [113]. The degradation caused by trapping does not fade away on
its own and detrapping does not happen even after months of inactivity, which implies that
the degradation becomes permanent. However, in this case, the Schottky contacts exhibits
an increase in barrier height [114]. As we know, the key test process for understanding
degradation in an AlGaN/GaN HEMT is through DC stress test, which is conducted at high
operational temperatures. The DC stress test at various temperature has a consistent drift
behaviour (in device characteristics); that’s why it facilitates easy determination of failure
mechanism. It is reported by Singhal et al., that those devices which operate at a higher
temperature have a higher drift (reduction) in drain current for a fixed operational lifetime
of 20 years and an exponential decrease in the mean time to failure. There is a degrada-
tion of an interfacial layer in the gate contact region resulting in an increase in Schottky
barrier height, which leads to increase threshold voltage and decrease drain current [56]. It
is worth noting that the self-heat has a major impact on the gate contact and leads to its
permanent degradation. The Schottky gate in an AlGaN/GaN HEMT, is formed by using
a metal stack of Ni/Au. At high temperatures, an interdiffusion of the metal stack has

been reported [56,57,103-105]. It is observed that Gold tends to migrate to AlGaN surface
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through gate edges having a stress voltage of Vpg = 50 V with wafer backside temperature

held at 100 °C |57]. The outcome of this migration increases gate leakage current. An

Table 6.1: Properties of Nickel Silicides. The reaction consumption shows amounts of metal and
Silicon employed to create a 100 nm thick layer of Silicide [7].

Resistivity at 298 K Reaction

Silicide (Q-cm) Consumption (nm)
Metal Silicon
NiSi 15 49.8 91.0
NiSiy 45 27.7 101.2

anomaly that needs to be pointed here is that, even though the work function of both Gold
(5.1 eV) and Nickel (5.15 e€V) are almost the same, there is still an increase in gate leakage
current in the HEMT [57]. It has also been reported that the Ohmic contacts on the source
and drain (Ti/Al/Ni/Au) are fairly stable, whereas, for the Schottky contact (Ni/Au) the
barrier height increases due to the thermal storage at 400 °C for 48 hours [103]. In all
the studies carried so far, Gold migration is held responsible for the degradation of gate’s
Schottky contacts. Another aspect of the degradation is the reaction between Silicon of SiN
passivation and Nickel of the Schottky metal stack. The reaction of Silicon with metal forms
a Silicide, and there are various phases of it. Some phases have been reported to have low
contact resistance. Such reaction may increase the contact resistance, if a high resistivity
phase is formed. It can be seen in Table that Silicon reacts with Nickel to form Silicides
having different resistivity, and there is a consumption of Silicon in the process. Table
represents data for reaction of Nickel with Silicon, but similar justification may be provided
for SiN passivation layer as it contains Silicon. When a commercially available AlGaN/GaN
HEMT on Si is subjected to 700 hours RF test at a channel temperature of 300 °C and Vpg
= 45 V, Gold migration is observed leading to 6% drop in average drain current, decrease
of 10% in the output power and an increment of 150% in the gate current [105]. To stop
the reaction between Silicon of Nitride passivation and Nickel of gate stack, a Nickel Oxide

(NiO) barrier layer is used on the sidewalls of Nitride layers [115].
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6.3 Solutions to the Heating Problem

A number of effective solutions to tackle self-heating problem have been proposed in
literature. Heat sink layers made up of good thermal conductors, such as nanocrystalline
Diamond have been used effectively in the device to remove the heat [116]. An exterior heat
sink over the entire chip is used in [117] to mitigate the channel temperature. A quilt like
Garphene layer is deposited over an entire transistor [118] to control device temperature.
Proper substrate selection for heat removal is the most reliable and long practiced approach.
Substrate selection for GaN-HEMT is primarily based on the requirement to handle power
and breakdown voltage. For low end low cost systems, Silicon can be an attractive choice,
but devices using it as substrate suffer from early breakdown. For higher power dissipation,
the substrate has to have higher thermal conductivity to enhance heat extraction, hence,
incorporating higher thermal conductivity substrate becomes an indispensable requirement.
The growth of the composite device heterostructure is a challenging task and the stack
needs to be grown keeping in mind the lattice mismatch. Lattice mismatch creates addi-
tional strain at substrate-GaN interface even after using a stress relieving layer. Table [6.2
lists lattice mismatch, thermal conductivity and coefficient of linear thermal expansion of
popular materials employed in the thermal management of GaN-HEMT. For device appli-
cations, nanocrystalline (NC) Diamond is used as heat spreaders. These NC Diamond are
highly disordered and very defective along with having a large lattice mismatch with GaN.
Diamond integration has been found to be challenging as large defect density is formed dur-
ing the integration process, and in some cases amorphous regions have been found to exist
at GaN/Diamond interface [§].

As a whole, even though Diamond offers a high thermal conductivity which is an essential
requirement for high performance HEMTs, its fabrication is not straight forward. For the
integration with Diamond, an additional adhesion layer is required, but this adhesion layer
is highly disordered and introduces an additional thermal resistance. Two approaches to

reduce self-heating are presented in this thesis: (i) gate filleting and (ii) elevated Silicon
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Table 6.2: Lattice mismatch and thermal conductivity of popular substrates and materials [4-6,

8111
Substrate/ Lattice Mismatch Thermal Conductivity C’I(‘)lffr:rr(l)le]JEilif)ir
Material with GaN (%) (Wm_lK_l) (10_6K_1)
Sapphire 13 50 7.5
Silicon 17 150 3.59
Silicon Carbide 3.4 490 4.2
Diamond 11 2000 0.8
Copper - 391 16.76
Aluminium Nitride 1 200 4.2
Gallium Nitride - 210 5.6

Carbide substrate pillar.

6.4 Gate Filleting for Self-Heating Reduction

The work done in this thesis employs a filleted gate to cut the intensity of electric field,
thus, reducing self-heating at the gate edge. Heat concentrates towards the gate edge on the
drain side due to the presence of a high electric field. It can be either lowered by reducing the
conduction current or by tailoring the electric field so that the local heat generated around
strategically important areas subside. Due to gate filleting, the electrons diffuse because of
the electric field diffusion. This reduces peak electric field at the gate edge, and it is found
that the peak electric field shifts from the gate edge towards the GaN bulk. A reduction
of temperature at the gate edge as well as a decrease in the high temperature region are
observed due to filleting. For the devices studied in this thesis, the self-heating contours
exhibiting temperature variations are depicted in Fig. The reduced temperature at
gate/AlGaN interface enhances life of the Schottky gate. Table exhibits decrease in
temperature because of simple filleting.

The temperature has an impact on device longevity and, lowering of temperature increases
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Figure 6.2: Figure illustrates variation of lattice temperature for various gate shapes. Due to
diffusing effect of the filleted gate, cross sectional area of peak lattice temperature is reduced as
well as is shifted from gate edge towards bulk. This further enhances thermal stability of the gate.
Figure (a), (b), (c) and (d) corresponds to filleting radius of 0, 0.02, 0.05 and 0.07 pm, respectively.
The measurement conditions are Vs = 0 V and Vpg = 20 V (ON State of the device operation.)
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3.1 3.1

Table 6.3: Peak lattice temperature obtained along the channel of different HEMT gate geome-
tries.

RG dr2 dr5 dr7
487.15 486.41 485.18 483.1

Parameter

Lattice Temp. (K)

its life exponentially . Hence, even a slight reduction in operating temperature can
enhance the life significantly. The proposed HEMT is expected to have a longer life as it
operates at a AT of 4 K lower than RG HEMT, even though the same power is fed to
all the devices. A plot of temperature variation along the channel is depicted in Fig

(a). The temperature rise in the device can be observed as a linear function of drain-source

voltage and decrease in the drain current can be estimated using negative slope of I-V curve
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Figure 6.3: Plot of Figure (a) exhibits lattice temperature obtained from thermal simulation of
various gate structures in the ON state obtained by Y-cut at a location of 2 nm below SiN/AlGaN
interface in AlGaN and Figure (b) illustrates the ON state drain current reduction due to self-
heating.

as shown in Fig. 6.3 (b). It is to mention that the electric field, device temperature and
converse piezoelectric field, which are the degradation promoting parameters, are no longer

high at the gate edge of the proposed filleted gate device.
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6.5 Heat Extraction Through Elevated Substrate Pil-
lar

Besides self-heating, current collapse is another critical phenomena plaguing Al1GaN/GaN
HEMTs. This happens mainly due to the formation of a virtual gate at the top of Nitride
passivation layer [92,[120H124]. A thermally conductive layer above passivation layer may
alter device electrostatics and promote current collapse by trapping charge at the interface of
newly deposited material. Hence, the top surface of a HEMT is critical to obtain the desired
device performance. Considering this, the work done in this thesis aims to extract heat from
the bottom of the device, thus refraining from altering the electrostatics of the top layer. A
preferable heat extraction path might be from the bottom of the device as Schottky gate
of HEMT faces reliability issue due to excessive heating at the gate edge [56}/57,[103H105].
Therefore, this thesis explores the possibility of employing an extended substrate pillar to
extract heat from the bottom side of the device. In the past, numerical modeling using
Copper plug [62] and a device with a Copper plug [63] have been reported.

Metals have a high linear thermal expansion coefficient and, the volumetric expansion
coefficient is approximately three times than that of linear expansion coefficient (refer Table
[6.2). Additional stress may develop at higher temperatures in those devices which employs
Copper plug for heat extraction and it may have a detrimental effect on the devices in
a long run. Silicon Carbide has higher thermal conductivity as well as lower coefficient
of thermal expansion as compared to Copper. Another advantage of SiC is that it has
anisotropy in thermal conductivity (side walls have higher thermal conductivity as compared
to top surface). The defect density in SiC is lower in the perpendicular plane (sidewalls) as
compared to inplane [125]. The idea behind the proposed work is to use an elevated pillar
like structure to tap hot phonons which are in large numbers in the active hot-spot region
after their mean free path to avoid reflection at GaN/SiC interface. These phonons have a
range of mean free path (MFP) as they do not obey gray approximation. It is also reported

that the majority of heat is contained in the phonons having longer MFP [8,|126], whereas,

[T
W
[0}
H=
[(m]
N
(=]
o
S

92



6.5 Heat Extraction Through Elevated Substrate Pillar

conventional flat SiC substrate does not utilize anisotropy in the heat flow.

6.5.1 Proposed Device Structure

A HEMT with an elevated SiC substrate pillar is shown in Fig. [6.4, Dimensions of the
device structure, the associated materials and their thickness are illustrated in this figure
as well. The substrate pillar length, L was fixed at 2 um and the height, H was taken as
1.5 and 2 pm. A standard HEMT structure having the same dimensions, but with a planar
substrate is employed for the comparison. Thermal simulations are performed on both the

structures to observe the difference in channel temperatures.

. Ls¢=1t.5pum , Lg=1.5pm L Lgp =3 um K
[ 0N I "
o G Nitride (50 nm)
S AlGaN (20 nm) D
GaN (3 pm)
X
= e
=]
< r
=
— SiC
Y Pillar
«— X=0 H
SiC Substrate (100 nm)

Figure 6.4: Schematic of an AlGaN/GaN HEMT structure, showing the elevated Silicon Carbide
substrate pillar. The pillar is located midway below the gate edge towards the drain side.
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6.5.2 Observations

Devices having an elevated substrate pillar has a lower channel temperature as compared
to standard structure with planar substrate having same bias conditions. The simulation is
performed by keeping gate voltage, (Vgs) constant at 0 V and the drain voltage (Vpg) is
ramped from 0 V to 20 V. The self-heating map for the temperature variation is illustrated
in Fig. [6.5] A cutline is taken in the middle of AlGaN layer (10 nm below AlGaN/gate
interface) to observe the lattice temperature and it is found that there is a reduction in the
temperature in HEMTs by using an elevated substrate pillar as presented in Table [6.4] It is
originated that an increase in substrate pillar height increases lattice heat flux as shown in
Fig. [6.60l The temperature rise in the device causes drain current to drop due to decrease
in mobility because of self-heating which is illustrated in Fig. (a). The same figure also
exhibits that the device having lowest channel temperature has a marginally higher drain
current. It can be observed that for a device having pillar dimensions of L = 2 ym and H =
2 pum, the operational temperature is lowered by 19 K as compared to the planar substrate
HEMT. Figure (b) presents lattice heat flux obtained by taking an X-cut which passes
through the substrate pillar. The device temperature is shown in (c) and it is obtained
by observing a Y-cut at 10 nm below AlGaN/gate interface. It can also be stated that the
channel temperature reduces with an increase in the pillar height from 1.5 to 2 um. To
observe the temperature along the pillar, a X-cut is taken at the gate edge.

Table 6.4: A comparison of lattice temperature and heat flux for planar and elevated pillar
substrates.

Lattice Temp. Lattice Heat Flux

Substrate (K) N 106(W/cm_2)

Planar substrate HEMT 442 3.35

Elevated (L=2 pum, H=1.5 um) 430 3.51

Elevated (L=2 pm, H=2 pum) 423 3.55
136102024
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2.8 3 32 34 36 38

Figure 6.5: Variation of thermal map of the HEMT with an introduction of SiC substrate pillar.
The plot of Figure (a) is a regular HEMT without substrate pillar. Figure (b) has a substrate pillar
of W=2 um, H=1.5 um, whereas, Figure (c) has a pillar dimension of W=2 pym, H=2 um. The
bias conditions are Vpg = 20 V and Vgg = 0 V.
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Figure 6.6: Lattice heat flux in various HEMT structures. In Figure (a), the substrate pillar is
not employed, whereas, in Figure (b) and (c), introduction of substrate pillar enhances lattice heat

flux resulting in reduction of lattice temperature at the gate edge. The bias conditions are Vpg =

20 Vand Vgg =0 V.
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Figure 6.7: Electrical and various physical characteristics for the proposed (substrate pillar) and
standard device structures showing, (a) Current Voltage characteristics, (b) X-cut (at the right
gate edge) exhibiting lattice heat flux, (c) Y-cut (at middle of AlGaN layer) presenting lattice
temperature due to self-heating along the channel and (d) X-cut at right gate edge depicting
variations in lattice temperature from top to bottom of the device. The bias conditions are Vpg =
20 Vand Vgg =0 V.
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It is found that increase in the pillar height decreases junction temperature as illustrated
in Fig. (d). Fall in device temperature has several benefits which have been described
earlier.

There seems no direct way of getting such a pillar below the gate. Even etching SiC is
a challenging task, and getting pillars of height 1.5 or 2 um m is difficult. The growth of
composite GaN layer above an etched SiC with pillars is also a tough task as non-planarities
and other associated issues will creep in as the pillar height is significant. Sung et al. have
demonstrated vertical etch into SiC wafer ( of size 35 ym width and 98.2 yum ) and beveled
etch ( of 70 degrees ) in SiC using a mixture of gas plasma with an etch rate of 3050 A /min
using the gas ratio of SFys/(SFs + Oz) = 82 % [127]. Even if such a pillar is created, depo-
sition of GaN-HEMT composite layer would create non-planarities.

Device concept using Copper plugs for heat extraction have been demonstrated in the
past [63]. Since, Copper has higher thermal expansion, at high temperature, its expan-
sion may create strain in the vicinity of the Copper plug. Silicon Carbide has higher thermal
conductivity as well as low thermal expansion as compared to Copper, hence, this work was
targeted. Melting point of GaN is 2773 K [128|, whereas that of SiC is 3103 K [129], even
depositing SiC in the plug is impossible as GaN would melt by then. At this point there is

no clear technology that can help in fabricating such a structure.

6.6 Summary

The high electric field at HEMT gate edge is known to introduce a significant self-heating
in AlIGaN barrier layer. During high power operation, there is a localized increase in the crys-
tal temperature due to the dissipated Joule electric power. Self-heating creates a hot-spot
which leads to the degradation of device performance. Many practical solutions, for exam-
ple, an introduction of new materials to extract heat from hot-spots or innovative cooling
techniques have been suggested. It has been shown in this thesis that the gate shaping and

an elevated substrate pillar could reduce the temperature in GaN-HEMTs. Gate shaping
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6.6 Summary

diffuses electric field, hence, the peak electric field at the gate edge decreases. The filleting
reduces electron crowding at the gate edge, which aids in trimming self-heating. The peak
temperature decreases with an increase in filleting radius and the proposed device operates
at a temperature 4 K lower than the peak temperature of RG HEMT. Also, with the intro-
duction of elevated substrate pillar, channel temperature falls. The height of the pillar plays
a significant role in extracting heat from the channel by providing a high thermal conduc-
tivity path through Silicon Carbide substrate, and in this case, the temperature reduces by
19 K as compared to conventional Planar substrate HEMT. This reduction in temperature
is healthy for Schottky contacts which has issues regarding its stability due to self-heating.
This fall in temperature also discourages other degradation mechanism that work in tandem
with self-heating related degradation. It is expected that, if all the issues associated with

GaN-HEMT'Ss are resolved, it is poised to dominate the power electronics sector.
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7. Summary and Conclusions

7.1 Summary of the Observations

We present a brief summary of the proposed research work and its future direction. As

we know, the space is the next frontier and role of high power devices in this domain cannot

be ignored any further. The summary presented below is an endeavour in that direction so

that efficient high power devices could be developed and suitable materials could be explored

to improvise efficiency of the power devices.

e One of the critical reliability issues in AlGaN/GaN HEMTS is the generation of CPE

strain in AlGaN barrier layer, which is initiated by the strong electric field under the
gate. The electric field is tailored by employing gate shaping, which is the key to
reduce peak local electric field by diffusing it. However, when field plate is also added
to FG HEMT, the electric field decreases further. Locally, electric field at the gate
edge on the drain side for FGdr7 is about 44% lower as compared to RG HEMT
and CPE reduces in the same proportion. The electric field in FGdr7 and FGF Pdr7
is lowered by 30% and 38%, respectively as compared to RGFP. Incorporating FP
in a RG HEMT reduces local peak electric field at the gate edge, however, the field
is still higher as compared to F'Gdr7. The electric field for the FP HEMTs varies
slowly over the FP length and peaks at the end of FP (secondary peak). However, for
FGdr7T HEMT without FP, the peak local electric field at the gate edge is lower and

the secondary peak is absent as well.

The hot electrons contribute to the degradation of HEMTs and affect gate leakage
current as well. Since the electric field could be moderated using gate filleting, the
electron temperature is also controlled within the acceptable operating limits. The
cross section area of high electron temperature region also decreases and this very
region is also pushed towards GaN bulk. It causes reduction in siphoning of electrons
to the gate, and lowering of the gate leakage current by two orders of magnitude in

the proposed device structure than the conventional HEMT.
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7.2 Proposed Future Work

e The high electric field at HEMT gate edge is known to introduce a significant self-
heating in AlGaN barrier layer. The application of gate shaping and an elevated sub-
strate pillar is an attempt presented in this thesis, meant to mitigate self-heating issues
in GaN-HEMTs. Filleting helps in the reduction of self-heating. We have achieved
a lower temperature of 4 K in the filleted gate HEMT, which not only improves
gate/AlGaN Schottky interface but also increases device lifetime. A SiC substrate
pillar further improves heat extraction from an active junction region by enabling a
high thermal conductivity path. In addition to that, low linear thermal expansion
coefficient of SiC provides an advantage by generating no additional strain in GaN
buffer with an increase in the operational temperature.lt is found that the HEMT
with substrate pillar functions at 19 K lower temperature than the standard HEMT

with a planar substrate which increases drain current as well.

Therefore, it may be concluded that a GaN-HEMT with filleted gate and an elevated
structure makes it a suitable candidate for high power industry. It is to mention that the
further research in this area for increasing operations at high frequency would enable scientific

community to improve efficiency of many essential high power applications manifolds.

7.2 Proposed Future Work

Having explored the filleted gate single finger device, it is anticipated that investigating
effects of filleted gate on the performance of the multi-finger devices would be a promising
direction of research and technology development. Use of alternate dielectric material to
tailor the electric field can also be investigated. A similar approach of shaping source and

drain contacts can also be explored.
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