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SUMMARY

Field effect transistors (FETS) are the building blocks of both analog and digital
circuits. Silicon is the most widely used semiconductor, but introduction of novel semi-
conducting materials with their unique material properties has opened the avenues for
significant improvement in many electronic systems. For example, gallium oxide, with its
ultra-wide bandgap, can help achieve higher breakdown voltages and switching efficiency,
which make it a promising candidate for next generation of RF and power electronics.
Similarly, the carbon nanotubes (CNTs) with their superior electrical, thermal, and
mechanical properties can help build low-power, transparent, flexible and wearable
electronics. This work aims to study the transport characteristics of gallium oxide FETSs
and CNT network-based FETs to explore the unique challenges and/or opportunities for

future applications.

First, the transport characteristics of a random CNT network-based FET has been
investigated using a drift-diffusion model. The unique property of randomness of the
networks has been used to develop physically unclonable functions (PUFs). PUFs can
enable a hardware based cryptographic technique to prevent unauthorized access of
electronics devices. CNT-FETs based PUFs offer new security primitives that can be
compatible with the various substrates of the next generation of flexible electronic devices.
A new multi-gated CNT-FET design has been proposed, which can further enhance

randomness and security of the PUF.

In addition, this work has investigated the electro-thermal transport in B-Ga20O3

based FETs using a combination of modeling and metrology techniques. Low thermal

XXi



conductivity of B-Ga20s3 leads to self-heating in its FETs and heat dissipation poses a
significant challenge for viability of these devices. Accurate prediction of the electrical and
thermal characteristics of these devices is needed for efficient thermal management and
device design. A thermodynamic carrier transport device model and 3-D diffusive transport
model have been developed to investigate the transport characteristics of these FETS.
Ultrafast thermal imaging of the FETs has been performed using a thermoreflectance
system to understand the temperature rise at short time scales at different operating
voltages. The device level passive thermal management techniques has also been
investigated. Boltzmann Transport Equation (BTE) based model has been used to
understand the effect of ballistic-diffusive transport and complex phonon-phonon energy

exchange mechanisms on thermal transport characteristics of f-Ga2Os thin films and FETSs.

XXii



CHAPTER 1. INTRODUCTION

Electronics has revolutionized the modern society. It is omnipresent. Semiconductors
have played a major role in development of electronics. Several types of semiconductor
devices are basic building blocks of various electronic circuits. Field effect transistors
(FETSs) are the most common type of semiconductor devices present in both digital and
analog circuits. They are used for electronic switching, signal amplification, power control,

radio frequency applications, etc.

Gate

Semiconductor

channel \

Source Drain

Figure 1.1 A schematic of a Field Effect Transistor (FET).

A schematic of a FET is shown Figure 1.1. FET is a type of transistor in which an
electric field is used to control the flow of current in a semiconductor channel. A FET has
three terminals—Source, Drain and Gate. Source and Drain electrodes are connected at the
two ends of the semiconductor to form a channel for current flow between them. The Gate
electrode is placed in the proximity of channel in such a way that, by application of voltage,
it can control the current flow. The voltage applied on Gate electrode alters the electric

field and density of carriers (electrons and holes) in the channel. In this way, Gate alters



the electric conductivity and current flow of the channel. Silicon is the most widely used
semiconductor for channel material in the devices, but the development of novel semi-
conducting materials with unique material properties, has opened the avenues for further
improvement of the electronic systems. In this work, two such classes of semiconductors
are studied because of their unique electrical, thermal and/or mechanical characteristics,
which make them suitable for various next generation electronic technologies. First class
is 1-D/2-D carbon-based nanomaterials, and second class is wide bandgap materials. In the
first class, we focus on carbon nanotubes (CNTs) for their application in low-cost, high-
performance, flexible, and wearable electronics. In the second class, we focus on p-Gaz03
for their application in RF and power electronics. In the following sections, we discuss the

advantages, challenges and opportunities offered by CNT and B-Ga.O3 based devices.

1.1 CNT based Electronics

CNTs are one of the allotropes of carbon. They are long cylindrical tubes of very
high aspect ratio and made of carbon atoms arranged in hexagonal structure. CNTs can
have a single layer, known as single-wall nanotubes (SWCNTS), or multiple layers, known
as multi-wall nanotubes (MWCNTS), of carbon atoms (see Figure 1.2). Diameters of CNTs
typically vary from less than a nanometer to several tens-of-nanometers. CNT lengths can
vary from less than a nanometer to several centimeters. Due to their unique structure and
strength of carbon atom bonds, CNTs can exhibit remarkable mechanical, thermal, optical,
and electrical properties. CNTs possess exceptional flexibility and elasticity under large
strain and bending. The Young’s modulus and tensile strength of CNTs are reported to be
around 1 TPa and 100 GPa, respectively [1]. Thermal conductivities of SWCNTs and

MWCNTs are measured to be as high as 3500 W/m?K [2] and 3000 W/m?K [3],



respectively. The orientation of hexagonal structure of a CNT layer with respect to tube
axis, which is known as chirality, render the layer metallic or semiconducting [4].
MWCNTSs are usually metallic, whereas SWCNTs can be metallic or semiconducting.
Semiconducting SWCNTSs can have charge-carrier mobility as high as 100,000 cm?/Vs [5].
The mechanical, thermal, and electrical properties of semiconducting SWCNTSs are
extraordinary and significantly better than those of silicon. Thus, semiconducting
SWCNTs (hereafter referred to as CNTs) are promising candidate to be used as channel
material in transistors and have potential to surpass silicon in performance and utility in

several areas of application.

(a) Single-walled CNT (b)  Multi-walled CNT

Figure 1.2 Structure of (a) a single-walled carbon nanotube and (b) a multi-walled
carbon nanotube. Reprinted from [6]. Copyright (2010), with permission from
Elsevier.

In the past, CNTs were only used as a bulk material in batteries, automotive parts,
coating, etc. for their mechanical properties. However, in recent years, CNTs have been
extensively studied for application in beyond Si based complementary metal-oxide-

semiconductor (CMOS) electronics, flexible and transparent devices, RF electronics,



sensors, displays, light-emitting devices, thermal interface material, etc. The usage of
CNTs as a channel material in transistors is one of the most exciting areas of application.
One major advantage of CNTs over other potential next generation electronics technology
is that it is compatible with existing FET architecture. So far, the continued dimensional
downscaling has led to tremendous improvements in Si based micro/ nano- electronics. But
this approach has reached close to its full potential. Therefore, due to their exceptionally
high current carrying densities and mobilities, CNTs are considered as a potential
replacement for Si in next generation micro/nano-electronics. First transistor based on a
single CNT was demonstrated in 1998 [7]. Since then, normalized current density of 2.41
mA/um [8] and field effect mobility of 79,000 cm?/Vs in single CNT transistors have been
achieved, which are significantly higher than Si devices [5]. Even though single CNT based
devices have shown significant improvement in performance over Si devices, these devices
may not be a viable technology at production scale, at least in the near future. This is due
to poor device-to-device reproducibility, which can be attributed to inability to control
CNT orientation, diameter, spatial locations etc., to synthesize electronically homogeneous

CNTs [4, 9].

On the other hand, FETs with thin films of CNT networks are easy to fabricate and
have less performance variability compared to individual CNT FETSs [4, 9]. CNT films are
optically transparent, bendable and can withstand large strains [10]. They are compatible
with flexible substrates [11]. These properties make them an attractive candidate for
flexible/stretchable and transparent electronics. In fact, various studies have already
demonstrated the application of CNT thin films in flexible/stretchable electronic devices,

such as integrated circuits [12], sensors [13], displays [14], etc. CNT network based thin



film transistors (TFTs) are believed to be the most viable and realistic application of CNTs
in electronics in the near future [4, 9]. TFTs are a key component of macroelectronics,
flexible/stretchable and optically transparent systems. They are widely used in display
backplanes, flexible integrated circuits, and sensors [15]. Amorphous silicon (a-Si),
polycrystalline silicon and organic semiconductors are the most widely used TFT channel

materials. a-Si is the most mature TFT channel material, but it suffers from low mobility
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Figure 1.3 Flexible thin-film transistors and integrated circuits using
semiconducting carbon nanotube networks. (a) Schematic diagram of a local gated
nanotube TFT on a flexible substrate. (b) AFM image showing the channel of the
flexible nanotube TFT, which consists of random networks of semiconducting
carbon nanotubes. (¢) Photograph of a flexible nanotube circuit with a size of ~2.5 x
3 cm?. (d, e) Photographs showing the extreme bendability of the flexible nanotube
circuits, where the samples are being rolled onto a test tube with a diameter of 10
mm (d), and a metal rod with a diameter of 2.5 mm (e). Reprinted with permission
from [10]. Copyright (2012) American Chemical Society.



(~ 1 cm?/Vs) [16, 17]. Both a-Si and polysilicon have poor transparency and flexibility.
On the other hand, organic TFTs have excellent flexibility and low-cost fabrication but
their device performance is poor (mobility ~ 1 cm?/Vs) [16]. CNT films have achieved
much higher carrier mobilities (~ 100 cm?/Vs), better flexibility and transparency, and
better stability in the air [18-20]. In addition, these films can be deposited at low
temperatures, which makes them compatible with low-cost, flexible plastic substrates [12,
19]. Another promising feature of CNT TFTs is that they can be produced in large volumes
and at low-cost using printing processes [11]. Inkjet printing has been widely used to
produce the CNT TFTs based integrated circuits [21, 22]. Thus, CNT films can overcome
all the major challenges in producing low-cost, high-performance flexible and macro
electronics. Overall, we can say that, in the short term, CNTs are better suited to be high
performance and low-cost replacement of organic semiconductors and a-Si in flexible
devices and macroelectronics rather than to be a replacement of Si in micro/nano-

electronics.

1.2 Ultra-wide Bandgap Semiconductor: p-Ga203

Wide bandgap (WBG) semiconductors refer to the semiconductors with a
significantly wider bandgap (usually > 3 eV) than the conventional semiconductors such
as Si (1.12 eV). The WBG material-based devices can operate at higher voltages,
temperatures, and frequencies. These capabilities make the WBG semiconductor devices
more efficient, faster, and smaller compared to the Si based counterparts for power and RF
electronics applications [23]. The major areas of application of WBG power devices are

automotive, transportation, consumer electronics, energy storage and distribution as



illustrated in Figure 1.4 [24]. The RF devices are mainly used in radars, wireless

communication, and connectivity systems, etc. [25].
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Figure 1.4 Major application areas of WBG power devices in a plot of the
power vs voltage operation range. Reprinted from [24]. Copyright (2010), with
permission from Elsevier.

The key advantage of WBG materials is that the wider bandgap help achieve the
higher critical electric field strength [26]. The dependence of critical electric field strength
on bandgap is shown in Figure 1.5 (a). Various figures-of-merit (FOMs), which are used
to estimate the relative efficacies of different semiconductors, non-linearly scale with
critical field strength [27]. WBG semiconductors such as SiC (Eg ~ 3.25 eV) and GaN (Eg
~ 3.4 eV) have emerged as an alternative to Si based devices. But, recently, 3-Ga>O3 has

shown potential to become an even better alternative due to its ultra-wide bandgap (Eg ~
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Figure 1.5 (a) Dependence of critical electric field on bandgap and (b) theoretical
limits of on-resistance at given breakdown voltages for various materials. Reprinted
from [28], with the permission of AIP Publishing.

4.8 eV). The theoretically predicted critical electric field strength of B-Ga>03 is 8 MV/cm,
which is significantly higher than that of GaN (3 MV/cm) and SiC (2.5 MV/cm) [27, 28].
Figure 1.5 (b) shows how theoretical limits of on-resistance vary with breakdown voltage
for different semiconductors. For a given on-resistance, -Ga>O3 devices can achieve larger
breakdown voltage compared to Si, SiC and GaN. Additionally, bulk crystals of GaN and
SiC produced using vapor growth techniques whereas large wafers of B-Ga>Os can be
produced using melt growth techniques, which give it cost advantage over GaN and SiC

[26].

Gaz03 forms several different polymorphs such as the rhombohedral (), monoclinic (B),
defective spinel (y), cubic (8), or orthorhombic (g) structures. 3-Ga>Oz is the most stable
among these polymorphs under normal conditions [26, 29]. It is the only polymorph which
remains stable though the entire temperature ranges up to its melting point. So, bulk single
crystals of B-Ga>O3 can be grown using high temperature processes such as melt growth

techniques due to its thermal stability [26]. Its availability and thermal stability make it



the most studied polymorph of Ga;0s. The crystal structure of B-Ga>Os is base-centered
monoclinic, as shown in Figure 1.6, and the space group is C2/m. Each conventional unit
cell has 4 Ga>,O3 formula units, i.e., total 20 atoms. The lattice constants are, a = 1.22 nm,
b =0.30 nm, ¢ = 0.58 nm. The monoclinic angle (B) is ~ 104° and the other two angles (a
= v) are 90° [30]. In each unit cell, there are two inequivalent gallium atom sites (Ga(l),
Ga(ll) and three inequivalent oxygen atom sites (O(I), O(Il) and O(lll)). There are two
types of coordination for Ga ions—tetrahedral and octahedral. The Ga(l) ions are located
at tetrahedral sites and surrounded by 4 oxygen atoms. The Ga(ll) ions are located at

octahedral sites and surrounded by 6 oxygen atoms. The O(1) and O(l1) ions are surrounded

Lattice constant:
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Figure 1.6 p-Gaz20s crystal structure reproduced from [30]. © IOP Publishing.
Reproduced with permission. All rights reserved.



by 3 gallium atoms, whereas the O(I11) ions are surrounded by four gallium atoms [26, 30,
31]. This has important implication on material properties. Various theoretical and

experimental studies have shown anisotropy in material properties of p-Ga.O3 [32-35].

Table 1.1 compares the key properties and figure of merits (FOMs) of p-Ga20s to
other widely used semiconductors to highlight its advantages and challenges for different
type of applications. FOMs are function of material properties such as critical electric field
(Ec), mobility (p), dielectric constant (g), saturation velocity (vs), etc. Baliga’s FOM and
Huang’s material FOM estimate dc conduction losses and dynamic switching losses [26,
27]. Higher values of these FOMs for -Ga,O3 compared to Si, SiC and GaN shows its
potential for high-power and high-frequency applications. The switching frequency (f)
varies as a function of E? at a specified power loss, thus higher critical field strength is
desirable for power conversion in GHz regime. Johnson’s FOM is a metric of power-
frequency capability for RF applications [26, 27]. The large value of electron saturation
velocity (~ 2 x 107 cm/s) enable high current density and operating frequencies. Huang’s
chip area manufacturing FOM (HCAFOM) is a metric of manufacturability and cost of
large area substrate availability [26, 27]. HCAFOM of B- Ga20s is 3 and 6 times larger
than that of SiC and GaN, respectively. However, the thermal conductivity of f-Gaz20s is
significantly lower than other semiconductors compared in Table 1.1. The high-power
density combined with low thermal conductivity leads to self-heating effects and high
temperatures in f-Ga.Oz based devices. Performance, reliability, and lifetime of the
devices are adversely affected by operating at higher temperatures. Therefore, it is
important to understand not only the electrical but also thermal characteristics of these

devices. We need to address the thermal management issues in addition of electrical issues
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to realize the ultimate potential of B-Ga203. B-Ga203 based devices have capabilities to

dramatically improve efficiency industrial processes, consumer electronics. They can

accelerate widespread use of electric vehicles and renewable energy and improve next

generation communication systems and radar technology.

Table 1.1 Comparison of important properties and FOM of 3-Ga-O3 with other
widely used semiconductors [26, 27]. The FOM are calculated relative to Si.

Si 4H-SiC GaN S-Gaz03
Band gap, Eg (eV) 1.1 3.25 3.4 4.8
Electron mobility, p (cm?Vv-is?) 1480 1000 1250 300
Breakdown field, Ec (MV/cm) 0.3 2.5 3.3 8
Dielectric constant, € 11.8 9.7 9 10
Saturation velocity, vs (107 cm/s) 1 2 2.5 1.8-2
Thermal conductivity, k (W/m K) 150 370 230 10-30
Baliga’s FOM = ¢ p E¢® 1 317 846 3214
Johnson’s FOM (Ec?vs?/4n?) 1 278 1089 2844
Huang’s material FOM (Ecu®®) 1 7 10 12
Huang’s chip area FOM (g Ec?p0-) 1 48 85 279
Huang’s thermal FOM (k/¢ Ec) 1 0.36 0.1 0.01

1.3 Outline of the Work

The aim of this work is to study the electric/thermal transport in CNT network-based

and B-Ga>0z-based FETs to FETSs to explore the unique challenges and/or opportunities for

applications in next generation electronics.
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Chapter 2 includes review of the previous work pertinent to the work done in this
thesis and summarizes the significant contributions of the current work. Chapter 3 covers
the methodology employed to achieve the objectives of this thesis. A novel design of PUF
has been proposed in the chapter 4. This design is based on CNT FETs, which is expected
to be low-cost, and compatible with flexible electronics and have significantly higher level
of entropy. A 2-D electrothermal model is developed using TCAD Sentaurus and effect of
bias conditions on Joule heat generation profile, electric field, current density, and peak
temperature is studied in chapter 5. A 3-D diffusive thermal model is developed using
Ansys Fluent to accurately predict the temperature distribution in the device in chapter-6.
The thermoreflectance imaging is used to validate the diffusive thermal model and measure
thermal characteristics such as thermal resistance, thermal time constants, etc. Phonon
transport in f-Ga20s thin films and FETSs is investigated using steady-state non-gray
Boltzmann Transport Equations (BTE) with single mode relaxation time approximation in
chapter 7. Finally, chapter 8 summarizes the work done in this thesis and scope of the future

work.

12



CHAPTER 2. BACKGROUND AND CONTRIBUTIONS OF THE

CURRENT WORK

This chapter revisits the relevant past works, which are available in the literature,
and how they motivated the work done in this dissertation. First, the importance and need
of better security primitive for future electronics is highlighted. Then the idea of CNT FET
as a security primitive is proposed and evaluated. Second, recent progress in p-Ga2Os3
devices for power and RF electronics is discussed. Then, the challenges in realizing full
potential of these device and gaps in the literature are highlighted. These challenges and

gaps serve as a motivation for the current work done on these devices.

2.1 Application of CNT Network FETs in Hardware Security

In Chapter 1, it was highlighted that CNT thin film FETs can be a low-cost, high-
performance, and scalable alternative to a-Si, polysilicon, and organic FETSs for application
in flexible/stretchable, transparent and/or wearable electronics. In this section, application
of CNT thin film transistors in hardware security is proposed and investigated. First,
challenges faced by existing cryptography techniques are highlighted. Then, a new
cryptographic technique is described. Several instances and designs, known as physically
unclonable functions (PUFs), based on this technique are discussed. Finally, the need and

advantage of CNT based PUFs, and existing CNT based PUF is discussed.

2.1.1 Challenges in Hardware Security

Usage of electronic devices has increased exponentially in the last few decades and

this is expected to further rise due to the rapid growth of Internet of Things (IoT). It has
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Figure 2.1 A Relation between information security, cryptography, physical
security, and physical roots of trust. Reprinted by permission from [36]. © Springer
Nature COPYRIGHT (2013). All rights reserved.

made transfer of data and information very fast and simple but increased the risk of privacy
and security breach. The field of cryptography deals with the development and analysis of
techniques and algorithms to achieve the goal of information and data security. There are
several cryptographic techniques to secure data, but most of the cryptographic primitives
use ‘keys’. Ideally, they should be able to generate random and unique keys as well as
securely store, retrieve, and use these keys as an input into an encryption algorithm to
encrypt the data without revealing any information about the keys. However, these tasks

are not simple. Previous studies have reported that many security systems have poor key
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generators, which make them vulnerable [37, 38]. Lenstra et al. [37] analyzed a very large
set of public keys and showed that some of those keys did not possess sufficient level of
randomness and offered little security. In addition, these keys are usually stored in a non-
volatile digital memory, e.g., Electronically Erasable Programmable Read-Only Memory
(EEPROM). The keys are stored permanently in the memory even when the device is
powered off. Thus, keeping them secure also becomes a challenge as physical, fault and
side-channel attacks (e.g., power consumption, execution time) can be used to steal the
keys [39-41]. Torrance and James [42] were able to steal security keys and encryption
algorithm from a well-secured IC. The security keys were stored in EEPROM. This work
highlights that it is possible for a competent and well-equipped adversary to breach the

security measures implemented in EEPROM to steal the security keys.

2.1.2 Physically Unclonable Functions (PUFs)

Given the drawbacks of storing the keys in non-volatile digital memory, a radical
new approach to key storage is needed. Physically Unclonable Functions (PUFs), physical
root-of-trust cryptographic primitives, are a promising new approach to overcome the
challenges associated with key storage in the digital memory. Figure 2.1 illustrates how
objective of information security is achieved using physical root-of-trust cryptographic
primitives such as PUF. The PUF concept is based on the fact that, usually on small length
scales, many physical systems cannot be replicated or cloned, even if all the parameters in
the fabrication process are constant. Each instance of the physical system is known as PUF
instance and as the name suggests, cannot be replicated due to their complex physical
properties and inherent randomness associated with small length scales. Usually, this

instance-to-instance variation is considered disadvantageous in manufacturing. For
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example, in semiconductor industry, chips and devices are designed in such a way that
small uncontrollable manufacturing variations does not affect their electronic behavior
during operation. However, PUFs turn these instance-to-instance variations into an

advantage and utilize them to generate cryptographic primitives.

Each instance of a PUF receives external stimuli (inputs), which are known as
challenges. Depending upon the PUF type, a PUF can have only one or multiple challenges
[43, 44]. A PUF which can only support one or a few challenges is called Weak PUF,
whereas a PUF which can support an extremely large number of challenges is called Strong
PUF. After receiving a challenge, a PUF generates a response (output) (see Figure 2.2). A
challenge and its corresponding response are usually referred as challenge-response pair
(CRP). A PUF acts as a black box and the response of each instance for a given challenge
will be unique and unpredictable as the physical phenomenon or parameter rendering the
response cannot be controlled to produce only a particular type of response. These different
types of responses can be associated with different bit values and multi-level (e.g., binary,
ternary) keys can be generated using multiple PUFs together to secure data from the
external attacks. Thus, PUF tackles the need of random key generation and storage

together.

There are several advantages of PUF over the digital memory based cryptographic
techniques. In the conventional digital memory storage approach, keys are permanently
stored in digital form. On the other hand, PUF-response is derived only when required and,
therefore, available in digital form for a very short span of time [44]. An additional circuit,
which is continuously powered on, is added to digital memory to prevent, and detect

tampering/stealing of the permanently stored key. It increases cost and design area [44]. In
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addition, non-volatile digital memory fabrication is expensive process. It requires
additional mask steps during manufacturing, which increases the cost of the device. Since
PUFs do not require non-volatile digital memory for key storage, they are cheaper, less
power consuming and can also be used in the systems, which do not have non-volatile
digital memory. PUFs can also be used in other applications e.g., secure RFID systems

[45], IP protection [46], device authentication [47].

Challenge Response

PUF .

Figure 2.2 A PUF acts as a black box. For a given challenge (input) and it produces
a unique and unpredictable response (output).

2.1.3 Existing PUFs

Several PUF designs have been proposed in the past that exploit electronic, optical,
magnetic and many other properties of materials. Pappu et el. [48] proposed one of the first
PUFs and called it Physical One-way Function. It was an optical PUF based on optical
microstructure, which was made up of randomly mixed microscopic refractive particles in
a transparent epoxy plate. When a laser beam is passed through this microstructure, the
beam scatters multiple times from the refractive particles and generates a random speckle
pattern. The location and polarization of the laser is considered the challenge and the
speckle pattern is considered the response. The pattern was then converted to binary key
using image processing technique known as Gabor transform. Even though optical PUF

satisfied various requirements of a PUF such as unclonability, uniqueness, unpredictability
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etc. of output, it requires large, complex, and expensive external measurement systems.
The reliability of the PUF strongly depends on some very accurate measurements. In
addition, it cannot be integrated in resource constrained systems. Since the PUFs are used
for security purposes in electronic devices, electronics based PUF design, which can be

easily integrated in an IC, are desired.

Several electronic PUFs have been proposed over last two decades. Gassend et al.
[49, 50] proposed one of the first Silicon based PUF, which was initially called Physical
Random Function but later renamed as Arbiter PUF (APUF). Manufacturing variabilities
in gate delays are the source of randomness. There are two identical signal processing
paths, but time delays are different on the two paths due to random silicon process
variations. Both signals are received by an arbiter circuit, which can determine which of
the two signals reached first and generate a binary output accordingly. Like the Optical
PUF, the APUF satisfies all the major requirements and properties of a PUF but it has been
demonstrated that APUF is susceptible to modeling attacks. To address this, several
variations of APUF with a more complex architecture, have been proposed such as XOR-
APUF, lightweight PUF and the feed forward APUF. In addition, APUF is susceptible to
environmental effects such as temperature, supply voltages, etc. If the delays in two signals
is very small, then response will not be stable and additional mechanism for bit-error

correction will be needed.

Another type of electronic PUF, known as Ring Oscillator PUF (ROPUF) is also
delay based PUF. There are several variations of ROPUF, all are based on the measurement
of random variations in oscillation frequencies of digital circuits. Like the APUF, source

of unclonable randomness in ROPUF is also the silicon process variations. Gassend et al.
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[51] proposed the very first design of ROPUF. ROPUF also uses gate delays and create an
oscillator by feeding back the delay output in the line. However, like APUF, ROPUF
response can also be affected by the environmental parameters such as temperature, input
voltage, etc. Gassend et al. [51] proposed a compensation technique to address this issue
and make the response more stable. In addition, it was also susceptible to modeling attacks
and several variants were proposed to address the shortcomings of the initial design. Suh
& Devadas [47], Maiti & Schaumont [52, 53], Maiti et al [54, 55], and Yin & Qu [56]

proposed significant improvement in ROPUF design and post-processing.

Both APUF and ROPUF exploit the random variation in the gate delays. There are
also other physical properties, which can be used to design PUFs. There is another
prominent category of electronic PUFs, which are based on the settling states of digital
memory cells. Static Random-Access Memory (SRAM) is one of the most well-known
memory based PUF. The first SRAM PUF was proposed by Guajardo et al. [46] and
simultaneously a very similar design was proposed by Holcomb et al. [57]. When a voltage
is applied to memory cells, i.e., when memory is powered on, each cell can go any of the
two possible logical states— ‘0’ and ‘1°. However, which state a particular memory cell
will store, is random and depends upon manufacturing variability. A positive feedback loop
pushes the cell into one of the states and help maintain that state as well. Thus, a random

binary key can be generated.

Besides the aforementioned PUFs and their variations, some of the other
conventional PUF designs include Magnetic PUF [58], Coating PUF [59], Bitline PUF
[60], Glitch PUF [61], Latch PUF [62], Flip-flop PUF [63], Butterfly PUF [64], current-

based PUF [65], Nonlinear current mirror based PUF [66], Buskeeper PUF [67], Bitstable
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Ring PUF [68], etc. In the past, among all the PUF types, silicon PUFs have attracted the
most interest. Because they can be easily integrated into standard digital circuits and
deployed as a security primitive faster. Almost all silicon PUFs exploit the random
manufacturing variations in physical properties but these variations follow a gaussian
distribution [69]. Therefore, most of the variations are clustered around the mean value and
the instance-to-instance variations are very small for significant number of PUF instances.
The bit generated based on the small mismatches can be easily disturbed by noise or
environmental factors such as temperature, supply voltage, etc. and lead to bit-errors. It
necessitates the implementation of bit-error correction mechanism and post-processing to
reduce the bit-error rate. The additional data-processing increases the silicon area and cost.
In addition, for many applications, we may be moving from conventional silicon-based
electronics toward nano-materials based flexible, transparent, wearable and faster
electronics [12, 70-73]. Nanomaterial-based devices can help reduce power consumption
and cost and are compatible with various new substrates used for the next generation of
electronic devices. New security primitives, which are compatible with the next generation

non-silicon electronics are desired.

CNT is one of the nanomaterials with huge potential for next generation electronics.
CNT based PUFs have been proposed and even fabricated in recent years [69, 74]. Hu et
al. [69] fabricated devices on lab-scale where CNTs are selectively self-assembled into
HfO, trenches to create open and closed connections, which are associated with bit values
‘0’ and ‘1’ respectively. They also showed ternary key generation by further differentiating
between semi-conducting and metallic CNT closed connections. It was not clear how to

control the yield of semi-conducting and metallic CNT connections to maximize the
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randomness in ternary keys. Each instance had only one challenge, which also limited
randomness and level of security. In addition, these trenches were of nanometer scale and
large-scale production may not be reliable and economically viable. This has motivated us
to further explore CNT based structures with inherent randomness for novel CNT PUF
designs, which are reliable, low-cost, and compatible with flexible, transparent, and

wearable electronics.
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Figure 2.3 Random bits based on a 2D carbon nanotube array. (a) Schematic of
chemical self-assembly of the CNTs in the HfO2 trenches modified by a monolayer.
The self-assembly was realized through ion exchange between Na* in SDS and I~ in
NMPI. The width of the HfO2 trenches varies from 70 nm to 300 nm. (b) Schematic

of a randomly connected 2D CNT array featuring a 5 x 5 crossbar structure.
Reprinted by permission from [69]: © Springer Nature COPYRIGHT (2016). All
rights reserved.

2.1.4 CNT Network FET as a PUF

Random CNT network based thin film FETs have received significant attention for

their applications in logic circuits, e-displays, sensors, flexible and wearable electronics
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etc. [9]. There is significant progress made in fabrication, purification, and large-scale
controlled integration of ultra-thin films of random CNT networks. Printed CNT networks
FETSs have also been demonstrated [11]. Printing has potential to significantly reduce the
cost and make large scale production viable. However, device-to-device performance
variability, which is rooted in the randomness of CNT network, poses a significant
challenge. Chen and Kumar [75] fabricated the CNT network FETs and studied the
variability in output characteristics as shown in Figure 2.4. On the other hand, the device-
to-device variability in electrical characteristics provides a novel opportunity of their
application in cryptography. The inherent randomness of CNT network can be exploited to
create a novel PUF design. This PUF design can be used as security primitive in low-cost,
flexible, transparent, and wearable electronics. It can be used for user authentication,
unique device identity generation and unauthorized access prevention in the 10T devices,

wearable medical devices, etc.

V =1VIL=10pm
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Figure 2.4 (a) Fabricated CNT network FETs (b) Measured output characteristics
of various fabricated CNT network FETs of channel length =10 um, width = 100 um
and CNT network density = 13 per pm?2. The device-to-device variation in 1-V
characteristics can be attributed to random CNT network channel (c) SEM image of
a CNT network FET and random CNT network channel. Reprinted from [75].
Copyright © 2018, IEEE.
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2.2 P-Gazx0s for Power and RF Electronics

The material properties of 3-Ga>Os were discussed in detail in the chapter 1. The
wider bandgap of B-Ga:0s help it achieve significantly higher critical field strength
compared to other widely used wide bandgap materials such as GaN and SiC. The
significant advantage of B-Ga>Os over GaN and SiC in power and RF electronics are
evident through various figures of merit such as Baliga’s figure of merit, Johnson’s figure
of merit etc. [26]. The excellent electrical properties will enable B-Ga>O3 devices to operate
at higher temperatures and voltages with higher efficiency. It will help make power
electronics module more powerful and efficient. High-quality bulk crystals of p-Ga2O3 can
be produced at low cost using melt growth techniques, which makes it very attractive for
large-scale adaptation in many technologies. The aforementioned advantages have
significantly increased the interest of scientific community in B-Ga.0Oz.Various B-Ga,03
devices have been developed and significant improvement in the fabrication technology
and device characteristics has been achieved. Next, we discuss various important
milestones and progress made in 3-Ga.03 based FETSs so far, and the major challenges and
issues, which still need to be addressed to realize the full potential of 3-Ga.Oz in power

and RF electronics.

2.2.1 f-Gax03 FETs: Progress and Achievements

The first transistor using single crystal 3-Ga>Os was demonstrated by Higashiwaki
et al. [28] in a metal-semiconductor field-effect transistor (MESFET) structure. A Sn-
doped n-type B-Ga03 buffer layer of thickness 300 nm was grown on a Mg-doped semi-

insulating B-Ga203 (010) substrate fabricated by molecular-beam epitaxy (MBE). The gate
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length is 4 um and spacing between source and drain is 20 um. Ohmic contacts of Ti (20
nm)/Au (100 nm) at source and drain were formed using reactive ion etching (RIE)
treatment, which help in reducing the contact resistance. Schottky contact at gate were
formed by Pt(15 nm)/Ti(5 nm)/Au(250 nm) deposition. The cross-sectional and top view
of the MESFET are shown in Figure 2.5. The maximum drain current (Ips) was reported
to be 26 mA/mm at a gate voltage (Ve) = 2 V and drain voltage (Vp) = 40 V. The
breakdown voltage at the off-state was reported to be 257 V at Vg =- 30 V. A voltage
higher than breakdown voltage resulted in catastrophic failure in the device as gate
electrode burned. The maximum transconductance was reported to be 2.3 mS/mm at (Vp)
= 40 V. The on/off Ips ratio was around 10* and drain leakage current in off-state was 5
MA/mm. The two main issues with the device are—high contact resistance and low on/off
ratio. Still, it was a remarkable first demonstration of potential of p-Ga.Os for power
electronics. All the device characteristics of this MESFETS are comparable to or better than
those of initial GaN MESFETSs. Higashiwaki et al. [76] further developed this depletion
mode (D-mode) MESFET into a D-mode MOSFET to further improve the device

characteristics.

In recent year, several D-mode FETs have been designed, which demonstrated
significant improvement in device characteristics such as maximum drain current, on/off
ratio, breakdown voltage, critical field strength, power density, etc. Green et al. [77]
developed MOVPE-Grown Sn-Doped B-Ga.0Os MOSFETs and achieved breakdown
strength of 3.8-MV/cm, which is higher than the theoretical limits of field strength of bulk
GaN and SiC. Also, this was highest measured critical field strength in lateral FETs and

around half of the theoretical field strength of B-Ga>Oz. The current on/off ratio as high as
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10%° has been reported [76, 78, 79]. Wong et al. [80] demonstrated field-plated D-mode
MOSFETSs with off-state breakdown voltage higher than 750 V. Mun et al. [81] achieved
a breakdown voltage of 2.32 kV in B-Ga203s MOSFETS, which is highest value achieved
in lateral B-Ga>O3 devices. Moser et al. [82] reported a pulsed current density of 478
mA/mm and power density of 47.8 W/mm in Sn-doped B-Ga,O3 MOSFETs grown by
MBE. Zhou et al. [79] demonstrated record high 1.5 A/mm drain current by utilizing a
highly doped B-Ga,Os nano-membrane as the channel in D-mode B-Ga2Os on insulator
FETs with minimal self-heating effects. The current density in these devices was
comparable to that in GaN/GaAs based device [83]. Noh et al. [84] achieved power density
of 64.7 W/mm in B-Ga,Os Nano-Membrane FETs using high thermal conductivity
diamond substrate. p-Ga,Oz FETs demonstrated to have stable operation up to at least 300
°C temperature range [76, 80]. Enhancement mode (E-mode) FETs are highly desirable in
power electronics applications as they enable normally off operation. Normally off
operation reduces circuit complexity and helps in safe operation in power electronics.
Chabak et al. [85] fabricated Sn-doped gallium oxide wrap-gate E-mode fin-array FETs on
a semi-insulating Mg-doped (100) B-Ga>Os3 substrate. These devices achieved a breakdown
voltage greater than 600 V at V=0. Zhou et al. [79] achieved maximum drain current of 1

A/mm and current on/off ratio of 10%° in E-mode B-Ga,03 Nano-Membrane FETS.

So far, most of the FETs demonstrated by researchers are lateral devices. However,
for high voltage and high power applications, vertical structures are expected to be more
suitable because they can utilize chip area more efficiently and device operation is stable
under surface defects [26]. In recent years, two main types of vertical B-Ga>Oz transistors

have been developed—current aperture vertical MSOFETs and vertical fin-channel
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MOSFETs. Wong et al. [86] used a Mg-implanted current blocking layer (CBL) in current
aperture vertical transistor design. Further, both D-mode [87] and E-mode [88] MOSFETS
were demonstrated with N** CBLs. Hu et al. [89, 90] fabricated first vertical fin-channel
MOSFETs. These were single fin, normally off MOSFETSs, which could achieve a
breakdown voltage of 1.6 kV, drain current density of 10 A/mm? and current on/off ratio
of 10°. Li etal. [91] further improved this design, introduced multi-fin design and the record

breakdown voltage of 2.66 kV was achieved.

Pt/Ti/Au
(a) | (b)
Ti/Au Gate Ti/Au
Source) Drain

Sn-doped n-Ga,0, 300 nm

Mg-doped semi-insulating
B-Ga,0,(010) substrate

Figure 2.5 (a) Cross-sectional view and (b) top view of the g-Ga2Os MESFET
demonstrated in [28] Reprinted from [28] , with the permission of AIP Publishing.
Copyright 2012, AIP Publishing LLC.

The high saturation velocity of f-Ga-Os combined with extremely high electric field
strength, which is 2.5 times of GaN devices, indicates high potential for RF applications.
First ever B-Ga,O3 MOSFET for RF operation was demonstrated by Green et al. [92]. A
silicon-doped B-Ga>0O3 was homoepitaxially grown on a semi-insulating p-Ga.O3z (100)
substrate by metal-organic vapor phase epitaxy (MOVPE). The gate length was 0.7 um and

spacing between source and drain is 3.8 pum. The maximum current density and
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transconductance of 150 mA/mm and 21 mS/mm, respectively, were measured during dc
operation. The device achieved extrinsic cutoff frequency (fr) and maximum oscillation
frequency (fmax) of 3.3 and 12.9 GHz, respectively, during small signal RF operation. The
large signal measurements at 800 MHz of output power, power gain and power added

efficiency (PAE) were reported to be 0.23 W/mm, 5.1 dB and 6.3%, respectively.
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Figure 2.6 (a) Cutoff frequency (fr) and maximum oscillating frequency (fmax) as a
function of drain bias. Each measurement was taken with the gate contact biased
with the gate voltage corresponding to peak transconductance. (b) 800 MHz Class-A
power sweep of a 2 x 50 pm B-Ga203 gate recessed MOSFET. Reprinted with
permission from [92]. Copyright © 2017, IEEE.

Chabak et al. [93] demonstrated two MOSFETs—gate recessed MOSFET and thin-
channel with T-gate MOSFET, for RF applications. Thin-channel MOSFET achieved a
significantly higher fr =5.1 GHz and fmax =17.1 GHz using vertical channel scaling and
small gate-length in T-gate design. Recently, Xia et al. [94] demonstrated a delta-doped -
Ga>03 MESFET with 120 nm gate-length and achieved fr of 27 GHz. There are very
limited B-Ga2O3 RF devices exist in the literature, but significant progress have been made

in a very short span of time by scaling the gate length. Further progress in operating voltage
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and frequencies is expected. In future, B-Ga.O3 RF devices may be used in the applications

where integrated power conversion and RF circuits are required [95].

2.2.2 [-Gay03 FETs: Multiscale Electrothermal Modeling and Measurements

In recent years, several -Ga>0Oz-based FETs have been developed and a significant
improvement in some of the parameters such as breakdown voltage, cut-off frequency,
on/off ratio, contact resistance, maximum drain current, etc. have been reported. However,
efficient heat removal is still one of the biggest challenges for these devices due to low
thermal conductivity. Green et al. [92] have observed temperature induced catastrophic
failure. The thermal conductivity of B-Ga-Oz depending upon the crystal direction varies
between 10 and 29 W/mK at room temperature [32, 33, 96]. It is significantly lower than
that of GaN (150 W/mK) and 4H-SiC (370 W/mK). The issue of efficient heat dissipation
should become even more critical in the future devices with a further increase in power
density. Since, electrical performance of the device is dependent upon the temperature,
both electrical and thermal characteristics of these devices should be investigated

simultaneously.

2.2.2.1 TCAD Device Modeling

Technology computer-aided design (TCAD) device modeling is an important tool
to predict spatial and/or temporal profile of various electrical and thermal quantities of
interest such as electric field, potential drops, current density, temperature, carrier density,
Joule heat generation, etc. of a device. In TCAD modeling, finite element models are used
to solve electrostatics (Poisson’s equation), carrier transport, heat transport equations to

predict the aforementioned quantities at various device operating conditions. A model
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validated against experimental measurements can improve our scientific understanding of
the material and device physics. In addition, the model can help in investigating the effect
of various device parameters such as doping concentration, dopant type, channel length,
gate length, etc. on various physical quantities such as breakdown voltage, switching speed,
electric field distribution, peak temperature, etc. and in designing devices with optimum
performance. TCAD modeling is widely used in semiconductor industry for cost-reduction
and the development of silicon technology. Thus, it is critical to develop TCAD models for
B-Ga:03 devices to improve scientific understanding and enable low-cost, fast
improvement in device performance without expensive and time-consuming trial-and-error

experiments.

So far, only few studies have focused on understanding the electrothermal
characteristics of these devices using TCAD modeling. Wong et al. [97] and Russell et al.
[98] have performed electro-thermal simulations of B-Ga,Oz based MOSFETS using a
temperature-dependent mobility model. Wong et al. compared the experimental and
computed I-V data at a single gate-to-source voltage (Vgs) = 0 V. They reported channel
temperatures of the device at various power dissipations (Vgs= 0 V and 10 < drain-to-
source voltage (Vds) < 35 V) but their correlation with current density and electric field
were not investigated. Russell et al. showed that using 4H-SiC instead of semi-insulating
B-Ga203 as substrate may improve electrical and thermal characteristics of the FETs. They
have computed |-V characteristics at various bias voltages but did not attempt to validate
it against the measurement. Therefore, a TCAD model, which is validated against
experiments and over multiple operating conditions across several VVgs and Vds values, is

needed for gaining trustworthy insight into the physics and improvement in device design.
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2.2.2.2 3-D Diffusive Thermal Model and Coupling with 2-D TCAD Model

Even though TCAD modeling is an effective tool to predict device characteristics,
3-D TCAD modeling is impractical from computational cost and time perspective, and,
thus, rarely used. The device size in various dimensions can go up to a few microns and
mesh resolution requirement, where gradients of electric field, carrier density, doping,
current density, etc. are high, is of sub-nanometer scale. 2-D TCAD modeling have been
the preferred approach. 2-D TCAD models, where only a cross-section of the device is
simulated, have a significantly smaller number of elements and nodes and the
computational cost and time become more practical. 2-D models can predict electrical
characteristics with required accuracy as demonstrated and verified in various studies in
the literature [99, 100]. However, 2-D model may not provide accurate temperature
distribution in the device, especially for the devices with small gate width. A 2-D TCAD
model can over-predict the actual temperature because the heat dissipation in third
dimension is not considered. Therefore, a 3-D thermal model is needed to predict the
temperature distribution in the device. The Joule heat generation profile from TCAD
modeling can be provided as an input in the 3-D thermal model. Singh et al. [101] and
Chatterjee et al. [102] have predicted peak temperature of -Ga.O3 MOSFETS using
numerical simulations. In addition to temperature prediction, 3-D thermal models can be

used to study the effectiveness of various device level thermal management techniques.

2.2.2.3 Device-level Thermal Management

The thermal conductivity of Fe-doped B-Ga.O3 substrate is not good enough to

take full advantage of B-Ga>O3z material properties in the devices. Several device-level
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thermal management techniques have been developed for GaN devices in the past. These
techniques are also applicable for B-GaOs devices. [26, 103, 104]. Dumka et al.
demonstrated that GaN devices grown on diamond substrate could achieve significant
higher power density compared to GaN on silicon substrate devices [103]. Therefore,
various studies have investigated integration of B-Ga>Os thin films on high conductivity
substrates such as SiC, diamond to address the issue of thermal management and increase
power density in B-Ga20Os devices [105-108]. However, thermal boundary conductance
(TBC) can introduce significant thermal resistance at the interface. Cheng et al. integrated
-Ga20s3 thin films on SiC substrates by the ion-cutting technique and room-temperature
surface-activated bonding technique and measured a TBC between 67-100 MW/m? K.
Nepal et al. [105] demonstrated heteroepitaxial growth of B-Ga.Osz films on 4H-SiC
substrate via molecular beam epitaxy and measured an improved TBC 140 + 60 MW/m? K
at the interface. Cheng et al. also integrated of B-Ga>Os films with diamond by atomic layer
deposition (ALD) and van der Waals bonding to show the potential of diamond in
improving heat dissipation. Weak van der Waals bonding method introduced significantly
lower TBC (17 MW/m? K) compared to ALD integration method (TBC ~ 179 MW/m? K).
Therefore, it is important to account for TBC at the p-Ga»Oz and substrate interface while
estimating the temperature distribution in the device. Russell et al. [98] studied the effect
of introducing SiC substrate but it is not clear if TBC has been included. Another approach
to improve the heat dissipation could be the addition of a surface passivation layer of a
high thermal conductivity material. Traditionally, passivation layers are used to improve
electrical characteristics of the device, make the device surface inert and avoid interaction

between the surface and air or other materials in contact [76, 109]. However, the selection
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of a high thermal conductivity passivation layer can also help in thermal management by

providing additional paths for heat dissipation.

2.2.2.4 Thermo-reflectance Imaging

In addition to electro-thermal simulations, thermal measurements are also crucial
to investigate thermal characteristics. Thermal measurements can be used to validate and
calibrate thermal models of the devices. There are a few temperature measurement
techniques that have already been used in the literature. Simms et al. [110] and Wong et al.
[97] have used electrical methods to measure the steady-state temperature of f-Ga,O3 based
MOSFETSs. This technique measures the average temperature over the channel region, thus,
tends to underestimate the actual peak temperature [110, 111]. Therefore, thermal
simulations will still be needed to estimate the peak temperature of FETs. Raman
thermography have also been used recently to measure steady-state peak channel
temperature[111]. Raman thermography is a single-point measurement technique and,
therefore, unfavorable for temperature mapping. In addition, transient measurements using
Raman thermography may be challenging due to its sensitivity to mechanical stress [112].
It may not be suitable for capturing both spatial mapping and transient temperature change
across a device simultaneously. Besides, to the best of our knowledge, the transient
measurements of 3-Ga>O3 FETs have not been reported yet. Both steady-state and transient
temperature distribution with high temporal and spatial resolution is important for
understanding the thermal characteristics of devices relevant to power and RF applications.
Thermoreflectance imaging has emerged as a promising alternative, which can provide
temperature profile with submicron temporal and spatial resolution [113]. It is a non-

invasive and non-contact imaging technique. This technique has successfully been used to
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measure spatial and temporal variation in temperature profile of various power and RF
devices with sub-micron features such as Gallium Arsenide (GaAs) high electron mobility
transistors (HEMTs), GaN HEMTSs, GaN heterojunction bipolar transistors (HBTs) [112-
115]. Therefore, application of this technique can be easily extended to B-Ga.O3 based

power and RF devices.

2.2.2.5 Phonon Transport in B-Ga>,03 Films and Devices

Another important aspect of accurate thermal modeling and thermal behavior
prediction is the size and dimensions of the devices. At smaller length scales, diffusive
transport model may not predict the thermal transport accurately [116]. Heat transport in
B-Ga20s3 is dominated by phonons [32, 96]. Phonons are quantized lattice vibrations [117].
As the dimension of the system approaches the same order as of the phonon mean free path
(mfp), ballistic transportation of the phonons also need to be considered. The heat transport
is no longer purely diffusive, and Fourier’s law may give erroneous results [118].
Therefore, a thermal transport model is needed, which can account for ballistic effects at
smaller length scales and recover bulk diffusive behavior at larger length scales. Several
types of models and techniques have been developed to study the thermal transport at
smaller length scales such as atomistic modeling using molecular dynamics, mesoscale
modeling using Boltzmann transport equation (BTE), etc. The semi-classical BTE is
applicable when phonon wavelength is significantly smaller than characteristic lengths of
the device. The wave nature of the phonons can be ignored and phonons can be treated as
semi-classical particles [119, 120]. The semi-classical phonon BTE has been widely used
to describe the thermal transport in semiconductor devices [121-123]. This approach can

also be used for B-Ga203 devices.
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Phonon BTE is solved in both physical space of the geometry and wave-vector space
of the phonons. The complex inter-phonon scattering terms needs to be computed over the
entire wave-vector space which make solving it very expensive and time-consuming for
microscale geometries. A widely used approximation for the complex full scattering term
is single mode relaxation time approximation (SMRTA), which allows implementation of
phonon BTE for complex geometries with heat source and different boundary conditions.
The main limitation of this approximation is that it cannot account for momentum
conserving scattering (Normal processes). However, these processes are only important at
significantly lower temperatures than room temperatures. The effect of Normal processes
is negligible at room temperature and SMRTA agrees well with experiments. Several
studies have employed SMRTA successfully to study heat transport in the semiconductor
devices including wide bandgap devices [119, 121, 123, 124]. Several other simplifications
are also proposed such gray BTE, semi-gray BTE. Gray and non-gray models incorporate
single group velocity and relaxation time [125]. They can account for ballistic effects and
boundary scattering. However, they cannot predict temperature accurately because all the
polarizations and full phonon dispersion are not considered. Narumanchi et al. [126]
compared gray and semi-gray BTE models against non-gray BTE model with full phonon
dispersion and showed these models gives erroneous results. Several other studies have

solved BTE dispersion and polarization effects are considered [121, 127, 128].

However, solving non-gray BTE model with full phonon dispersion involves for all
the phonon modes in each physical cell. It requires solving a large number of equations
simultaneously and makes the non-gray BTE modeling computationally expensive. In the

conventional solution approach, known as sequential method, a phonon mode is chosen
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and solved over entire physical domain before moving to the next phonon mode. However,
this method suffers from slow convergence at low Knudsen numbers (Kn = phonon mean
free path/characteristic length) because of the increased amount of phonon scattering can
tightly couple the discrete equations [119]. Loy et al. [119, 129] developed an alternative
method, known as Coupled Ordinates Method (COMET). In the COMET, the process is
reversed, and all the phonon modes are solved in a cell before moving to the next cell. For
Kn <1, COMET is 233 times faster than sequential method for non-gray BTE [119]. Even
though at high Kn, sequential method is faster than COMET, the total simulation time is
relatively smaller while using COMET because domain size is smaller compared to the
effective mean free path of phonons. So, the improvement in solution time is
inconsequential. Therefore, COMET is the better approach to solve the non-gray BTE for
B-Ga20s3 devices, where most of the phonon modes have mean free paths smaller than the

device characteristics lengths.

2.3 Contributions of Current Work

The major contributions and important findings of this work are-

(1) A new application of CNT networks FETs has been proposed in cryptography.
The inherent randomness of CNT network is utilized to propose a novel PUF
design using multi-gated CNT FETs. The multi-gated design exhibit significantly
higher level of randomness and hepta-decimal keys are demonstrated. It is
compatible with next generation flexible, wearable, and disposable electronic

devices.
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(2) A 2-D electrothermal model has been developed for the delta-doped B-GazOs
based MESFET using Synopsys TCAD Sentaurus. This is one of the first electro-
thermal models for B-Ga2Oa. It is validated against experiments for a wide range
of Vs and Vgs. We studied the effect of bias condition on Joule heat profile and
peak temperature of the device. Our study highlighted that the peak temperature
in a delta-doped p-Ga.03 based MESFET is dependent on the bias conditions at
a given power.

(3) A 3-D diffusive thermal transport model, which is coupled with 2-D TCAD
model, has been developed for accurate prediction of temperature profile in the
device. It was determined that the temperature measured at the gate surface by
thermoreflectance imaging is less than overall peak temperature, which is located
inside the device. Effectiveness of different device-level passive cooling
techniques were compared using this model for future device design.

(4) Steady-state thermoreflectance imaging has been performed to measure the
spatial variation of temperature on the electrodes of delta-doped B-Ga>O3 based
MESFET and validate the 3-D thermal model. Transient thermoreflectance
imaging and 3-D diffusive thermal modeling were also performed to understand
the transient behavior of the device. A compact thermal model was developed to
predict the temperature rise and drop during power on and power off states of the
device. The thermal time constants of delta-doped p-Ga>O3 based MESFET were
calculated.

(5) Phonon transport in p-Ga20Oz thin films and FETs using non-gray Boltzmann

Transport Equations (BTE) is studied. p-Ga>Oz thermal conductivity as a
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function of film thickness is predicted. It was determined that the distribution of
input energy to different phonon modes do not play any major role in the
temperature field near hot spot. However, the characteristic length of the domain
can play a significant role in thermal transport in the domain. It was demonstrated
that the device with a thin (<1 pum) semiconducting B-Ga2Os layer, diffusive
transport model may not give accurate temperature distribution in the presence
of interface scattering and non-gray BTE model needs to be solved to account

for ballistic effects and accurate temperature predictions.
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CHAPTER 3. METHODOLOGY

This chapter describes the methods, models and techniques used in this work.
Electrical transport in CNT network FETS is investigated using drift-diffusion model. 2-D
electrothermal modeling of B-Ga>Os devices is performed using TCAD Sentaurus. A
thermodynamic carrier transport device model, which accounts for temperature
dependence of various material properties, is employed. A 3-D diffusive thermal transport
was developed using Ansys Fluent. The thermal model was validated against the
experimental measurements. Steady-state and transient thermal measurements were
performed using Microsanj thermo-reflectance measurements. The ballistic effects in thin
films of B-Ga203 and B-Ga,03 FETs were studied using non-gray phonon BTE. The BTE

solution was obtained using COMET method.

3.1 Electrical Transportin CNT Network FETs

The carrier transport in CNT network FETs was modeled and compared to
experiments in the linear regime by Kumar et al. [130]. Ninad et al. [131] generalized this
model to predict characteristics in non-linear regime as well. This model of electrical
transport in CNT-FETs was based on modified Poisson’s, current continuity, and Drift-
Diffusion equations [130-137]. The channel lengths (L) of the CNT-FETS studied in this
work were larger than CNT lengths (Lcnt). All the CNTSs in the model are assumed to be
semiconducting. The method used to generate random CNT network is also described in
[130, 135]. The equations, which were used to predict current and potential distribution in

CNT-FETs are given by Equations 3.1, 3.2 and 3.3.
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T +; 1/131 =0 (3.1)
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The first equation is a modified version of Poisson’s equation. Here, i represents
electrostatic potential along i section of a CNT, p is the total charge density, ¢ is
permittivity of CNT and Vg is gate voltage. The third and fourth terms on the left-hand
side of Poisson’s equation account for CNT-gate voltage interaction and CNT-CNT
interactions respectively, where A and Ajj are corresponding screening lengths. “s” is the
length along CNT. The next two equations are Carrier Continuity equations for hole and
electrons. Here, J is current density and p and n are hole and electron charge density
respectively. The second terms on the left-hand sides of these equations account for hole
or electron charge transfer across CNT-CNT at junctions. The numerical values of various
parameters are chosen from the previous studies [135-137], where experimental validation

was also performed.

3.2 2-D Electrothermal TCAD Modeling of Delta-doped p-Ga2O3 MESFET

A commercial software package TCAD Sentaurus by Synopsys Inc. was used to
simulate device characteristics [138]. A flow-chart of device simulation process is shown

in Figure 3.1. There are three main tools in this package—Sentaurus Structure Editor,
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Sentaurus Device and Sentaurus Visual. The Structure Editor is used to create device
geometry, contacts, doping and mesh. This information as well as initial conditions,
boundary conditions, model types and parameters are then given as input in the Sentaurus
Device, which solves the Poisson’s equation, current-continuity and lattice temperature
equations and generates the results, which include current density, electric field,
temperature profile, etc. These results can be visualized and plotted using the Sentaurus

Visual.

Dimension, material
properties

Sentaurus Structure

Editor

Parameters, boundary
conditions

Device Geometry and
Mesh

Sentaurus

Device

) . Sent )
Result visualization en'aurus Result files
Visual

Figure 3.1 A flow-chart of device simulation process. The three tools (Sentaurus
Structure Editor, Sentaurus Device and Sentaurus Visual) used for simulations are
shown in dark boxes.

The Thermodynamic device model in Sentaurus Device, which accounts for self-
heating and suitable for high power devices with long active regions, is used for
electrothermal modeling [138]. The various parameters and material properties are chosen
from the literature. The following equations were used to obtain electrostatic potential,

current densities, and temperature—
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V. (EVQD) = —q (p —n+ ND - NA) - ptrap (34)

R on
V.h= q (Rnet,n - Gnet,n) + qa (3.5)
- dp
_V-]p =q (Rnet,p - Gnet,p) + qa (3.6)
Jn = —nqun(Voy + P,VT) (3.7)
Jp = —pau,(Ve, + B,VT) (3.8)

~V.(kVT) = —=V.[(B,T + 0 )]0+ (BT + 0,)]] —
~(Ec+2KT) (V.Jn = aRnetn) == (=B +3KT) (=V.J, = (3.9)
anet,p)

Here, € is the electrical permittivity, ¢ is electrostatic potential, q is electronic
charge, n and p are the electron and hole densities, Np and Na are concentration of ionized

donors and acceptors, pg.q,, is fixed or trap charge density, Ry;, and Ry, are electron

and hole net recombination rates, G.;» and Gy, are electron and hole net generation
rates, fn and fp are electron and hole current densities, u, and p,, are electron and hole

mobility, fn and fp are electron and hole current densities, P, and P, are the absolute

thermoelectric powers, k is the thermal conductivity, Ec and Ey are the conduction and

valence band energies and T is lattice temperature.
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3.3 3-D Diffusive Thermal Transport Modeling of Delta-doped p-Ga:03 MESFET

The 2-D electrothermal simulations in TCAD Sentaurus cannot account for heat
dissipations in all the three dimensions. The accurate prediction of temperature requires
consideration of heat dissipation in all three dimensions. Therefore, we have developed a
3-D model in Ansys Workbench. The CAD models of the device were created in
SpaceClaim and SolidWorks. The grid generation was performed using Ansys meshing
software. The Ansys Fluent was used to setup the problem and compute the solution. It
uses Fourier’s law for conduction in solids and energy balance to predict the temperature
distribution in the device. The Joule heat profile predicted from the TCAD Sentaurus is

used as an input to the model.

CAD Modeling
(SolidWorks, SpaceClaim)

Meshing
(Ansys Meshing)

Simulation & Results
(Ansys Fluent)

Figure 3.2 A flowchart of 3-D thermal modeling procedure.
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3.4 Thermoreflectance Thermal Imaging of Delta-doped p-Ga.O3 MESFET

Thermoreflectance thermal imaging (TTI) can provide temperature profile with
submicron temporal and spatial resolution [139-141]. Therefore, TTI has been used in this
work to conduct high resolution measurements of steady-state and transient temperature
variation in B-Ga»Oz devices. A schematic diagram of the setup, which includes the CCD
detector, illumination source, microscope objective, and the temperature-controlled stage,
is shown in Figure 3.3. The Microsanj thermo-reflectance system NT210B with
piezoelectric stage, which accounts for thermal expansion during calibration and

measurements, is used for TTI. This system uses autofocusing function and charge coupled

lllumination Driver Computer

]

h 0 0

Narrowband

llumination CCD Detector

Y
128811

Microscope
Objective

Signal Generator

Temperature controlled
stage

Figure 3.3 A schematic of Microsanj thermoreflectance imaging system that
includes the CCD detector, illumination source (LED), microscope objective, and
the temperature-controlled piezoelectric stage. Reprinted with permission from
[142]. Copyright © 2020, IEEE.
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Figure 3.4 A photograph of Microsanj thermoreflectance imaging system depicting
different components of the setup.

device (CCD) instead of photodiode detector for the thermal measurements and account
for thermal expansion. A photograph depicting different components of the experimental
setup is shown in Figure 3.4. It is proven to be an accurate technique for transient
measurements, which have been validated against gate resistance thermometry (GRT),
Raman thermography, and 3-D FEA modeling [84, 112, 143]. This technique is based on
the principle that surface reflectivity of a material is function of temperature. The relative

change in the reflectivity(AR/R) with change in temperature (AT) is represented by

thermoreflectance coefficient (Cw) as shown below—

Con = AT/(BR/p) (3.10)

The additional details of the technique is available in [112, 141]. A schematic of

timing control during transient measurements is shown in Figure 3.5. During transient
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measurements, a constant cycle of device excitation is repeated and temperature
measurement at a particular time instant is averaged over several images. Once the
measurements is performed at a time instant then LED pulse is shifted to the next desired
time instant for measurements. This procedure is repeated until temperature data at all the

desired time instants are acquired.

4ms @ 25% Duty Cycle
Device
Excitation i Ef;l | | _I L .] I_

CcCD ; — :
exposure J i3dms @ 3IJHz : : : |_

0 100us e t Ee
= e g
pulse .

Temperature if \ [-\ /\

l"" ............ Acquisition timing (shifting by cycle)

¢ %. Temperature data point along the bias cycle

Figure 3.5 A schematic of timing control during transient measure.

3.5 Boltzmann Transport Equations for Phonon Transport Modeling in Thin Films

and B-Ga20s3 FETs

Non-gray Boltzmann Transport Equations (BTE) is used to study phonon transport
in -Gaz03 thin films for applications relevant to FETSs. The steady-state non-gray BTE of
a phonon mode with under single-mode relaxation time approximation (SMRTA) [120] is

given as-
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| Initialize |

| Begin next iteration |———-| Select a cell physical space

Solve for all wave vectors in
K-space and lattice temperature at
that physical cell

Check ifm

has converged Yes

Check if all the
cells in physical
space are visited

End |

Figure 3.6 Flowchart of COMET algorithm.

Here, subscript ¢ and f denote that value is calculated at centroid and face of a cell,
respectively. The e” is the energy of the phonon mode, v is the phonon group velocity,
VA is the area vector associated with a face in the physical domain, and €° is the equilibrium
energy, e IS the effective phonon relaxation time, which accounts for contribution from
different mechanisms, w is the phonon frequency, 4V represents the volume of a cell in

physical space and Sy is the external volumetric heat source, 7% is reduced Planck’s

46



constant, Ky is Boltzmann constant and N is the equilibrium Bose-Einstein distribution for
a phonon mode of frequency w, and polarization p at temperature T. The parameters such
as e”, v and z are different for different phonon modes. Direct coupling of all these BTES
is extremely expensive to solve. RTA is used to simplify the scattering term on the right-
hand side of the BTE. In the current study, the BTE will be solved iteratively using Coupled
Ordinates Method (COMET). The finite volume method is used for discretization of
physical and wave-vector space. Then, all the phonon modes are directly solved together
in a cell before moving to the next cell in physical space. This process is repeated until
convergence is achieved. This method is parallelized such that physical mesh is divided
into sub-meshes, which are solved by different processors to reduce calculation time. The
flowchart of COMET algorithm is shown in Figure 3.6. The additional details on the

solution of BTE using COMET algorithm are available in [129, 144].

3.6 Closure

The various methods and techniques used in this work are discussed in this chapter.
Electrical transport in CNT network FETs is modeled using Poisson’s equation, drift-
diffusion equation, and current continuity equation. 2-D electrothermal modeling of -
Ga>03 devices is performed using a thermodynamic carrier transport model in TCAD
Sentaurus. 3-D diffusive thermal transport modeling is performed using Ansys Fluent.
Thermal measurements are performed using Thermoreflectance imaging technique. The
phonon BTE is solved using COMET algorithm to study ballistic effect in p-Ga203 thin

films and devices.
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CHAPTER 4. MULTI-GATED CARBON NANOTUBE FIELD
EFFECT TRANSISTORS BASED PHYSICALLY UNCLONABLE

FUNCTIONS AS SECURITY KEYS

In this work, we introduced a random CNT network-based multi-gated FET as PUF,
which exploits the randomness of a CNT network in the channel to generate keys. Single-
gate transistors with CNT density close to percolation threshold density produced binary
keys depending upon whether the CNT network channel was connected or not. We
introduced a multi-gate CNT-FET, where the channel was divided into multiple sections
and each section could be biased with an independent gate voltage. FETs with four-gates
produced three different levels of current including zero current (corresponding to an
unconnected CNT network) and generated six different challenge-response pairs in a single
instance. Current levels were separate enough to avoid any bit error. We could also control
the distribution of different bit-values easily to maximize the randomness by changing the
dimensions of the channel and/or its sections. By combining six challenges and three
current levels, it was shown that not only ternary-bit keys but base-17 (hepta-decimal) keys
could also be produced. Consequently, a significantly higher level of randomness was
achieved by our PUF in comparison with existing PUFs, which could generate only binary

or ternary keys.

4.1 Assessment of CNT-FETs as PUFs

Since CNT networks are random, each FET should have a unique CNT network

distribution. Therefore, the current should be different for different FETs for a given gate
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and drain voltage even if all the parameters, e.g., CNT network density, device dimensions
and fabrication process are identical. We wanted to engineer these devices in such a way
that different current levels can be obtained to facilitate the development of ternary or
higher order bits. However, the measurement of current in the fabricated FETs and
numerical simulations revealed that the change in current values of different FETs were
not large enough [75, 145]. Two disjoint levels (groups) of currents with enough separation
were not present. Environmental effects (e.g., humidity) could affect the current in a device
and cause the bit error if the separation between current levels corresponding to different
bit values is not large enough. To address this challenge, we decreased the CNT network
density close to the percolation threshold density. So, the channel of FETs may or may not
conduct depending on whether the CNT network channel is connected or not. Percolation
threshold density (pw) is a critical number of CNTs per unit area below which the
probability that a CNT network would conduct is very low. Although the CNT length-
dependent empirical equation for pt can be used to estimate pt, the same equation may not
be applicable to the finite length of channels. So, numerical simulation or experimental
analysis is necessary. To predict the dimensions and CNT network density required for
highest randomness, we used numerical simulations because fabrication is costly and time-
consuming. Numerical simulation could guide us in selecting the appropriate dimensions
and CNT network density before we fabricate the devices. Numerical simulation approach
is described in the Chapter-3. Passivation layer of dielectric may help in minimizing the
effect of environmental factors and improve stability of the devices. Passivation layer could

also be used to hide CNT network from adversary in bottom-gate CNT-FETSs.
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4.2 Single-gate CNT-FET as PUF

Using numerical simulations, we studied the effect of change in channel length,
channel width and CNT density on device current and the probability of any device having
a connected channel (non-zero current) or an unconnected channel (zero current). When
the CNT network density is significantly higher than the pw and the network is very dense,
as shown in Figure 4.1 (a), the probability of having an unconnected device in a random
sample-set is negligible and there are very few or no unconnected devices. Even changing
the dimensions of the channel does not increase unconnected devices in the sample. Figure
4.1 (b) and (c) present illustrations of CNT-FETs with unconnected and connected
channels, respectively. We associated unconnected devices with a bit-value of ‘0’ and
connected devices with a bit-value of ‘1’. The analytical expression for percolation
threshold density, pg, = 4.2362/mL%yr, can be used for the estimation of pw for large
networks [146-148]. We performed simulations for different network densities close to ptn
using approximately 2,500 random network devices for each density. Length of the CNTs
(Lcnt) was maintained at 1 um in simulations, which is the same as the average length of
CNTs in experiments [75]. The value of pw for this average length of CNTs will be 5.7 per
um?2. Our simulations showed that most of the networks were not connected at this density
for small channel dimensions (e.g., channel length/width of 3-50 um), which is typically
used for the fabrication of CNT-FETs. We selected a CNT network density (D) = 7 per
um?, which is very close to the pm of 5.7 per pm? and could be used to have about 50%
unconnected devices by considering the channel dimensions of interest (e.g., channel

length/width of 3-20 um). Once the density was fixed, we aimed to achieve almost equal
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Figure 4.1 Network connectivity in single gate CNT-FETSs. (a) A high-density
connected network in a CNT-FET. (b) A FET channel with unconnected CNT
network (zero current), (c) A low-density FET channel with connected CNT
network. Network is generated using same CNT density as in (b). Normalized
absolute currents in the channels are also shown for these figures. (d) Percentage of
unconnected networks in CNT-FETSs with respect to channel length for channel
width of 3 pm and 4 um. Samples are randomly generated with a density of 7 pm-2.
Dashed horizontal line corresponds to 50% unconnected devices.

51



numbers of connected and unconnected devices in any given sample to achieve maximum
randomness by varying channel dimensions. Figure 4.1 (d) presents the percentage of
unconnected devices as a function of channel length and width at a CNT network density
of 7 per um?. At this CNT network density (close to pwm), increasing the length and
decreasing the width will increase the percentage of unconnected devices in any given
sample. A device with a channel length close to 6.2 um and width 3 pum or a channel length
close to 11 pum and width 4 um was observed to be suitable for maximum randomness but

the former dimensions are more desirable as size of the device is much smaller.

A widely accepted statistical test suit developed by the National Institute of
Standards and Technology (NIST) was used to test the quality of random numbers
generated by these CNT-FETSs. The proposed PUF design passed all the relevant tests. The
NIST Statistical Test Suite is a set of algorithmic tests that attempts to identify sequences
of binary numbers that do not behave in a truly random manner. The tests calculate a p-
value for every sequence of bits. The p-value represents the probability that the given
sequence could have been generated by running a truly random number generator once.

Each test passes if the p-value is greater than 0.01 as directed in [149].

4.3 Multi-gate CNT-FET as PUF

Next, we introduced a multi-gate CNT-FET design, where the CNT network channel
was divided into multiple sections and each section could be biased with a different gate
voltage. The conductivity of any of the sections could be independently changed by
changing the applied gate voltage in that section. Thus, the path and magnitude of the

current in the device could be controlled. The two important advantages of this device
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were— (1) we could separate connected devices in two or more groups based on the
magnitude of current, and (2) we could create multiple challenges per device. Thus, we
could generate n-ary (n>2) keys, which would have more entropy than binary keys for the
same key size. Schematic diagrams of a single-gate CNT-FET and a multi-gate CNT-FET
are shown in Figure 4.2 (a) and (b), respectively, to highlight the difference in design and

operation of the two devices.

@ ] R

© [ETIT

Figure 4.2 Comparison between single gate CNT-FETs and multi-gate CNT-FETS.
(a) A schematic diagram of single-gate CNT-FET. (b) A schematic diagram of multi-
gate CNT-FET.
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Several different multi-gate channel designs can be useful depending upon the
application. We are presenting one such design to demonstrate the concept and the
advantages of multi-gate CNT-FETs. In this design, we divided the channel into four
rectangular sections of the same size, as shown in the Figure 4.2 (b). We created two
different types of sections, namely a high conductivity section (HCS) and a low
conductivity section (LCS). The ratio of conductivity between the HCS and LCS is chosen
to be 10*. We chose two gate voltages, one corresponding to an ON state and another to an
OFF state, such that the current ON/OFF ratio was 104, which is as per reported in the
literature [75, 136]. Thus, HCS and LCS mimic (correspond to) sections biased with the

ON and OFF state gate voltages, respectively.

We simulated around 1600 devices with different random CNT networks. Each
device can have 16 (2*) different combinations (or configurations) of high conductivity and
low conductivity sections in the channel. However, we found that 10 out of 16
configurations (shown in Figure 4.3 (a)) could not produce two non-zero levels of current
and in only remaining 6 configurations (shown in Figure 4.3 (b)) it was possible to separate
the connected, devices into low current devices (LCDs) and high current devices (HCDs)
depending on the magnitude of current. As shown in Figure 4.3 (b), we named these
configurations Config-1, Config-2, Config-3, Config-4, Config-5 and Config-6. The black
sections represent LCSs and white sections represent HCSs. For example, in Config-1, the
two black sections in the lower-half are LCSs and the two upper-half white sections are
HCSs. Similarly, LCSs and HCSs in other configurations can be identified. We associated

unconnected devices with a bit-value of ‘0’, LCDs with a bit-value of ‘1” and HCDs with
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a bit-value of ‘2°. Thus, we generated a ternary key using one of these configurations.

Figure 4.3 (c) demonstrates representative networks and normalized current distribution
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Figure 4.3. Multi-gate CNT-FETSs. (a) 10 different configuration which could
have only one continuous level of non-zero current and were not useful for ternary
keys (b) 6 different configurations with two separate levels of currents and useful in

generating ternary bits and creating 6 different challenges per device. HCSs and
LCSs of the channel are represented by white and black colors, respectively.
Configurations in the top row are named Config-1, Config-2, and Config-3 (from
left to right) and in the bottom row are named Config-4, Config-5, and Config-6
(from left to right) respectively. (c) Representative networks and normalized
absolute currents for six configurations: from Config-1 to Config-6; bit value ‘1’
(left image) and ‘2’ (right image).

generating bit-values of ‘1’ and ‘2’ in multi-gate devices for Config-1 to Config-6. An
HCD is produced by a random network wherein there are one or more connected paths
available and at least one connected path is passing only through higher conductivity
sections of the channel. An LCD is produced by a random network where there are one or
more connected paths available but does not have even a single path passing exclusively
through higher conductivity sections of the channel. In that case, current must pass through
the low conductivity section and, therefore, current will be much lower in LCDs compared

to HCDs. These two disjoint levels of currents are shown in Figure 4.4 (a).

The dimensions of sections and channel were chosen such that the probability of

producing any of the three bit values is approximately equal to 1/3. An equal distribution
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of all the bit values corresponds to the maximum possible combinations for a key of given
length. Since the probability of a bit value also depends on configuration, it was not
possible to have equal probabilities of bit values in all the six gate configurations
simultaneously. Therefore, we chose the dimensions of the device such that the maximum
number of configurations has an equal distribution of bit values. We kept the value of CNT
network density at 7 per um?, same as in the single-gate devices, and selected channel
length and width equal to 6.5 um and 4 um, respectively. Each of the four channel sections
had length and width equal to 3.25 pum and 2 pm respectively. We achieved an
approximately equal probability, i.e., close to 33.3%, for all the three bit values in Config-
2, Config-3, Config-5 and Config-6 (four out of six configurations) as shown in Figure 4.4
(b). However, in Config-1 and Config-4, the percentages of bit-values ‘1’ and ‘2’ were
close to 45% and 20%, respectively. The increase in bit-value ‘1’ and decrease in bit-value
‘2’ compared to the other four configurations was due to an increase in LCSs compared to
the other configurations. For a ternary key with maximum randomness, we can choose one
of the four configurations. For example, in a 128-bit ternary key, if all three bit-values are
approximately equally distributed, e.g., 42 ‘0-bit’, 43 “1-bit’ and 43 ‘2-bit’, then 7.52 x
10%8 combinations are possible. However, in a binary key of the same size only 2.40 x 10%’
combinations are possible if the bit values are equally distributed. The number of total
possible combinations in 128-bit ternary key is 1.18 x 108 (3'%) in comparison to 3.4 x
1038 (2128) of a 128-bit binary key. Thus, ternary keys can significantly increase the possible

combinations and randomness level without increasing the size of the key.
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Figure 4.4. Multi-gate CNT-FETS. (a) Two disjoint levels of non-zero currents
associated with bit-value ‘1’ and “2’ in all six configurations generated by connected
devices. Third current level associated with bit-value ‘0’ corresponds to ‘zero
current’ generated by unconnected devices. Zero current devices could not be
shown on logarithmic scale. CNT networks are randomly generated in the channel
region of FETs and current is obtained from the device simulations (b) Percentage
of devices with bit values (0, 1 and 2) produced by different configurations of multi-
gate CNT-FETs.
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Initially, we used only one configuration at a time and were able to generate only
ternary keys. Next, we utilized all the six configurations simultaneously as challenges. We
were able to generate base-17 (heptadecimal) keys by increasing the total possible
combinations and achieved significantly increased randomness in comparison with single
challenge multi-gate PUF. Theoretically, each connected device with ‘n’ different
challenges and ‘m’ current levels can produce m" different types of outputs. Therefore, a
device with six different challenges and two non-zero current levels can produce up to 64
(2%) different types of outputs e.g., 111222,112121,122111 and so on. For all outputs, the
first digit from the left corresponds to the output of Config-1 and the second digit in that
order corresponds to the associated output for Config-2 and so on. However, only 16
different types of outputs out of the possible 64 are obtained during simulation, because if
Config-2 (or Config-5) and/or Config-3 (or Config-6) rendered bit ‘1’ for a network then
Config-1 (or Config-4) would also render bit ‘1.” This can be understood by the overlap of
HCSs in different configurations. For example, if in Config-2 there is no conducting path
passing exclusively through HCSs, then Config-1, which has both its HCSs overlapped by
two out of three HCSs of Config-2 also produces bit ‘1°. Figure 4.5 presents those 16
outputs and their percentage yield in the random sample. Unconnected devices will always
have zero current and will, therefore, only produce ‘0’ bit in all the six configurations.
Thus, a bit output of ‘000000’ for unconnected devices and 16 different outputs
corresponding to the connected devices constitute a total of 17 different outputs in
comparison with just 3 outputs, when only one configuration (challenge) was used in multi-
gate CNT-FETSs. The total number of possible combinations in a 128-bit string is 3.14 x

1057 (17%28) and the maximum possible combinations if all the states are approximately
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111111,3.6 117113 3.9

111121,5.0

111222 10.3
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Figure 4.5. Multi-gate CNT-FETSs. Percentage yield of different possible composite
states produced in around 1600 four-gated CNT-FETs whose networks are
randomly sampled. First value represents unique composite output state, and
second value represents corresponding yield. Each CNT-FET is tested for six gate
configurations shown in Figure 4(a). The digits from left to right in six-bit string
(composite output state) correspond to the output states (0, 1 or 2) for gate Config-1
to Config-6.

equally distributed are 3.29 x10'#. However, in this device design, all the states were not
equally distributed, as shown in Figure 4.5. The number of possible combinations
corresponding to this distribution is 1.25 x10*?, which is significantly larger than the
number of possible combinations corresponding to a binary or ternary key of the same
length. The calculation details of maximum possible combinations are shown in Table 4.1

and described below.
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Table 4.1 Occurrence of different output states in multi-gate CNT-FETSs.

Output Total % Total Occurrence Approx. bit Possible
type occurrence  occurrence  in 128-bit  distribution in 128- combinatio
key bit key ns
111111 58 3.56 4.56 5) 128C5
111112 63 3.86 4.95 5} 123C5
111121 82 5.03 6.44 6 118C6
111222 167 10.25 13.12 13 112C13
112111 79 4.85 6.21 6 99C6
112112 17 1.04 1.34 2 93C2
112121 44 2.70 3.46 4 91C4
112222 56 3.43 4.40 4 87C4
121111 76 4.66 5.97 6 83C7
121112 36 2.21 2.83 3 77C74
121121 19 1.16 1.49 2 74C72
121222 67 411 5.26 5 72C67
222111 159 9.76 12.49 12 67C12
222112 53 3.25 4.16 4 55C4
222121 60 3.68 4.71 5 51C5
222222 69 4.23 5.42 5 46C5
000000 524 32.16 41.17 41 41C41

62



For a fixed string length, maximum possible combinations occur when all the bit-
values occur equally in the string. Maximum possible combinations in binary, ternary and
base-17 (hepta-decimal) keys are calculated on this basis. For a 128-bit binary and ternary
key, maximum possible combinations are 128C64 (2.40 x 10%7) and 128C86 * 86C43 (7.52
x 10°8), respectively. Possible combinations in hepta-decimal keys will be maximum when
9 bit-values occur 8-times and 8 bit-values occur 7-times in 128-bit key and maximum
possible combinations are 3.29 x 10'#* (128C8 * 120C8 * 112C8 * 104C8 * 96C8 * 88C8
*80C8 * 72C8 * 64C8 * 56C7 * 49C7 * 42C7 * 35C7 * 28C7 * 21C7 * 14C7 * 7C7).
Possible combinations in 128-bit hepta-decimal key are 1.25X10'?% (128C5 * 123C5 *
118C6 * 112C13 * 99C6 * 93C2 * 91C4 * 87C4 * 83C6 * 77C3 * 74C2 * 72C5 * 67C12
* 55C4 * 51C5 * 46C5 * 41C41) if bit-values occur as per distribution shown in Figure

4.5. In addition, the entropy generated by these devices can be calculated using the formula:

N

Entropy =—>_ p; log,(p;)

i=1

Here, N is total number of outputs and pi is the probability of occurrence of the it"
output. The entropy generated using single-gate CNT-FETS is 1 bit per device, whereas
entropy generated using multi-gate CNT-FETSs is 3.47 bits per device for the output
distribution shown in Figure 4.5. It implies that we need only ‘n/3.47° multi-gate devices
to generate an n-bit long key, whereas we need ‘n’ single-gate devices to generate an n-bit
long key. The maximum entropy of 4.09 bits per device can be achieved using multi-gate
CNT-FETs when all the outputs are equally distributed. Channel area of the single-gate
device was 18.6 pm? and the multi-gate device was 26 pm?. But the total device area is a

sum of channel, source, drain and gate area. The source, and drain area constitute a
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significant proportion of the total area and render the increase in channel area of the multi-
gate devices compared to single-gate devices insignificant. The gain in entropy is achieved

without any consequential increase in the device area.
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Figure 4.6. Histograms of Normalized Inter Hamming Distance for single-gate and
multi-gate devices. (a) 64-bit binary string generated by single-gate devices. (b) 128-
bit binary string generated by single-gate devices. (c) 64-bit ternary string generated

by multi-gate devices. (d) 128-bit ternary string generated by multi-gate devices.

For purposes of statistical study and demonstrating capability of simulator to
generate random network, we also calculated normalized Inter Hamming Distance for
binary and ternary strings produced by single-gate and multi-gate devices, respectively.
Normalized Inter Hamming Distance is a ratio of the number of positions with different bit

values in two different strings of equal length divided by string length. It signifies the
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fraction of corresponding bit positions with different bit values in any two keys. For
reasonably long keys (e.g., 64-bit, 128-bit), Inter Hamming Distance for binary keys should
be close to 0.5, and for ternary keys it should be close to 0.667 indicating optimal
unpredictability and inter-device uniqueness. We selected two reasonable key lengths—64-
bit and 128-bit-to produce binary and ternary strings from 2560 single-gate and 1600

multi-gate devices, respectively. The following formula is used-

2 k-1 k
Inter HD = m Z

Here, k is total number of strings, | is string length and Ri and R; are i and j" string. For
any n-ary (n output states) key to be completely independent, unique and unpredictable,
the bit value at any position should not be biased towards or against any particular bit value.
All the output states should occur with equal probability. Inter Hamming Distance is
fraction of bit positions with different bit values in any two strings. If there is a n-ary string
‘A’ and we generate another string ‘B’. If there is no bias then probability of occurring a
different bit value in B than that in A at the corresponding bit position is 1-(1/n). It will
lead to 1-(1/n) bit positions in B having different bit values that those in A. Therefore,
Inter Hamming Distance between any two strings for complete independence, uniqueness
and unpredictability should be 1-(1/2), i.e., 0.5 in case of binary strings and 1-(1/3), i.e.,

0.667 in case of ternary strings.

Figure 4.6 presents the distribution of Inter Hamming Distance between strings. For
binary strings produced by single-gate devices, Inter Hamming Distances for a 64-bit string

are 0.501 with a standard deviation of 0.063. For a 128-bit string it is 0.500 with a standard
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deviation of 0.045. This means that 99.73% of the time, any two keys generated by multi-
gate devices will have different bit values in at least 31.2% and at most 69% of the bit
positions for 64-bit keys and in at least 36.5% and at most 63.5% of the positions for 128-
bit keys. For ternary strings produced by multi-gate devices in Config-5, Inter Hamming
Distances are 0.665 with a standard deviation of 0.061 for a 64-bit string and 0.666 with a
standard deviation of 0.043 for a 128-bit string. This means 99.73% of the time any two
keys generated by multi-gate devices will have different bit values in at least 48.2% and at
most 84.8% of the bit positions for 64-bit keys and in at least 53.7% and at most 79.5% of

the positions for 128-bit keys.

4.4 Closure

We have proposed the design of multi-gate CNT-FET based PUF in this study. An
appropriate selection of CNT network channel density and dimensions for the devices
enabled us to generate random bit arrays. Single-gate devices with network density close
to percolation threshold density produced binary keys. We introduced multi-gate devices,
which can have multiple challenges and generate multiple types of outputs. We generated
ternary and base-17 (hepta-decimal) keys by using these devices. This study shows that
multi-gate CNT-FETs with networks of density close to the percolation threshold density

can be promising in producing low-cost and high-quality cryptographic primitives.
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CHAPTER 5. ELECTROTHERMAL CHARACTERISTICS OF

DELTA-DOPED BETA-GALLIUM OXIDE MESFETS

In this chapter, we have presented details of development of a 2-D electrothermal
model of a recently fabricated Si delta-doped B-Ga,Os MESFET [150] using TCAD
Sentaurus. Our simulations incorporate temperature and electric field-dependent electron
mobility and self-heating effects. We have compared their effects on the I-V characteristics
of the FET. Our model shows good agreement with the experiments at a wide range of gate
and drain voltages. We have investigated the effect of bias voltages on electric field, current
density and its path, volumetric heat generation, and peak temperature in the FET. At a
given power dissipation, different bias voltages could lead to different peak temperatures
due to a change in the volumetric heat generation profile. Finally, we investigate the effect
of the gate-drain spacing, location of delta-doping layer and source-drain length on the FET

characteristics, which can provide guidelines for future device design.

5.1 2-D Electrothermal Modeling: Approach

We have developed a 2-D electrothermal model for the delta-doped B-Ga>0O3 based
MESFET using Synopsys TCAD Sentaurus. The cross-sectional view of the device is
shown in Figure 5.1. The B-Ga20z buffer layer in this FET has been fabricated using
molecular beam epitaxy (MBE) technique; the fabrication details of FET are available in
[150] and briefly described below. A commercially available Fe-doped, semi-insulating,
and (010)-oriented B-Ga0s3 substrate of thickness 500 um was used to grow epitaxial

structure in (010) crystal direction. It consists of an unintentionally doped (UID) B-Ga203
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buffer layer of thickness 600 nm, a Si delta-doped B-Ga20z3 layer and a UID B-Ga.Oz cap
layer of 38 nm thickness. The delta doped layer has a total charge density of around 1.6 x
102 cm2. Metal stacks used for Schottky contact at the gate and ohmic contacts at source
and drain are Ni/Au (30 nm /100 nm) and Ti/Au (30 nm/ 100 nm), respectively. The source
and the drain contacts are 60 um long, the gate is 2.6 um long, source-to-gate distance is
1.4 um and gate-to-drain distance is 2 pum. The channel width (normal to the page ) is 100
um. We measured DC I-V characteristics of the devices using Microtech Summit 11k
probe station and Keithley 4200-SCS. The measurements were recorded one second after
the application of bias voltages to account for self-heating and to make sure that steady

state is reached.

;=60 um L= 2.6 pm Ly= 60 pm

YI + D: 38 nm UID Ga,0, (cap) : D:
_
et Si delta doping Sl
600 nm UID Ga,0; (buffer)
100 pm 100 pm

500 pm semi-insulating
Fe-doped Ga,0, Substrate

Figure 5.1. A schematic of the MESFET used in the 2-D simulations.

In the 2-D TCAD Sentaurus simulations [151], the substrate is extended by an
additional 100 pm on both sides beyond the source and drain pads to allow heat dissipation

from the active region as shown in the Figure 5.1. An optimum mesh was generated to
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achieve numerical convergence. The grid is of sub-nanometer scale in the active region
such as delta-doping layer and of micrometer-scale as we move away from the active
region. We use thermodynamic carrier transport model which accounts for self-heating and
is suitable for high-power density devices with long active regions. Additional details of
this model and other available models can be found in the Sentaurus Device User Guide
[138]. The bottom of the substrate is set to a constant temperature of 300 K. All other
boundaries are considered adiabatic. Temperature and electric field dependence of electron

mobility is implemented using Equations (5.1) and (5.2), respectively.

Hntow = Hno (3%)_“ (5.1)
u = Hn,low p y
(e () o

Here, u,, 10w 1S the low-field electron mobility, p, is the effective electron mobility
considering field dependence, and Ty is the lattice temperature. F is the driving field, which
is a function of electric field. We selected default driving field, which is a gradient of quasi-
fermi potential. From sensitivity study, it was predicted that electron mobility and 1-V
characteristics are not significantly affected by variation in vsi and B values. Therefore,
temperature dependence of vsat and B is not considered and assumed to be constant. The
density of conduction band states (N¢) is considered to be temperature dependent using the
relation: Ne(TL) = NczooX (TL/ 300)*2. Here, Nc,300 = 3.72 x 10 cm™ is dependent on the

effective mass of electron. In addition, other important models such as SRH, Auger,
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Table 5.1 Important TCAD Simulation Parameters. @The value of the parameter at

300 K.
Symbol Quantity Value
a temperature dependence coefficient 0.5
B electric field dependence exponent 1
€ dielectric constant 10
Dy Schottky barrier height 1.4eV?
Ln,0 low-field electron mobility 702
Eg Ga>03 bandgap 4.8 eV?
Kx,Gao thermal cond. of Gaz0s in x-dir. 17.1 W/m-K®
Ky,Ga0 thermal cond. of Ga>O3 in y-dir. 28.9 W/m-K?
Kx,sub thermal cond. of the Fe-doped Ga,03 16.6 W/m-K*#
substrate in x-dir.
Ky,sub thermal cond. of the Fe-doped Ga.03 28.8 W/m-K*#
substrate in y-dir.
Me effective mass of electron 0.28 mo

radiative recombination, Fermi-Dirac statistics, bandgap narrowing were considered. The

values of important parameters such as dielectric constant [152], Schottky barrier height

[153], bandgap [154], effective electron mass [155], saturation velocity [26] etc., are

chosen from the literature and summarized in Table 5.1. A net n-type concentration of 3.1

x 10% cm2 is considered in the buffer and the cap layer to account for unintentional doping.

This value is in agreement with the experimentally reported values [156]. The thermal

conductivity of Ga>Oz3 is an important parameter for accurately predicting the temperature

profile in the device. The thermal conductivity of Ga>Os is temperature dependent, and an

anisotropic property. We have used temperature and direction-dependent relationships for
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the thermal conductivity of Ga,O3 and Fe-doped GazO3 substrate from [96]. The x-axis of
the device (see Figure 5.1) is aligned either along crystal direction (102) or perpendicular
to (102) in the horizontal plane (~ x-z plane), where z-axis is normal to the page. However,
there is insignificant difference in thermal conductivity values along these crystal
directions. Therefore, we have used the mean value of thermal conductivity of these two
crystal directions for x-axis in 2-D simulations. The y-axis (transverse direction) is aligned

with (010) crystal direction, therefore, ky=K (010).

5.2 2-D Electrothermal Modeling: Validation and Comparison

The experimentally measured and simulated DC I-V characteristics curves are
shown in Figure 5.2. We achieved a good agreement between the 1-V measurements and
the simulations using the thermodynamic model incorporating temperature and electric
field dependent electron mobility model. The slight difference in the linear region of 14-Vs
curve at Vgs = 2 V could be attributed to the trapping effects as details of all traps are still
not known. This difference should not affect the thermal analysis as self-heating is more
prominent in the saturation region. We carried out simulations using two additional
simplified models— (a) the thermodynamic model with electric field dependence of electron
mobility turned off (only temperature-dependent electron mobility considered). The detail
of this model is presented in Ref. [151]. (b) The Drift-diffusion model with constant
electron mobility and no self-heating (Isothermal simulation at 300 K). The primary
difference between the two models is that model (a) solves for the temperature equation,
whereas model (b) does not. Model (a) explains well the measurements except it slightly
overpredicts the current at higher Vgs values, where electric field is high in the device. It

was expected because high electric field effect such as electron velocity saturation is
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ignored. It leads to overprediction of the electron mobility and thus, overpredicts the

current. The model (b) significantly overpredicts the electron mobility as self- heating is

(a) 180
160
140
120
100

Drain Current (mA/mm)

(b) 180

£ 100

V. =2to-8V,AV=2V V¥
o Experiment
—Thermo (E,T)
—Thermo (T)

2 4 6 8 10
Drain-Source Voltage (Volts)

- =—=Thermo (T)
- —DD

o Experiment

Vy=10V
—Thermo (E,T)

Gate-Source Voltage (Volts)

Figure 5.2. Comparison between experimental and simulated DC 1-V curves. (a)
Output characteristics (b) transfer characteristics. “Thermo (E, T)” and “Thermo
(T)” represent simulations using Thermodynamic model incorporating both electric
field and temperature dependent electron mobility model and only temperature
dependent electron mobility model, respectively. “DD” represents isothermal
simulations using Drift-Diffusion model (no self-heating) with constant mobility.
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not considered. The overprediction of mobility leads to overprediction of current at high
Vs and Vgs. At low Vgs, power dissipation is small, therefore neglecting self-heating effect
does not lead to any error in the simulations. In the rest of the study, we have discussed
results obtained from the simulations using the thermodynamic model incorporating

temperature and electric field-dependent electron mobility model.

5.3 Effect of Bias Condition on Electrothermal Characteristics

Figure 5.3 shows the change in peak temperature and thermal resistance of the
device with respect to Vgs and power. The variation in peak temperature with Vs is
qualitatively similar to the variation in the power dissipation with Vgs (see Figure 5.3 (a)).
The curves are non-linear when the device is operating in the linear region and are almost
linear in the saturation region. Thermal resistance of the device is defined as ratio of the
difference between the peak and ambient (bottom of the substrate ~ 300 K) temperature
and the power, i.e., Rih = (Tpeak— 300)/Protar. INCrease in the peak temperature with the power
is approximately linear as shown in the Figure 5.3 (b). We observed that peak temperatures
are different for different bias voltages even though the power dissipation is same (see inset
in Figure 5.3 (b)). Here, peak temperature is smallest for the bias condition with more
positive Vgs. Choi et al. also observed similar effect of bias voltages on peak temperature
in their measurements on AlGaN/GaN HEMTs [157]. The difference in peak temperatures
at the same power dissipation but different bias voltages is shown in Figure 5.3 (¢). As the
power is increased by increasing Vs the difference between peak temperatures of different
cases of Vgs also increases. Figure 5.3 (d) shows increase in the thermal resistance with
increase in the power. We varied the power by varying the Vgs for three different Vg, i.e.,

-6, -2 and 2 V. We could expect the same trend if we plot the variation in thermal resistance
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Figure 5.3. Variation in the peak temperature of the device with respect to (a) Vds
and (b) power. Inset shows the dependence of the peak temperature on bias voltages
(c) Difference in the peak temperatures due to difference in applied bias conditions
at a given power. ATpeak is defined as Tpeak,vgs— Tpeak vgs=2v at a given power. The
values next to data points represent corresponding Vds. (d) Increase in thermal
resistance with peak temperature. Dotted lines assume constant thermal
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with respect to peak temperature because peak temperature is almost linearly dependent on
the power dissipation. There are two factors contributing to net increase in thermal
resistance with increase in power. First factor is decrease in the thermal conductivity with
temperature. The peak and overall temperature of the device will increase with the increase
in power. The thermal conductivity of the Ga2O3 and Fe-doped Ga>Os substrate decreases
with the increase in the temperature and contributes to increase in thermal resistance. The
decrease in thermal conductivity with temperature is attributed to enhanced phonon
scattering leading to decrease in phonon mean free path [158]. The second factor is change
in electron Joule heat generation profile with change in power (at a given Vgs). To show
that, we performed simulations assuming constant thermal conductivity (not a function of
temperature) for Ga20Os and Fe-doped GazOs substrate and plotted variation in thermal
resistance against power (shown by dotted lines in Figure 5.3 (d)). Since, thermal
conductivity is assumed to be constant, this change in thermal resistance with power is
entirely due to change in the electron Joule heat generation profile with change in power.
However, this change in thermal resistance is minor and most of the change in thermal
resistance with power is due to decrease in the thermal conductivity of the Ga,Os and Fe-
doped Ga>Os substrate layers with temperature. The trend of thermal resistance versus
power is different at different Vgs because the variation in electron Joule heat profile with
power is different at different Vg. We can also comprehend the trends of the curves
obtained from constant conductivity simulations in Figure 5.3 (d) in context of Joule heat
profile. At Vg = -6 V, when power increases due to increase in Vgs, the 2-DEG channel
starts depleting near the gate edge of the drain side and path of the current flow changes. It

leads to change in Joule heat profile near gate edge of the drain side. There is an increase

75



in the thermal resistance with power up to 0.25 W/mm as the Joule heating density is
increasing in the buffer near the gate edge of the drain side. The channel is almost fully
depleted near gate edge of the drain side at power ~ 0.25 W/mm (~Vs~ 7V). After 2-DEG
channel is fully depleted, there is negligible change in the Joule heat profile with power
and, therefore, no significant change in thermal resistance is observed. The minor decrease
in the thermal resistance beyond 0.25 W/mm can be attributed to the spreading of Joule
heat profile in the buffer. At Vg = -2 V, the depletion of 2-DEG channel with power near
the gate edge of the drain side is slower than that at Vg = -6 V and the channel is not fully
depleted in the range of power (0 -1.7 W/mm) considered in Fig. 3 (d). At Vg =2 V, no
depletion of 2-DEG is observed up to power =1.7 W/mm. Therefore, the thermal resistance
is increasing at Vgs = + 2 V and should keep increasing until the full depletion of the 2-

DEG channel.

It is evident that peak temperature is strongly dependent upon the power, but to
understand how peak temperature is dependent on bias conditions while keeping the power
constant, we have compared the electron Joule heat generation profiles of two different
bias conditions— (a) Bias-A: V¢s=8.3 V and Vgs=2 V (b) Bias-B: V¢s=25 V and Vgs=-6 V,
dissipating the same power (=1.16 W/mm) as shown in Figure 5.4 (a) and (b). Figure 5.4
(c) and (d) compare the electron Joule heating profiles of Bias-A and Bias-B along y-axis
at x = 164.3 um (gate edge on drain side and location of peak temperature) and x-axis at y
= 38 nm (location of delta-doping layer), respectively. These bias conditions are chosen
for a better understanding of the changes in peak temperature and hot spot location when
the gate bias is swept from positive to negative values but keeping power constant by

increasing Vgs. Most of the heat in Bias-A is generated in the delta-doping layer, whereas
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Figure 5.4. Electron Joule heat density profiles in the device when power =1.16
W/mm with (a) Bias-A: Vds=8.3 V and Vgs=2 V (b) Bias-B: Vds=25 V and Vgs=-6 V.
Note that x and y axes have different scaling factor in these contour plots and
subsequent contour plots. Variation of electron Joule heating for Bias-A and Bias-B
along (c) y-axis at x = 164.3 um (gate edge on drain side and location of peak

temperature) and (d) x-axis at y = 38 nm (delta doping layer location).
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Figure 5.6. Temperature profiles in the device when power =1.16 W/mm at (a) Bias-
A (Vuas=8.3 V and Vgs=2 V) (b) Bias-B (Vds=25 V and Vgs= — 6 V). Variation of
temperature for Bias-A and Bias-B along (c) y-axis at x = 164.3 um and (d) x-axis at
y =38 nm.

in Bias-B, most of the heat generation occurs in buffer layer. It is expected, because in the
case of Bias-A, a 2-dimensional electron gas (2-DEG) is created where the delta-doping

layer is located. However, in the case of Bias-B, a negative gate voltage depletes the 2-
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DEG near the gate edge of the drain side and thus, there is a change in the path of the
current flow in the device. Current must flow through the buffer layer under the gate edge
of the drain side. Since, Joule heating is a scalar product of electric field and current
density, we have shown variation of electric field and current density at Bias-A and Bias-
B in Figure 5.5. Figure 5.5 (a) and (b) show the electric field profiles at the Bias-A and the
Bias-B, respectively, and we observe that electric field is significantly higher in the cap
layer than in the buffer layer for both bias conditions. It is most likely a consequence of
fixed charges in the 2-DEG, traps at the top surface and applied gate voltage. Figure 5.5
(c) and (d) show the current density profiles at the Bias-A and the Bias-B, respectively and

we can observe that the path of current flow changes with change in the applied bias
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Figure 5.7. Temperature and integral of electron Joule heating along x =164.3 pm
at Bias-A and Bias-B with power =1.16 W/mm.
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condition. The total heat density profile is qualitatively similar to the total current density
profile at the corresponding bias condition. Interestingly, the change in bias conditions does
not significantly affect the location of peak temperature in the device. It only affects the
magnitude of peak temperature, for example, a difference of about 9 K in peak temperature
is observed between Bias-A and Bias-B, but the location of the peak temperature is still
near the 2-DEG and the gate edge of the drain side, as shown in Figure 5.6 (a)-(d). This
difference in peak temperature could be attributed to the difference in integral of electron
Joule heating along the y-direction. We have plotted an integral of electron Joule heating
and the temperature near the gate edge of the drain side (at x ~164.3 um) along y-direction,
as shown in Figure 5.7. The integral of electron Joule heating is lower for Bias-A, which

leads to a lower peak temperature for Bias-A.

5.4 Effect of Device Structure and Dimensions on Electrothermal Characteristics

The development of Ga2Os-based delta-doped MESFETS is still in its early stages.
The simulations could guide future design and fabrication by suggesting how the location
of doping or miniaturization of device could affect performance. Usually, gate-drain
spacing (Lgq) is an important parameter to improve the breakdown voltage of the device.
Therefore, first, we studied the effect of Lyq on some of the important electrical and thermal
characteristics of the devices such as on-resistance, saturation current and peak
temperature. We varied Lgq by keeping source-drain spacing (Lsq) and source-gate spacing
(Lsg) constant (i.e., gate length was changed to accommodate the change in gate-drain
spacing). The increase in Lgg leads to increase in saturation current, unchanged on-

resistance, slight decrease in peak temperature and decrease in threshold voltage (makes
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Figure 5.8. Effect of gate-drain spacing and location of delta-doping on the device
output characteristics. To study effect of gate-drain spacing, the distance between
source and drain is kept 6 um and gate-drain spacing is varied by varying the length
of the gate. The three cases studied have: Lgd=1 pm and Lg=3.6 um, Lga=2 pm and
Lg=2.6 um (actual device), Lgds=3 um and Lg=1.6 um. (@) Output characteristics at
Vgs=0 V (b) Peak temperature variation with the power dissipation in the device (c)
Change in threshold voltage of the device with respect to Lgda. Then, to study the
effect of location of delta-doping, the distance between gate and delta-doping layer is
set to 20 nm, 38 nm (actual device), 60 nm and 100 nm. Effect of location of delta-
doping in the device on (d) Output characteristics at Vgs=0 V (¢) Peak temperature
with the power dissipation, (f) Change in the threshold voltage with the location of
delta-doping layer.
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Figure 5.9. Effect of source-to-drain length on the device output characteristics. The
distance between source and drain is set to 4 um (Lsg=0.93 um and L¢=1.74 pum), 6
pm, (actual device), and 8 um (Lsg=1.86 um and L¢=3.47 um. (a) Output
characteristics at Vgs=0 V (b) Peak temperature variation with the power dissipation
in the device (c) Change in threshold voltage of the device with the location of delta-
doping layer.

turning off the device harder), as shown in Figure 5.8 (a)-(c). Therefore, it is a compromise
between higher saturation current and lower threshold voltage. Then, we studied the effect
of the location of the delta-doping layer on the device characteristics (see Figure 5.8 (d)-
(M). The increase in distance between gate and delta-doping layer significantly lowers on-

resistance and improves saturation current. The improvement in these characteristics is
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non-linear with respect to increase in the distance. For a given power, the peak temperature
is lowest when delta-doping layer farthest from the gate. However, the drawback of
increasing the distance between gate and delta-doping layer is that it significantly decreases
the threshold voltage of the device, thus, making it more difficult to turn off the device.
Finally, we varied Lsq to study its effect on device characteristics (see Figure 5.9). The
decrease in the channel length leads to a significant decrease in on-resistance and increase
in the saturation current. In addition, threshold voltage does not decrease significantly with
the Lsg. Peak temperature is affected but it does not increase drastically with decrease in
the length at low power. The reduction in the length improves output characteristics
without aggravating the heat dissipation problem at low power. However, at high power
settings, higher peak temperature in smaller channel devices compared to longer channel
devices may also lead to higher leakage current in smaller channel devices. At a given
power, the smaller channel devices may require more efficient (or expensive) cooling
techniques compared to longer channel length devices to achieve the same peak

temperature limit because heat generation density is higher in smaller channel device.

5.5 Closure

We developed a 2-D electro-thermal model, which accounts for self-heating and
incorporates an electric field and temperature-dependent mobility model. A good
agreement was achieved between the measured and computed I-V characteristics at various
bias voltages, which validates the developed model. We studied the effect of bias
conditions on electric field, current density, Joule heating profile and peak temperature in
the device. Peak temperature strongly depends on the power. However, at a given power

dissipation, different bias voltages could lead to different Joule heating profile and thus, to
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different peak temperatures. Therefore, the knowledge of Joule heat generation profile is
important in predicting accurate peak temperature. We studied the effect of Lgq, the location
of delta-doping layer and Lsq on the device I-V characteristics and peak temperature. The
increase in Lgg improves saturation current without affecting on-resistance but it decreases
threshold voltage and, thus, makes turning off the device difficult. The increase in the
distance between delta-doping and gate improves on-resistance and decreases saturation
current, but it also makes turning off the device significantly difficult. However, decrease
in the Lsq can significantly improve on-resistance and saturation current without drastically
decreasing the threshold voltage and aggravating the problem of heat dissipation at low

power.
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CHAPTER 6. ULTRAFAST THERMAL IMAGING, THERMAL
MODELING AND THERMAL MANAGEMENT OF BETA-

GALLIUM OXIDE MESFETS

In this work, we investigated the thermal characteristics of a recently developed
delta-doped B-Ga.Os MESFET using thermoreflectance imaging technique, which enabled
temperature measurement with ~ 250 nm spatial and ~ 400 ns temporal resolution. To the
best of our knowledge, it was first study on transient measurements of f-Ga>O3z FETs. We
measured the temperature contours on source, drain and gate pads and estimated peak
temperature at different bias conditions. A 3-D diffusive thermal model combined with a
device thermodynamic carrier transport model was developed and validated against the
thermal measurements. We used this model to predict the temperature profile inside the
device and study effectiveness of various device-level thermal management techniques. A
compact thermal model was also developed based on experimental measurements and
thermal time constants were estimated. The compact model is useful in predicting the

temperature rise and drop when the device is turned on and off, respectively.

6.1 Measurements and Modeling Approach

The cross-sectional view of the device used in this study is shown in Figure 6.1 (a).
It was fabricated using molecular beam epitaxy (MBE). The detailed description of
fabrication process is reported in [150]. An unintentionally doped (UID) (010)-oriented -
Ga>03 buffer layer of thickness 600 nm was grown on 500 um thick Fe-doped semi-

insulating (010) B-Ga2Os substrate. The silicon delta-doped layer of concentration around
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1.6 X 10 cm2 is located between 38 nm UID B-Ga,Os cap and the buffer layer. Thus, it
is located 38 nm below the top edge of the device. Schottky barrier at the gate and ohmic
contacts at source and drain are formed using Ni/Au (30 nm /100 nm) and Ti/Au (30 nm/
100 nm) metal stacks, respectively. The lengths of gate contact (Lg), drain contact (Lg), and
source contact are 2.85 um, 60 um, 60 um, respectively. The source-gate spacing (Lsg) and
gate-drain spacing (Lgd) are 1.05 um and 2.4 um, respectively. The channel width (normal
to the page) is 100 um. The DC I-V characteristics are shown in Figure 6.1 (b). The I-V
characteristics of the devices were measured using Microtech Summit 11k probe station
and Keithley 4200-SCS. The Microsanj thermoreflectance system NT210B with
piezoelectric stage is used for thermoreflectance imaging. The measurement technique and

the experimental setup was described in the Chapter-3.

A 2-D electrothermal model, which was developed using thermodynamic carrier
transport model in TCAD Sentaurus was used to predict Joule heat profile in the device.
First, the simulated 1-V curves were verified against the experimental data. Then, the
simulated Joule heat profile is given as an input in 3-D diffusive thermal model in Ansys
Fluent to accurately predict the temperature distribution in the device [151]. Both the 2-D
electrothermal TCAD model and 3-D diffusive thermal model are discussed in detail in
Chapter-4. Temperature and direction dependence of the thermal conductivity of Ga,03
and Fe-doped Ga>O3 substrate is obtained from [96]. There is insignificant difference in
thermal conductivity in the x-z plane. Therefore, we have used the mean value of thermal
conductivity of these two crystal directions in the lateral plane. The y-axis is aligned with

(010) crystal direction, therefore, ky = K(10). The bottom of the substrate is set to isothermal
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boundary condition at 27 °C (300 K) and all other boundaries of the domain are assumed

to be adiabatic.

(a) Tg,center (computed)
Texp (measured)
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0 2 4 6 8 10 12 14
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Figure 6.1. (a) A schematic of the p-Ga.Os delta-doped MESFET (not drawn to
scale), (b) Measured I-V output characteristics.
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6.2 Steady-State Thermoreflectance Imaging and 3-D Diffusive Thermal Modeling

First step in thermal measurements is the estimation of thermoreflectance coefficient
(Ctn), which relates relative change in the reflectivity of a surface to the temperature change
of the surface. Ci is defined in Chapter-3. A large value of C is desirable for high signal
to noise ratio and the accurate measurements. Since, the top surface of electrode pads is
gold, we used 530 nm green LED as light source because the thermoreflectance coefficient
of gold for this wavelength is known to be significantly high [27]. A 100x magnification
lens was used for calibration and measurements as it can provide up to ~250 nm spatial
resolution with high signal to noise ratio. The thermoreflectance coefficient over the
electrodes was determined to be 1.80 x 10* + 1.29 x 107 by measuring the change in the
surface reflectivity with ~ 90 °C change in temperature of the electrodes. After obtaining

the Cw, temperature measurements were performed.

The CCD image of the electrodes is shown in Figure 6.2 (a), where source, drain,
and gate regions are also marked. Steady-state temperature map of the electrodes at power
dissipation of 2.56 W/mm (gate-to-source voltage, Vg = 2 V and drain-to-source voltage
,\Vds = 20 V) is shown in Figure 6.2 (b). The temperatures are measured only on the top
surface of the electrodes. The temperature at bottom of the substrate (Thase) IS maintained
at 27 °C. The temperature data on the Ga.Oz and edges of the electrodes are excluded due
to low intensity of light reflected from these areas, which translated into large uncertainties.
The highest temperature on the electrodes is measured in the central region of the gate (see
Figure 6.2 (b)). However, from the simulations, we determined that overall peak
temperature (also referred as hotspot or Tpeak) of the device is not located on the electrode

surfaces but located inside the device. It is estimated to be in the delta-doping layer and ~
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0.5 um away from the gate- edge towards drain as shown in Figure 6.2 (a). Figure 6.3 (a)
presents the measured temperature (Texp), computed temperatures at the drain side gate-

edge (Tg,max), source side gate-edge (Tg,min), center of the gate (Tg,center), and Tpeak
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Figure 6.2. (a) A CCD image of the device using 100x objective, (b) Temperature
contours of the electrodes at power = 2.56 W/mm obtained from thermoreflectance
imaging.
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Figure 6.3. (a) Comparison of measured and computed temperatures at the gate-
center ‘C’ in steady-state at various power settings. (b) The difference between
computed overall peak temperature (Tpeak) and computed gate-center temperature
(Tg,center) With power.

as a function of power at Vgs =2V. A small region of interest was chosen at the center of
the gate (shown by green rectangle and marked as ‘C’ in Figure 6.2 (a) and by green circle
in Figure 6.1 (a)), avoiding the edges, for measuring Texp as a function of power. A good

match is obtained between Texp and Tg,center (computed at the same location) , as shown
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in Figure 6.3 (a). The uncertainty bounds (95.4 % confidence interval) in temperature
measurement (Ur) are: + 0.0718 x (Texp - Thase), e.g., the steady-state Texp is 199 + 12.3
°C at power = 2.56 W/mm. The difference between Tpeak and Tg,center as a function of
power dissipation is shown in Figure 6.3 (b). As expected, the difference is increasing with
increase in power dissipation and the non-linearity of the trend can be attributed to

temperature dependence of the thermal conductivity.
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Figure 6.4. Spatial variation in measured and computed temperatures at steady-
state at power = 2.56 W/mm. Variation in temperature (a) along the horizontal
dotted-line shown in Figure 6.2(a) with (b) a close-up, (c) along the vertical dotted-
line and (d) predicted from simulations along y-direction (depth of the device) on
the red solid line passing through hotspot as shown in Figure 6.1(a). The dotted
lines and gate-center ‘C’ is marked in Figure 6.2(a). Black markers are measured
temperature and solid lines are simulated results.
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The measured and computed temperature profiles along the x-axis in the middle of
the channel are shown in Figure 6.4 (a). As explained earlier, the measured temperature
data on the edges and Ga>Os channel is excluded (see Figure 6.4 (b)). The drain side of
gate-edge has the highest temperature among all electrode pads. Figure 6.4 (c) presents the
temperature profile along the z-axis at the gate-centerline. There is a sharp drop in the
temperature close to the edges of the channel. Figure 6.4 (d) presents the computed
temperature profile along the y-axis (depth of the device) on the red solid line passing
through hotspot as shown in Figure 6.1 (a). Although the hotspot is located in the delta-
doping layer, there is negligible variation in the temperature between top surface of cap
layer and hot-spot along y-axis. There is sharp drop in the temperature along y-axis in the
buffer layer, as shown in Figure 6.4 (d). The initial non-linearity indicates temperature
dependent and anisotropic thermal conductivity and heat spreading effects. Linear profile
beyond ~ 100 um suggests that rest of the substrate could be modeled using a 1-D resistance

model.

6.3 Transient Thermoreflectance Imaging and 3-D Diffusive Thermal Modeling

In this section, transient thermoreflectance imaging and 3-D diffusive thermal modeling
using Ansys Fluent are performed to understand transient thermal behavior of the device.
Figure 6.5 (a) presents the transient measurements for a 500 ps pulse width and 25% duty
cycle for three different power and bias settings—Case-A (power = 3.25 W/mm, V4s =20V
and Vgs = 2 V), Case-B (power = 2.04 W/mm, Vgs=13.3 V and Vg = 2 V), Case-C (power
= 1.85 W/mm, Vg =20V and Vg = -2 V). The pulse width of the LED for the
measurements is ~400 ns, which is also the temporal resolution of these measurements. A

good match is obtained between Texp and Tgcenter fOr transient thermal measurements at
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different power settings. In Figure 6.5 (b), we have compared change in ATpc (Tpeak —
Tgcenter) as a function of time for the three cases. As expected, the ATy increases as power

increases at Vgs =2 V.
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Figure 6.5. Transient thermal measurements at the gate-center ‘C’, which is marked
in Figure 6.2 (a). Measured and computed temperatures for a pulse width of 500 ps
and 25% duty cycle (i.e., pulse period is 2 ms) for (a) Case-A: power = 3.25 W/mm

(Vgs =2 V; Vas= 20 V), Case-B: power = 2.04 W/mm (Vgs =2 V; Vas = 13.3 V), and
Case-C: power = 1.85 W/mm (Vgs = -2 V; Vs = 20 V). (b) difference between the
computed peak temperature and the computed gate center temperature with time
for Case-A, B and C.
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Figure 6.6. Computed temperature profiles for a pulse width of 500 ps and 25%
duty cycle (i.e., pulse period is 2 ms) for (a) Case-B: power =2.04 W/mm (Vg =2 V;
Vs = 13.3 V), and (b) Case-C: power = 1.85 W/mm (Vgs = -2 V; Vgs = 20 V) at time =

500 ps.

However, Case-C has larger AT, compared to Case-B, even though Case-C has
slightly lower power than Case-B. The measurement location (shown in Figure 6.1 (a)) is
gate-center, which is same in both the cases. But the hotspot moved away from the gate

towards the drain in Case-C. Thus, the hotspot is slightly farther from the measurement
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location in Case-C compared to Case-B, as shown in Figure 6.6. Even though power
dissipations are comparable, the applied bias conditions in the Case-B and Case-C are
different, which leads to different electric field profiles and current flow paths and, in turn,
different Joule heat profiles [159]. The Joule heat generation at a location is dot product of
electric field current density vectors there. Therefore, the two cases have different Joule
heat generation profiles, which leads to different temperature distribution (as shown in
Figure 6.6 (a) and (b)) and different ATy in the two cases. This has an important
implication as it suggests that the temperature measured at electrodes by thermoreflectance
imaging or Raman thermometry may not be necessarily close to peak temperature and

dependent on the bias conditions.
6.4 Compact Thermal Modeling

A compact thermal model was developed to predict transient thermal behavior of
these devices. The model can be useful when only peak temperature is the quantity of
interest and entire temperature distribution is not required. We have calculated the thermal
time constants by curve fitting the experimental data using Equations (6.1) and (6.2). Only
one or two time constants cannot adequately predict the temperature rise and drop in the
device during heating and cooling period. We needed three time constants to describe the
temperature rise and another time constant to describe drop in these devices. The equations

are-

ATheat (t) = (ATheat,max/g) Z(l - exp(— t/Ti)) (61)
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ATcool(t) = (ATcool,max/B) Z exp (_ t/Ti) (6-2)
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Figure 6.7. Comparison of compact thermal model predictions with the
measurements when (a) the device is turned on and temperature rises and (b) the
device is turned off and temperature drops for Case-A, Case-B and Case-C.
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For Case-A, we calculated 11, 12 and T3 for transient temperature rise to be 2 us, 15
us and 400 ps, respectively, and for transient temperature drop to be 2 ps, 20 ps, and 180
us, respectively. The ATheat,max IS the rise in temperature to reach steady-state for the given
power at the gate center and computed to be 221.7 °C from steady-state simulations for
Case-A. ATcool,max IS the drop in temperature during cooling and measured to be 196 °C
for Case-A. Even though time constants are estimated by fitting for Case-A only, they are
also able to predict temperature rise and drop for Case-B and Case-C as shown in Figure
6.7. Therefore, these time constants can predict transient thermal behavior at different
power settings and bias conditions. The multiple time constants required for fitting can be
attributed to heat spreading in the materials of different thermal diffusivities, which leads

to different rate of heat spreading in different directions.

6.5 Device-level Thermal Management

We have investigated two different passive cooling techniques for Ga,O3 devices
using 3-D thermal model. First, we investigated the effect of various high thermal
conductivity substrates, e.g., SiC and diamond. We also accounted for the thermal
boundary resistance (TBR) between substrate and GaOs buffer layer. The thermal
conductivities of the substrates and TBR at the buffer-substrate interfaces are based on the
literature and tabulated in Table 6.1. The TBR of Ga,Oz-AlIN interface was not available
in the literature, so a value between Ga,0O3-SiC and Ga.Oz-diamond TBRs was chosen.
Second, we studied the effect of introduction of a passivation layer at the top of device on

heat spreading and peak temperature.

98



Figure 6.8 shows the introduction of passivation layer in the device at the top.
Usually, passivation layers are introduced in the devices to improve the electrical
characteristics by passivating the charges at the top surface. However, a high thermal
conductivity passivation layer can also reduce the device temperature by provide additional
paths for heat spreading. AIN has a significantly higher thermal conductivity than other
common passivation materials such as Al.Os, SisNas, etc. Therefore, we investigated the

effects of addition of AIN layer in reducing the peak temperature of the device.

Table 6.1 Thermal conductivities and thermal boundary resistances used in the

simulations.
Material Thermal conductivity  Thermal boundary Reference
(W/mK) resistance (m?K/W)
SiC 337*(T/300) 2059 - [160]
AIN 316*(T/300) 49 ] [161]
Diamond 2169 - [107]
SiC- Gay03 - 7.14 x 10°° [105]
AIN- Gaz03 - 6.67 x 10°° [105, 107]
Diamond- Ga,03 - 5.59 x 10 [107]

Table 6.2 presents the peak temperature of the devices with different thermal
management solutions. The peak temperatures shown in Table 6.2 corresponds to Case-A,
where total power dissipation was 3.25 W/mm at Vg =2 V and Vgs= 20 V. We can make
a few observations regarding the effectiveness of the different thermal management
strategies from Table 6.2. The rise in peak temperature for the baseline case, when semi-
insulating Ga>O3 was used as substrate and no passivation layer was added, is 243 °C. It

was observed that replacing semi-insulating GaOs substrate with a high thermal
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conductivity substrate such as SiC and diamond, reduces the rise in peak temperature of
the device to 34.2 °C and 21.2 °C, respectively. The other cooling technique where a layer
of AIN was deposited at the top is also an effective strategy. Thickness of the passivation
layer has significant effect on temperature rise. We observed that a passivation layer of 10
pm can reduce the rise in the peak temperature from 243 °C to 54°C. Thus, both thermal
management techniques are effective in significant reduction of the peak temperature and

can be implemented in future device structures to address the thermal management issues.

Table 6.2 Comparison of various thermal management techniques.

Thermal management technique Rise in peak temperature (°C)
None (Baseline) 243
SiC substrate 34.2
Diamond substrate 21.2
1 pum AIN passivation layer 137.3
10 um AIN passivation layer 54

Figure 6.8. Introduction of passivation layer at the top of the device.
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6.6 Closure

In summary, thermoreflectance imaging technique has been used to measure steady-
state and transient temperature profile of the B-Ga.O3 delta-doped MESFET. To the best
of our knowledge, the transient measurements of p-Ga>Os FETSs were reported for the time.
We have developed a 3-D diffusive thermal model for these devices. 3-D steady-state and
transient thermal simulations were used to compare with thermal measurements and predict
the temperature variation inside the device. The difference in overall peak temperature
inside the device and the measured temperature at the gate pad is observed to be dependent
on bias conditions even at similar powers. A compact thermal model was developed, and
the thermal time constants of the device were estimated to predict the transient thermal
behavior of the device. We studied two different cooling techniques for these devices—
(1) introduction of a high thermal conductivity substrate and (2) introduction of a
passivation layer at the top. Both techniques appears to be effective in reducing device

peak temperature.
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CHAPTER 7. NON-GRAY THERMAL TRANSPORT IN BETA-

GALLIUM OXIDE FILMS AND MESFETS

In this chapter, phonon transport in f-Ga.Oz thin films and MESFETs are
investigated using non-gray Boltzmann Transport Equations (BTE). The results from this
work will help in understanding the mechanism of phonon transport in the $-Ga.Oz3 thin
films and MESFETS. First, the effect of film thickness on the -Ga>O3 thermal conductivity
is investigated at room temperature. Next, the effect of domain size and the energy
transferred to various phonon modes on the temperature distribution in the domain is
studied. The difference in the hotspot temperatures predicted using Fourier’s law and non-
gray BTE are compared for three different domain sizes. The role of distribution of energy
transfer to various phonon modes and domain size on the thermal transport and temperature
profile is investigated. Finally, thermal transport in f-Ga>Os MESFET integrated with a
high thermal conductivity diamond substrate is studied. The ballistic-diffusive thermal
transport and its dependence on the $-Gax0s layer thickness is studied. The error in the
temperature prediction using Fourier’s law in these devices is calculated for three f-Ga203
layer thicknesses. The importance of solving non-gray phonon BTE model in $-Ga203

layer to predict accurate temperature profile in these devices is highlighted.

7.1 Modeling Approach

7.1.1 Non-gray Phonon BTE Simulations

Non-gray Phonon BTE with SMRTA is solved to predict the thermal conductivity

along (100) and (010) directions in f-Ga.O3 and predict steady-state spatial temperature
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distribution in f-Ga2Os MESFETS. In non-gray BTE, all the phonon modes in the wave-
vector space and their interactions are considered. Each phonon mode has corresponding
relaxation time (t) , group velocity (vg) and frequency (). On the contrary, gray BTE is
solved using a single 1, vq and ®. Thus, it cannot account for phonon interactions and
energy re-distributions. The phonon properties for non-gray BTE such as t, vq and o for
p-Gaz03, are obtained from Density Function Theory (DFT) calculations performed in
[33]. The steady-state BTE, discretized using finite volume method (FVM) in both
physical and wave-vector space, is defined in Chapter-3 by Equations (3.1) and (3.2). The
COMET algorithm developed by Loy et al. [119, 129] is used to solve BTE. The algorithm

has already been discussed in Chapter-3 and the flow chart is shown in Figure 3.6.

7.1.2 Multiscale Electrothermal Simulations

The size of f-Ga>03 MESFETS can be significantly larger as substrate thickness are
typically of the order of a few hundreds of microns. Therefore, it is impractical and
computationally very expensive to solve the phonon BTE in the entire MESFET. The Joule
heating occurs only in the semiconducting $-Ga2Oz layer in the MESFETS. It is known that
the complex electron-phonon scattering mechanisms occur near Joule heating zone only.
The thermal transport becomes diffusive away from the heat source. Therefore, the BTE
needs to be solved only in the semiconducting f-Ga>Oz layer, where heat generation
occurs. Fourier’s law should be applicable away from the heat source in the substrate,
where thermal transport is diffusive. The two models are coupled together to predict

temperature distribution in the entire device.
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7.2 Effect of Film Thickness on Thermal Conductivity

The non-gray phonon BTE is employed to estimate the effect of film thickness on
thermal conductivity of f-Ga>Os. A schematic of the f-Ga>Os film is shown in Figure 7.1.
The thermal conductivity is measured at room temperature. Therefore, 305 K and 295 K
are applied at left and right edge of the film. The top and the bottom edge are insulated,
where the specular reflection boundary condition is applied to simulate infinite thickness
in vertical (y-axis) direction. The thermal conductivity is computed in two crystal
direction—(100) and (010). These two directions are perpendicular to each other in the
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T =305 K
.‘a' /
T=295K

e -

o ®
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Figure 7.1. A schematic of thin film with the applied boundary conditions.

crystal. The MESFETs studied in the Chapter-5 and 6 are grown along (010) crystal
direction and (100) is in transverse plane in these devices. Even though f-Ga>Os has
anisotropic thermal conductivity, it can be approximated to be bi-directional because

conductivity in all directions in the plane perpendicular to (010) are very close [32].
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Therefore, (100) direction is considered to be representative of all these directions. The
conductivity in each crystal direction is calculated by aligning that direction along x-axis
and the other direction along y-axis in the simulations. In addition, the effect of point
defects on the thermal transport in B-Ga>O3z has also been investigated. We have considered
two different types of p-Ga,0Oz samples (1) B-Ga203 with no defects and (2) B-Ga203 with
2% Ga vacancies. In the latter sample, 2% Ga vacancies in the crystal will introduce
additional phonon scattering. The additional scattering has been accounted for in the

simulations as described in [33].
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Figure 7.2. (a) Effect of film thickness on the thermal conductivity of f-Ga203 with
no defects and #-Ga203 with 2% Ga vacancies along (100) and (010) directions. (b)
A close-up view of Figure 7.2 (a) .

Figure 7.2 shows effect of film thickness on thermal conductivity of f-Ga>0Oz with
no defects and B-Ga>O3 with 2% Ga vacancies along (100) and (010) directions. It can be
observed that thermal conductivity increases as the film thickness increases and

asymptotically approaches the bulk conductivity for both the samples and crystal
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directions. The thermal conductivity along (010) is much higher than (100) direction for
both the samples as shown in Figure 7.2.The thermal conductivity of the B-Ga,O3z with no
defects is higher than the B-Ga>O3 with 2% Ga vacancies along both the directions because
the scattering due to Ga vacancies suppresses the thermal conductivity. The bulk thermal
conductivity predicted in this study of no defect sample is in good agreement with the
experimentally measured bulk values in both the crystal directions as shown in Table 7.1.
The measured thermal conductivities are slightly lower than the predictions from the
simulations for samples without any defects, which can be attributed to the presence of
defects or impurities in the samples used for the measurements. Most of the experimental
studies do not report the % of vacancies or dislocations in the samples, which makes direct
comparison difficult.

Table 7.1 Comparison of bulk thermal conductivity predicted in this study with the
measured values in the literature.

Crystal Experiments This study This study
direction (W/mK) (No defects) (2% Ga vacancies)
(W/mK) (W/mK)
100 10.9 +1 [32]; 13+1 [162] 14.5 11.1
010 27+2 [32]; 29.21 [96] 29.2 20.5

Thin film conductivity is less than bulk conductivity because some of the phonon
modes with mean free paths larger than film thickness have their contribution to
conductivity restricted. In other words, the mean free paths of these modes is reduced to
film thickness and, therefore, thermal conductivity is reduced. The largest phonon mean
free path for B-Ga20O3 is around 0.5 um. The initial sharp change in thermal conductivity
up to 0.5 pum is due to significant ballistic transport in the films with thickness less than 0.5

pm. Beyond 0.5 um thickness, thermal conductivity gradually approaches the bulk value.
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7.3 Temperature distribution in f-Ga203 with Joule Heating

Next, we investigate the effect of B-Ga>O3z domain size and phonon-phonon energy
transfer on thermal transport near heat source using non-gray BTE model. We compared
the temperature distribution obtained from Fourier’s law and non-gray BTE simulations.

In semiconductor devices, high electric field leads to hot carriers (hole or electrons) that

High
Electric Field

4

Hot

Electrons |
Optical Acoustic
Phonons Phonons

Heat
Sink

Figure 7.3. Energy exchange pathway for semiconductors during Joule heating.
have attained very high kinetic energy. These hot carriers interacts with lattice and transfer
energy to phonons. Almost entire energy is transferred to optical phonons during these
interactions [99, 163]. Therefore, there may be a non-equilibrium in the temperatures of
different phonon modes near heat source, where these electron and phonon interactions
takes place. These optical phonons then interacts with acoustic phonons and the energy is
conducted to the heat sink primarily by these phonons. Figure 7.3 depicts a typical energy
exchange pathway in semiconductor devices in case of Joule heating. In addition to
complex phonon interactions, size of the domain can also affect the thermal transport. We
have already observed in the last section that thermal conductivity is affected by the film

thickness.
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Figure 7.4. A schematic of p-Ga2O3 domain, heat source and the applied
boundary conditions.

A B-Ga,03 domain with a heat source and applied boundary conditions is chosen as
shown in Figure 7.4. The top and right edge are insulated where specular reflection
boundary condition is applied. The bottom and left edge are applied with isothermal
boundary condition and temperature is set at 300 K. A heat source of size 0.1 pm x 0.1 um
was chosen. In B-Ga20s3, the electron-phonon scattering is dominated by high frequency
optical phonons. Optical phonons near I'-point in Brillouin zone and with frequency of 235
cm™ (29 meV) or greater are determined to be strongly coupled with electrons [164]. Since,
the exact distribution of hot electron energy to all the optical phonon modes is not available
in the literature. Therefore, in the first case (referred as NG BTE-20), Joule heat is equally
distributed in the top 20 phonon modes with largest frequency out of total 30 modes at the
nearest k-points to I'-point in each direction. These 20 modes are all optical modes and
have frequency greater than or equal to ~ 235 cm™ . In second case (referred as NG BTE-
1), we applied heat source to the mode with highest frequency near I'-point. In third case,

(referred as NG BTE-30), we applied heat source to all the 30 modes equally near I'-point.
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Initially, a non-gray BTE domain of size 1.1 um x 1.1 um was chosen as size effects are
expected to be small. Table 7.2 shows comparison between peak temperature predicted
using Fourier’s law and non-gray BTE models. First, if we compare the three cases of non-
gray BTE model, where heat source is applied to different modes, there is negligible
difference in the peak temperature predicted by them. Especially, when heat source is
applied only to optical modes (NG BTE-20 and NG BTE-1), the temperatures are same.
However, when the heat source is applied to all the modes including acoustic modes (NG
BTE-30), there is a drop of 2 K in peak temperature compared to NG BTE-20 and NG
BTE-1. This trend was expected because acoustic mode have longer mean free paths than
optical modes. From these three cases, we can conclude that distribution of energy transfer
to various phonon modes and phonon-phonon energy exchange do not play any significant
role in the temperature prediction.

Table 7.2 Comparison of peak temperatures depending upon model employed. The
error is calculated with respect to NG BTE-20 model.

Model Description Peak temperature (K) % Error

NG BTE-30 Heat source is applied to 587.05 0.9
all 30 modes equally

NG BTE-20 Heat source is applied to 589.67 -
top 20 modes equally

NG BTE-1 Heat source is applied to 589.65 <0.01
30" mode only

Fourier-bulk Conductivity is chosen 578.21 3.96
from 5 pum film

Fourier-1 Conductivity is chosen 587.23 0.84
from 1 pm film
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Next, we calculated peak temperature using Fourier’s law with two different thermal
conductivities. In the first case (referred as Fourier-bulk), we use thermal conductivity
corresponding to 5 um film, where bulk conductivity has been recovered and there are
negligible ballistic transport effects. In second case (referred as Fourier-1), we use thermal
conductivity corresponding to 1 um film. We can observe from Figure 7.2 that there is
difference between peak temperatures predicted using Fourier-bulk and Fourier-1 due to
some ballistic thermal transport in Fourier-1 but it is small (<4%). However, the thermal
transport in domains larger than 1 pum is primarily diffusive. In addition, if we compare the
peak temperature predicted using Fourier’s law models and non-gray models, we observe
that the difference is not significant. Therefore, ballistic effects due to the size of the
domain, when domain size is around 1 um or larger, are not important in prediction of
temperature field. Retrospectively, it could have been also anticipated from thin film
thickness versus conductivity trend of Figure 7.2 as conductivity nearly attains bulk
conductivity value for film thickness of 1 um or larger, given that non-equilibrium effects
do not affect the peak temperature.

Table 7.3 Comparison of peak temperatures predicted using Fourier’s law and non-
gray BTE for different domain size.

Domain size Peak temperature (K)  Peak temperature (K) % Error in peak

using Fourier-bulk using NG BTE-20 temperature
1.1 uym x 1.1 pm 578.21 589.67 3.96
0.6 pm x 0.6 um 506.38 522.42 7.21
0.2 pm x 0.2 um 392.71 415.67 19.85

However, as the domain size is reduced below 1 pum, the ballistic effects starts

playing bigger role in the thermal transport and Fourier’s law will not give accurate results.
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Three different domain sizes— 0.2 um x 0.2 um, 0.6 um x 0.6 pm and 1.1 pm x 1.1 pm—
of B-Ga>03 were chosen. As the domain size is decreased from 1.1 pm x 1.1 um to 0.6 um
x 0.6 um and then to 0.2 um x 0.2 pum, we observed that Fourier’s law starts
underpredicting the peak temperature as ballistic transport of phonons becomes important.
Table 7.3 compares the peak temperatures predicted using Fourier-bulk and NG BTE-20.
Fourier-bulk does not account for size of the domain because bulk thermal conductivity is
used for all three domains with different sizes. On the other hand, non-gray BTE model
accounts for size effects. The phonons with mean free path larger than domain size travel
ballistically and scatter at the boundary. Thus, the effective thermal conductivity of the
domain is reduced in non-gray BTE model, as discussed in section 7.2, and peak

temperature predicted by non-gray BTE model is higher than that by Fourier model.

7.4 Multiscale Modeling of f-Ga203 FETs

Finally, we investigate if phonon ballistic transport play a role in heat dissipation in
p-Ga203 devices. Diamond is a promising candidate for substrate material in f-Ga.03
devices due to its high thermal conductivity. However, p-Ga,Oz and diamond
heterointerface can be source of phonon scattering, which can affect the efficient heat
dissipation from the hotspot. A f-Ga>Oz device grown on high conductivity diamond
substrate is studied using a coupled BTE-Fourier model. We investigate the effect of
thickness of semiconducting S-Ga20Os layer on ballistic diffusive transport near the hotspot

in the device.
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Figure 7.5. Schematic of a #-Ga203 FET on diamond substrate.

A typical p-Ga20s-on-diamond device structure is considered in this study. A
schematic of the device is shown in Figure 7.5, where all the relevant dimensions are
shown. A silicon delta-doping layer acts as a channel and most of the Joule heating occurs
in this channel when the device is on. Electrothermal device modeling was performed
using TCAD Sentaurus to obtain the Joule heat generation profile of the device at Vds =
10V, Vgs =2V and power ~ 2 W/mm. This profile is given as input in non-gray BTE and
Fourier model simulations. The size of the device is large, so solving non-gray BTE model
in the entire domain is impracticable. In addition, given the size of substrate, the thermal
transport will be diffusive in it. Therefore, Fourier’s law can be used in the substrate to
study thermal transport. On the other hand, the $-Ga>Oz layer thickness is significantly
smaller than the substrate, so ballistic transport may occur. Therefore, non-gray BTE
model is used in the f-Ga,O3 layer. The diffuse scattering is assumed at the S-Ga>Oz-
diamond interface and the thermal boundary resistance is considered to be 5.59 x 107°

m2W/K [107]. Specular reflection boundary condition is assumed at the remaining surfaces
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of the $-Ga»0z3 layer (BTE domain). The bottom of the substrate is set to 300 K and other
vertical surfaces are considered to be adiabatic in Fourier model. The thermal conductivity

of the diamond is considered to be 2169 W/mK [107] for Fourier model.

2-D Device Modeling in _ _

TCAD Sentaurus \

Joule Heating Profile
Joule Heating Profile

Thermal Boundary

2-D Diffusive Thermal Conditions _ 2-D Non-gray BTE
Modeling in Ansys - simulation

Figure 7.6. A flowchart of the procedure of multiscale modeling. Non-gray BTE
model is used for f-Ga203 layer and Fourier model is used for diamond substrate.

Figure 7.6 presents a flowchart of the procedure to run non-gray BTE in £-Ga20s
layer and Fourier model in diamond substrate. First, Fourier model is run in the entire
device with Joule heat generation profile obtained from TCAD Sentaurus as an input. The
thickness and temperature dependence thermal conductivity of 5-Ga2Os layer is considered
as well in this simulation. It provides the temperature distribution in the substrate and at
the p-Ga0s-diamond interface. The interface temperature is applied as a boundary
condition and Joule heat generation profile obtained from TCAD Sentaurus as an input to
the non-gray BTE simulations (NG BTE-20 case from section 7.3) and the temperature
field is obtained. In addition, Fourier model is also solved in the entire domain with

temperature dependent bulk thermal conductivity of f-Ga>Os (Fourier-bulk case from
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section 7.3) . Thus, this model does not account for f-Ga>Os layer thickness effects and is

purely diffusive.

Three different device structures with thicknesses of f-Ga,Osz layer— 0.1 pm
(Device-1), 0.5 um (Device-2) and 1 um (Device-3), are studied. These devices are
operated at various power settings, which are applied by scaling the TCAD Sentaurus Joule
heat profile obtained at Vds = 10 V and VVgs = 2 VV to match the desired power setting.
Figure 7.7 (a-e) shows comparison between the temperature field obtained using non-gray
BTE and Fourier model for Device-1 at power dissipation = 61.16 W/mm. We can observe
that even though temperature profiles predicted using the two models are qualitatively
similar, there is quantitative difference between the two profiles. The Fourier model

underpredicts the temperature as it cannot account for ballistic phonon transport.

Table 7.4 compares the peak temperature obtained using non-gray BTE and Fourier
coupled model against Fourier model for different power settings and device structures

with different f-Ga,Oz layer thickness. Figure 7.8 shows error in the Fourier
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Figure 7.7. Temperature field predicted (a) using non-gray BTE (NG BTE-20) and
Fourier coupled model, and (b) using Fourier model only. (c) Contour plot of the
temperature difference predicted from the NG BTE-20 and Fourier model (TsTe —
Trourier). (d) Comparison of temperature profiles predicted using non-gray BTE
(NG BTE-20) and Fourier model along the horizontal dotted line (Y ~ 0.0375 pum)
and (e) the vertical dotted line (X ~ 4.81 um)
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Table 7.4 Comparison of peak temperatures predicted using Fourier-bulk model in
Ansys and coupled BTE-Fourier model for different device thickness.

Device Power Peak temperature  Peak temperature Error in peak
thickness  (W/mm) (K) (K) temperature
(um) using NG BTE-20 using Fourier
and Fourier model only
coupled
0.1 20.39 381 370.33 10.67
0.1 40.77 466.6 445.85 20.75
0.1 61.16 556.15 525.97 30.18
0.5 10.19 384.85 379.05 5.8
0.5 20.39 482.39 471.82 10.57
0.5 30.58 592.52 578.12 144
1 10.19 437.42 432.66 4.76
1 20.39 607.6 602.84 4.76
35
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Figure 7.8. Error in the Fourier predicted peak temperature as a function of Non-
gray BTE predicted peak temperature.
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predicted peak temperature as a function of non-gray BTE predicted peak temperature for
different film thicknesses. It is evident from Table 7.4 and Figure 7.8 that error in peak
temperature predicted using Fourier’s law increases as the layer thickness decreases.
Because Fourier model does not consider the ballistic phonon transport effects, these
effects become more prominent as the layer thickness decreases as we discussed in section
7.2. For layer thickness around 1 um, the Fourier model can predict the temperature field
with reasonable accuracy. It implies the ballistic transport is no longer significant and

diffusive transport dominates for film thickness around 1 um and greater.

7.5 Closure

In summary, non-gray Boltzmann Transport Equations (BTE) is used to study
phonon transport in f-Gaz0Os thin films and MESFETSs. First, 1-D thermal transport in -
Ga03 thin films is studied and the film thickness dependence of the f-GaxOs thermal
conductivity is determined at room temperature. The thickness dependence of the thermal
conductivity in thin films is attributed to the ballistic phonon transport. As the film
thickness increases from 50 nm to 10 um, the thermal conductivity also increases in both
crystal directions—(100) and (010), and gradually approaches the bulk thermal
conductivity value as film thickness increases beyond 1 um. Next, thermal transport in a
2-D domain with a heat source is studied using non-gray BTE. The effect of complex
phonon-phonon energy exchange and domain size on the peak temperature is studied. The
peak temperatures predicted using non-gray BTE models where heat source is applied in
different phonon modes and Fourier model are compared for different domain sizes. It is
observed that distribution of energy transfer from electrons to different phonon modes does

not lead to any significant error in the temperature prediction using the Fourier’s law.
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However, Fourier’s law does not account for ballistic transport, so for domain with
characteristics length smaller than 1 pum, Fourier’s law may not accurately predict the
temperature distribution. Finally, thermal transport in f-Ga;Os-on-diamond MESFETSs at
various power dissipation settings is studied using coupled non-gray BTE and Fourier
model. The Fourier model alone cannot predict the temperature distribution accurately
when the thickness of f-Ga»Oz layer is less than 1 um. The thermal transport will be
ballistic-diffusive in 5-Ga>Os layer. Therefore, non-gray phonon BTE should be solved in

the thin $-Ga2Os region of the device for accurate temperature predictions.
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CHAPTER 8. SUMMARY AND FUTUTRE WORK

In this work, transport characteristics of CNT network based and B-Ga,Os FETSs are
investigated. The extraordinary electrical, thermal, and mechanical properties of CNTs
make them a promising candidate for future low-cost and high-performance devices.
Random CNT network-based FETs have great potential to replace amorphous silicon,
polysilicon, and organic FETSs in flexible and transparent electronics. On the other hand,
the ultra-wide bandgap of p-Ga>Oz allows its devices to achieve higher breakdown voltage,
operating temperature and switching frequency. These properties give it significant
advantage for power and RF electronics applications. However, low thermal conductivity
of B-Ga203 poses significant challenges for developing thermal management solutions of
these devices. The efficient heat removal is necessary for higher efficiency, reliability, and

longer lifetime of these devices.

8.1 Summary of Contribution

8.1.1 Electrical Transport in Random CNT Network-based FETs and Application in

Cryptography

Electrical transport in random CNT network-based FETs is investigated using a
drift-diffusion model, which was solved using numerical simulations to predict current and
potential distribution in CNT FETs. The device-to-device variation in electrical
characteristic due to randomness in the network was exploited to propose a novel
application of these devices in cryptography. It was shown that single-gate transistors with

CNT density close to percolation threshold density can be used to generate binary keys.
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Then a multi-gated CNT FET design was proposed to increase the entropy per device. It
was shown that CNT FETs with four-gates can produce three different current levels,
which are separate enough to avoid any bit error due to external factors such as supply
voltage, temperature, etc. Thus, ternary keys can be generated using this design. In
addition, each FET has six different challenge-response pairs. These six challenge-
response pairs in conjunction with three current levels are used to generate base-17 (hepta-
decimal) keys. A significant higher level of randomness and entropy was achieved using
the multi-gated design compared to existing PUFs, which could generate only binary or

ternary keys.

8.1.2 Multiscale Electrothermal Modeling and Characterization of f-Ga,O3 FETs

Electro-thermal characteristics of B-Ga.O3 based FETs were investigated using
measurements and numerical simulations. A 2-D electrothermal model of B-GaxOs
MESFETs was developed using TCAD Sentaurus. The thermodynamic carrier transport
device model was chosen, and temperature and electric field-dependence of electron
mobility model is incorporated in the model. The | -V characteristics predicted using the
model are in good agreement with the measured | — V characteristics. The model could
predict electric field, current density, volumetric heat generation profile, and peak
temperature at various device operating conditions. The peak temperature is observed to
be significantly different at the same power dissipation but different bias conditions. This
difference is attributed to the change in the electron Joule heating profile with the applied
bias voltage. This study underlined the importance of the knowledge of Joule heat
generation profile in accurate prediction of temperature field in the device. Then, the effects

of the location of the delta doping layer, the gate—drain spacing, and the source—drain
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spacing are investigated to guide a future device fabrication. The variation in these
parameters mainly affects electrical characteristics such as ON-resistance, saturation
current, threshold voltage, and so on. The thermal characteristics, such as peak temperature,

temperature profile, and so on, are not significantly affected at a low-power dissipation.

2-D models cannot account for heat dissipation in the third dimension. Therefore, a
3-D diffusive thermal transport model was developed in Ansys Fluent to predict accurate
temperature distribution. The model was validated against thermal measurements.
Microsanj thermo-reflectance imaging was performed for steady-state and transient
thermal measurements. We demonstrated that maximum temperature measured at the gate
is lower than the overall peak temperature, which is located inside the device in delta-
doping layer near the gate-edge of the drain side. To the best of our knowledge, it was first
study on transient thermal measurements of f-Ga>Oz FETs. A compact thermal model was
developed to predict the peak temperature in the device as a function of time. Thermal time
constants for device heating and cooling process are estimated to study thermal transient
behavior of the device. Two device level thermal management techniques—replacement
of Iron-doped B-Ga»0z substrate with a high thermal conductivity substrate and deposition
of a passivation layer— were studied and both the techniques could help in efficient

thermal management of the device.

Steady non-gray BTE with SMRTA is used to study phonon transport in 3-Gaz03
thin film and FETs. The COMET method was used to solve the BTE as it is shown be
significantly faster than conventional sequential method. The dependence of thermal
conductivity on pS-Ga,0Os film thickness is predicted. The thermal conductivity increases

as the film thickness increases steeply up to around 1 pum and then it asymptotically
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approached the bulk thermal conductivity value. The thickness dependence of the thermal
conductivity in thin films is attributed to the ballistic phonon transport. Next, the effects of
distribution of heat inputs to phonon modes and domain size on the peak temperature are
investigated in a 2-D domain with a heat source using non-gray BTE. Finally, phonon
transport in f-Ga,O3 MESFETSs on diamond substrate near hotspot is investigated using
coupled non-gray BTE and Fourier model. The ballistic effect needs to be considered for
devices with f-Ga>Os layer thickness less than 1 um. The Fourier model alone may not
give accurate temperature distribution and non-gray phonon BTE model should be used

near hotspot in the thin f-Ga.Os layer.

8.2 Future Work

Some of the topics that relevant to present thesis and open to research in future are

discussed bhelow.

8.2.1 Further Enhancement in the Randomness and Fabrication of Multigated CNTFET

based PUFs

In present work, a 4-gate design of CNT FET was proposed to increase the entropy
per PUF instance. However, it can be explored if the entropy per device could further be
increased. There are two possible ways. Either the number of response types (current
levels) or number of challenges per device could be increased. One possible way to increase
the number challenges is to increase the number of gates in the device. Another possible
way to increase challenges or response type is by changing the shape and size of the gate
regions. The randomness would be maximum when all the response types are equally

probable for a given challenge. The current design has bias towards some of the response

122



types. This bias can be reduced by changing the shape and size of the different gate regions.
In addition, the fabrication of these CNT FETSs is another important step in implementation
of this design in real world. The challenges associated with the fabrication process and how

those challenges could be addressed is another important area of research.

8.2.2 Two-way Coupling between TCAD Sentaurus Electrothermal Model and Non-gray

BTE Model

The Joule heating profile obtained from the TCAD Sentaurus electrothermal
modeling was given as an input to non-gray BTE model to estimate the temperature
distribution in the device. However, the temperature distribution obtained from the non-
gray BTE model can affect the Joule heating profile predicted by the TCAD model. So,
feeding back the temperature profile obtained from the non-gray BTE model may improve
the accuracy of the TCAD model. This two-way coupling between TCAD Sentaurus and
non-gray BTE model need to be performed to check the accuracy of one-way coupled

model in future.

8.2.3 Determination of Maximum Allowable Temperature for Ga,0O3 FETs

There are a few more studies, which can help in further improving the understanding
of thermal characteristics of these devices. Temperature induced catastrophic failure has
been observed in these devices at higher temperatures [92] . However, there is no study on
determining the maximum allowable temperature and its effect on the operation/reliability

of these devices.
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8.2.4 Electrothermal Characterization of Ga»Os Vertical FETs

Most of the Ga,O3 FETs demonstrated in the past have been lateral structures.
However, as per past literature, vertical FET structures may have an advantage over lateral
structures for high voltage and high-power application [26]. Recently, a few vertical
devices have been demonstrated as discussed in chapter 2. However, there is very few
studies on electrothermal modeling and measurements of these structures. It is important
to understand the electrothermal characteristics of these devices at various operating
conditions for improving future designs and achieve maximum potential of the material.
Since, vertical structures are more suitable for high power application, thermal

management techniques for these devices should also be studied.
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